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S DOSEBFEYN 50%I2EEFTH>TNVA (TERIEE EXHAHEIRE) .

< Bl DEEFEREF R >
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[FS5R8 LTHD, FIT.AHFETIL Reactive Templated Grain Growth (RTGG)i%IZKD
%u M EFETEA M YAGEIIVIADEREZBEL. Y I7747(0001) mERLIZIE

FRBETHRIELEIER Y0, BIEZMENIEL211HBHE R YAG EEFERLC.
iR/ EEREEEA LT AEREB% - AutR, ERERERBORREABALIEC,
ERBIIZIE, Y,0, 5V YAG ADBZEL T EIZERFENA & YAIO, (YAH) #EEHL. 2D
ERTE YAH A Y,0, D1 11IB 2 EMZ#MAL CGECBAEEMTSFEHR L, 361,
X #1BBEZHAWL. YAG DRUMBERRIIIEAF D vILERICKSFBEHLSMZLI,
RTGGENEA CTHREERE CHIEAMH FOEIRICEEMN I T,
2)LSO fERmEC RIS IR D ER LG S R 14 ST

SOFC AZFDEAREMBELELTDTINFIARESUA ) —b (Lags;Sis0,7, LSO) MDiE
FIZIE c BHERFIEARAIRTHD, AEHSRAERLICIEER B ETHIELT: La,0, & &

DENE(ZKY | REAROHERS N —HKLG c ISEM LSO SEENFONDIILETHR
L. ZLTCLSORBRBEENDRAIRIILF—R/IDIERERELGZSIBCERICLDIEDTHS
CEERBALT,

<BELEof=-m>
DNCEMNBHLIEZILSFTORKAFNEAERERHAFELTEYUITHASAZENBHLMNIE
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S AfEREC AR EARBE,
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NLE, MDNSA—IDEEEHRTAA EAMMNFEEERERREALGL. ZOL
ITEEEEALCEREREROEREERETSIETC. REEREOEA A FOERICE
BMIL->Tz, CEMNBHLETZILSTORIRAFAETIEEZ N, §EERLTL
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SYIREBIDEIRERAVOFVIL—F —FEADBEAINHFTES,

2)BRREE. ERBESOFHEIZELY., LSO BEOHE ZEME MR EMNEFTES, -,
Si #Eik&ELz MEMS o H—~DEHREEZOND, SHIZ, TAVR/ISA—2D HRHEILE
EDHBZETRIGG EIZEBEAM LSO 53V REHNDERLIAETES,

<HRAERDBEIXRBIZNER >

NDV2)EAMEHAFLATHNFEIN TN EFEREIEH S RXER ("Reactive
substrate” &) EEIRICRIL TRETZFED-ARFEIL. RTGGEICKHSEAEESIVY
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w101z,

12 F—J—F(HFEMEABTZIRLTVWDEREDLNEHLDZE8IER LIATRHL TS

LYo)

(MERAEMH, RE )EFEE-BFYME () IT7+/ nHER- BTl
(4)EE-EERME (5) REVEMERILY (6) L -BREEMIEMIR
(N AE-BEAEH (8)fEmmk &
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[vaZ AR TSN AE R E AR 75N 1B, B85, Robert Sobota, ¥y AKy Kit4:
Wk 30 AEERK R RS (58 122 [BIEES),, KRB Av&, #ri8, 2018/10/30. (10/30-31).

[EH R RAAA T T DBI3E ) (RAZ—F ) Ia Kk B, I Vs PrNE T, 7V — 13
T MBI TR 2 — BARAEEES LR A, B TR, 2018/11/2.

[AgsCh (Ch = S, Se, Te) D E i BUYREEAF|H L= A4 —RDOBHF | (KAX—3FK) FEH
£46. IEHES TNETE, 7Y — B R MR R A — BRAKAEE L VR A, BH T
K, 2018/11/2.

“Colossal Seebeck Effect in Cusz-sSe,” (IR A¥ — %3 ) Dogyun Byeon, Robert Sobota,
Masaharu Matsunami, Tsunehiro Takeuchi, 7'V —&E 11 M EMFIE L 2 — BAEKFEE
DT L, B TR, 2018/11/2.

“Carrier Concentration Dependence of Electron Transport Properties of
BisSr2CaCu20s+s,” (AN AH—3F ) Robert Sobota, Naoto Kubo, Masaharu Matsunami,
Tsunehiro Takeuchi, 7V —FEFHF 1 MEIE R Z— BEREREESRITL, BHITER
%, 2018/11/2.
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DT85.

DT86.

DT87.

DTS88.

DT89.

DT90.

DTI1.

DT92.

DT93.

DT94.

DT95.

“Thermoelectric Properties of (Mn,X)Sii73 (X = Re, Fe, Co),” (ARAX¥—%%) Swapnil
Ghodke, Masaharu Matsunami, Tsunehiro Takeuchi, 7'V — &1 #& 1 M EHFIE L & —
RAARE S L ARY Y L, BT EERY, 2018/11/2.

[Effects of Grain Boundaries and Impurities on Thermal Conductivity ] (R AX —F83K) £
RS RIS PTNTEE, 7V — B R MRt e A — RIEFEEL AR T YA, BH T
R, 2018/11/2.

TEWEFREEMOBEMNE ) (RAZ —FE2) A BOHEG R)I Sat, fRGHR L, IEESC R, J4
KER, PrfEtd, 70— BAFF Mgtk 7 — B EET AT YL, BHTERT,
2018/11/2.

[ T )X — 32 ORI FH 5T D EF] AR B0/ 17 NiETE, 7)) — &+
FA MEHIFIE 2 — BAEEL R A, BT ¥R, 2018/11/2.

A X YT REFEICLOERE =y 72 REBE R A ) (AR ) /TN EE, 55
39 [EIBWMIEL VARV N, AU EM, 4R, 2018/11/13. (11/13-15).

[CuzSe TEUNENDEE B —_or2h B EH K72 IR+ EER STIEREFRH0) | Rk TN
TETE, B0 R — [0 7 VRSB SE 2 TR AR 7 /S A ABRIE BRI I ), 55— (0] TTIA )
IIUIFE S HRE 2L TRETHE AV Ear ), FIRKFE, o<, 2018/11/26.

[ 55 MR R D S BR  if BH ERSRE MR BRI FH 38 1~ 8IS | A PNAEHEE, BRI il 7 - BVER 28 A bh ket
Wt ss, BH TR, 2018/12/1.

[ MEBEEVE A BB F IS BT DR Y ORI T NTETE, 55 8 B4 i B KTy v 7mha Yehkse
TRV T A, SRR, 2019/1/17.

[CePds OENVERMICIITHIC BB R | (RAX—iEE) B Sk, 3k HEie, N 18
i, % 66 MSAYHEEREFLMH#ERS, KX TERTE KEILF v 8%, 2019/3/9
(3/9-12).

“Large evolution of ZT in p-type nanocrystalline bulk Si-Ge,” A A7 77 LAAHI—, IR
r AUT=)v, FVLARY)— eV, BN 'R, UK F2, VT ER, 5 66 [BIS Y
DEFVINRES, FOLLERT KL%y /3%, 2019/3/9 (3/9-12).

[Au & B #3LRINLT- Si-Ge REROEERE ) BEHE JERRR, &3 HE, B #2144, (1K
=22, TN 1EIE, 55 66 RS HYBEISFE SR HITHES, W LERT K LFsr /3R,
2019/3/10 (3/9-12).

[H LR B FeaVAl Rl #s 7l THO 7 4/ HEL 1 Choi Seongho, B B, Kfi 27,
Byeon Dogyun, tA#¢ HEl, 11N 16, 55 66 SR BRSNS, B TR
F KLy 23Z, 2019/3/9 (3/9-12).
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DT96. [FMERES Tl 3 2R AA v T 7 B+ OERL faok s, SEH =46, M R, T
{1, 55 66 (Ao AW R RZLINGEHS, BR LE RS KM LIS v /3%, 2019/3/9
(3/9-12).

(FE-EEFHHICLIENAROER - REFEHEEAE]

DM1. 7 HHEBEMEMBRE WL F L)L — ATy 7 AR OS] B e — RS, 52 8 #
14p-p.10-30. % 64 [FIHSAMEL SR LIGRI S U7 rakfiz, 2016 -3 A 14 H

DM2. 17 H¥iEBE)EE4 ThbCo BIMEMFRATY O sidk A | A B E—RE ., BRI,
SEHPHELZ | 14p-p.10-33 % 64 [0l A B R R AGER S N\ 7 12k, 2016 4F 3 H
14 A

DMS3. “Effect of ultrathin Tb layer on current driven domain wall motion in Co/Tb magnetic
bilayers.” Cheng Ying Wu, Hiroyuki Awano, 14p-P10-46. % 64 [0l AW B S-S Z i
e, 72k, 2016 4 3 1 14 A

DM4. Pt/ThbCo HIRDOBIEKICFHNE] ForFE, BRI, SEE .2 ML 14p-P10-34, 2 64 [0
IR SR IR R T A N T ki, 2016 4E 3 H 14 H

DMS5. “Domain wall dynamics in ferrimagnetic Th/Co multilayer wires below and above the

”»

magnetic compensation point,” Hiroyuki Awano, Masaaki Tanaka, Sho Sumitomo,
Noriko Adachi, Ko Mibu, Shuta Honda, % 63 [Flii: HEL =SB AGRES . B T¥EKR
R L 82,2016 453 A 19 H

DM6. [TMR &5~ R 2 Ay 150 - B R i IR OO RRdk FF AL R ) 3 S SRk — BB, 3E
Bz, 55 32 [\ A AR A2 CAERGIE T /S A A BB A 7E 4 2017 42 03 J 13 H

DM7. [7 HHER B /Pt ~7 v Ui MRk (361 2 B it ek B X ) &3l B2 e OVZ SR D BE AR | B 11—
BB, BEEFELZ . AR AR CBRRERNE T S A A M BRI E 2 2017 42 01 7 20 H

DMS8. 7 HHERGEMRE AW~ L F L L — AT 7 AR OfET ) B)IE—R, SEREY  F
Z2 64 [0l AW B BAfRE A REH S, 201743 H 14 H

DMO. 7 T HER S B A4 ThCo BEMEHIEATY OBEE iRk AR | SAIRE . B)IE—ER ., TR,
SERPHL, BRI 64 [RUCHYELFEIRE S S, 201743 H 14 H

DM10. “Effect of ultrathin Tb layer on current driven domain wall motion in Co/Tb magnetic
bilayers,“ Cheng Ying Wu, Yuichiro Kurokawa, Do Bang, Ko Wei Lin, Hiroyuki Awano,

FFE 64 GBI FEREMAESHI S, 2017F 3 A 14 B

DM11. Pt/TbCo #EDORIKOL R ForHE, BAR, B2 AL, FBFE 64 MISHY)



javascript:execAction('view',%20'',%20'9685',%20'_blank')

(B 2)

EANEE 231023
JAaCIHNES S1411027

AR AR S, 201743 H 14 H

DM12. 7> Co fg#aE AL7= Pt/Co/Tb-Co % gD E i il iLeBESE | SERFE 2 | 55 41 [0 H AR
K[EEMHEES, 201749 H 20 A

DM13. [(Tb/Co)/Pt ~T R AIAR D B IREEERE) | LR, K v, EEEY . EBERES
VT RT AT A, 20174 11 A 16 H

DM14. 17V T NF )AL TVNTTAT 7 Hobia -2 SV AR MV IR OiR ) BEEF S |
B RBESTS IEICE, 201843 H 9 H

DM15. [RattE/EA R E~T o & DR A B, BR B, 10 B, gy ffie,
% 66 S SR EFGEHS, 201943 A9 H

DM16. BB B MM ORI M HE | B ek, BR ), Mg B, 25 e, %
66 [l A RS, 201943 J1 9 H

DM17. 7 =ViMAR GdFeCo DREMEILIGICI DAL EE S| Ml 2%, @if = BR k. 2
£, 5 [z, 5 66 IS WEI R R AR S, 2019423 H 9 H

vy
hild

DM18. lZEfE GdFeCo BEMEMFRICISITDEITHEMEELE) ) mfF & B ME—RE A B, 1
B, R 1z, 5% 66 S MBI R R RS, 201943 4 9 H

DM19. Pt/TbCo ~7 it mfEEEIC BT AP RO RARAF RN ) Foow &, AR,
Pham Van Thach, B8z, R, BRFE~T AT 17 A5, MAG-18-105. 2018
F11H1H

DM20. [[Tb/Col/Pt ko> FE it e BEBR BN (2 B -2 98 ) SEBF1E 2, Do Bang, Pham Van
Thach, BERFE~T 2T 47 A4, MAG-19-023, EFM-19-010, (201943 H 8 H)

(FE-EBHEICKIBENRLDER - LB - BAERRTFI]

DP1. [#& A EZ D8 X P EMBE-XRD) L% InGaAs/GaAs(001) DFEFIIZE | /N KA,
e KA, VERER. SaRFH . /NSE . KR FREIE, (LD ES 5 11 FR RO KRG FE
VAT LY URU T A EIREBEART (201447 H 3 H~4 H)

DP2. [GaAs(111)Jk FICpiiE L 72 (InxGai-x)2Ses AR ORIEFEAL | AL, INEBIE R KT ERE,
(OB 11 FR RO K EFREL AT LRI A EIRED AT /(2014 %7 H 3 H
~4 H) (*P2)

DP3. TGaAs HEMROBUR 7S InGaAs BETFRAEFEICGZ D X AT TOLEBIZ) /h=F
KA e RARE @B IEYG, gn RS /NS T, RTRRIE, PRSI B 5 75 [S
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W BRI 2 | AREE R LIRS v R A(2014 4E 9 A 17 H~20 H)

DP4. [t-C4HoGeHs Z AU - Si 3L SiOg Hitk F~0 Ge HERLE ] A ILEAR, 28 M ERE, BT H %
B, ZERRAL, A)INE N MRS, KT, 55 13 IR O KB ES AT LV R Yy
I, TA—LEM(Q016 £ 5 H 19 H~20 )

DP5. BB A EERILY,SiO2/ fEfh S ~T A ar X7 N EICBIT A E %) A E s, AR
B OKE B PAERER, K FRERE, 55 77 RSB ASK RN #ERS RE A
(2016 £ 9 H 13 H~16 H) (*P1)

DP6.[ &4 @ e b /Si0s/fit il Si ~T & oL # 7 NREINC BT A1 % (2) :RPD-1TO | i it
e IUHEAREE. MO BEEBER. U ol Vo, FREIRES. K TFRERE. B 64 [BISEW
PSR RNGREES . 7\ 7212017 £ 3 H 14 H~17 H) (*P1)

DP7. MInP(100)EH 23172 InAs/InAlGaAs a0y RSO KA, BF AR E]. /MEA
o, ANk, Pavel Vitushinskiy, & HIE &, il 2. 55 76 Bl AP B SRSk 1
& A HRERSHY (201549 A 14 H) (*P3)

DPS8. R4 = AREEET 4 M T P AX ORFE RS RIREME] ZAFEk, KRS, BFHRF.
Vitushinskiy Pavel. % B, il < . 5 76 [BS AW E RSk 2 i #gm S 40 BEERS
#Yy (201549 H 15 H) (*P3)

DP9. THCl FmALFE 7T X~ i Jf 1 EHEfE SiNx Ei2ks AlGaN/GaN HEMT o ZmiZe &1k
AREZ., TR, KIREE, RBRE, FTHES, MARK DO EM, A HES., 4 64 1]
B S/ RN EEES 7 o, 20174 3 H 16 B (*P4)

DP10. 7 TX~fhif )i - @ HefE 77 X~ b i 1 e HERE (R 2 1D A1GaN/GaN HEMT D% %
EAL) gaAREZ . WS, WA, O, iBRE . A HES. 5 77 BSHYBEFEERK
LIRS KRB A Y PHEaL X ar b F— 2016 429 H 16 H (*P4)

DP11. Mg F—7" GaN O —W—FlelZ LA EZ D JATHIE ] AR, B . FE &
LA HES. IUHEAE ., s, FTEE . 78 MGG R ek i s | 1 I [
SEESL ERS LA — Am AL S A 2017459 A 5 H (*P5)

DP12. /4yt XRD-HAXPES (2k% AVUT/AIGaN O FU i BG 8 O #s i 18 & OMbfis Ak e i
il ) 2B N 2 SR E 2 A HIE R, 5 78 [BIRKZEIS B ek 2 | i [
PRy EEE B2 — @it "2 2017TH9 A 6 H

DP13. TMg F—7" GaN ~OL —H#—RENZID RS LFESIEOZ OSBRI AR, B
#i-. AR, Mtk HHISE(E | 45 HiE S, IEEE Metro Area Workshop in Nagoya, H1 ¢
K%, 20174210 H 8 H (*P5)

DP14. TpHGaN> —ra iz ) —~ U4 7E1EAIGaN/GaN & & BB RN URYZ | RERE,
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DP15.

DP16.

DP17.

DP18.

DP19.

DP20.

DP21.

DP22.

DP23.

DP24.

VTR, E I, 5 HEL S, fiis 2 | S5 65RIRFIE MW BL A AR & . AR RS
FARH v /R~ — L@ H IS Y, 201843 17H (*P5)

Mg AF 2 1EAN GaN DT Ty 250 T =— /I KHTEMAL] RERFEE., 1L BZ, o8 5
BE. I E— CaH EE, B 258 79 BSAYERESKERNGEES . 4 S REES
. 2018 429 H 18 H

NERINRTA =T 70 p B GaN 7 —hk AlGaN/GaNGaNGaN & E B EIE NI VAKX DR
PERIT IR TR, R RE ., S HES, 5 79 [BSHAYESESKERIGRES, 4
HRERSEY. 20184E9 A 18 H (*P4)

—Y% AW R p-GaN 4 —3v 7 EMIERIEOBFE | IR, B AR K,
AHES, FUE. 79 BSAYHEZESKEFINGEES, 4 5 RERESZES. 2018 4 9
H 19 A (*P5)

kx4 78 p B GaN 7 —ME&EE R T A=y T 7 TR LTZ AlGaN/GaNGaNGaN & & B )
JERNT RS @A BN O AZ DR EEEEY], SRR R SHER. FEE 66 1
I PR E A RS . UL LERT. 201943 H 11 A (*P4)

(7 = 5 MR VEI L5 InAs B FREED T Y U T 7 v 7 ar"—U g ik
LA - EfLFEmOUIE] [LHERE, David M. Tex, #4344, @t E . B AW T2 2014
FRFERE 9pAD-2, THIRY: FRAMHF v /32 20144£9 H 9 | (9/7-10)

[GaAs(001) £ InAs &+ Ky b® 1.55um LLETOREN] FAE—. #5575 [0
FW B S T AITEES 18p-A20-15 JbyfEiE K% FLIRS v > /XA, 2014 £ 9 A 18 H
(9/17-20)

[GaAs M OEE TR 2 InGaAs FEFFEFIERFRIC S 2 502 — X BREITE OEEIE | /)
FRI, Ex RIE, BIBIESG, MEk., K TR, NEER. IWDESR, gRHE, 5 75
[F A B SRR S 19a-S1-3 byl K5 FLiRS v > /X2 201449 H 19 H
(9/17-20)

(e 7o— 7 s s iz Si~7 a#Es (SHI) KEEMICI T 5 R msE R
O JIFTEALFERIEE ) I EACE., MRS, SRR, PREURES, AR, KRR,
5 75 B BRSNS 19a-A25-8, dLWRE K FLIRS ¥ /82, 2014 4F 9
H 19 B (9/17-20) (*P1)

[Si ~TF B4 (SHI) KB EMIC T A 7 L ey 7 a — 7 HiseE % O 7= A B E o
BRI EARE. EAkE, AR, SEAEREA. TRTEURER, KT REME. #hatk. BE
5 62 [ A EMRE S #HS 11p-C5-2, HfEKE: W v 78&, 2015 43 H 11
H (3/11-14)

[Cu2ZnSnSs 7 / KiFDURFAERIZEBIT 5 CuzhE ciife | A F—=., s, MEkk
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DP25.

DP26.

DP27.

DP28.

DP29.

DP30.

DP31.

DP32.

DP33.

DP34.

FZFE 62 [nlin A RREAHES, 12p-C5-2, BT WRETF v 78 A, 2015 4 3
A 12 # (3/11-14)

[GaAs(001) E®D InAs &7 Ky b® 1.55um PLETORNK(2) ] THE . ok, £FEH
62 (015 A EL - BIRE A3 S 12p-Ch-2, BIERS: WS v > /XA, 201543 A 14 H
(8/11-14) (*P7)

[k il Si KB M O WA IR E 120 U - B E RE oS (LEAEE. @Rk,
R S, RFRERE, Ahees . ZAMERE, PAECRES. /MEEE. FBE 76 RS AMETS
EFIGRES . 15a-25-9, 4 HRERSES. 2015649 H 15 A (9/13-16) (*P1)

[Fm In(Ga)As &1 Ry MEFREEOEKRSEE GEBER)) RmEL, &EMmEL, TR
F—. Yuwei Zhang. IWHAE., A, FFH 63 BSHAMEFEMREARSFEES
20a-8223-3, H LK KM ILFvy A, 2016 43 A 20 H (3/19-22) (*P8)

“Up-converted photoluminescence in InAs QD-based structures with confined state,”
Yuwei Zhang and Itaru Kamiya, &2 63 [l A FEAfRE A5 20a-S011-4,
RIFERT KELFro 82, 2016 453 A 20 A (3/19-22) (*P6)

[R5y i AR & T T OB ELRE O &2 A — U ME RIS IS 5 2 D2 [LHEARE, i
B, K FHEE, Rk, B 63 s AP 2R E A #ES . 20a-W611-9, HR T3
K KEEILFvo 32, 2016 43 A 20 H (3/19-22) (*P1)

(KB B A s 2T L2 L 7= Ye PR 23 AT RE 7 AFM/KEM 25/ o BR% ) (L BARES . #hff T,
KFHERE, ks, 588 77 BS B ZSKELITGEHS 15p-P13-14, KE A v EHHE).
2016 4= 9 H 15 H (9/13-16) (*P1)

[Si R—712 X% InAs &1 Ny bOAEEFREEZ L) /IREEL, Mk, FTAF#E—. Yuwel
Zhang. ILWAAE. #EKE. 56 77 B AMERASK AR S, 16p-A26-5, KE A &,
HEaL R varrF—. 20164E9 A 15 H (9/13-16) (*PY)

“Strain relaxation in submonolayer InAs/GaAs quantum structures,” Yuweil Zhang and
Itaru Kamiya, % 77 [BSAYERESKEAGRFHS . 16a-A26-2, KEAY &, B~
Tarkrs—, 201649 A 16 H (9/13-16) (*P6)

KFM % H\ 7= InAs 1 Ny MRETEEO S REENT) /IREIEL, @Ek, FAE—.
Yuwei Zhang, IWHAE., Rk, FEE 64 RS EFRfRE AR, 14p-E205-7,
N7 ¢ ki, 201743 H 14 B (3/14-17) (*P8)

“Epitaxial growth of various InAs nanostructures by different growth methods,” Yuwei
Zhang and Itaru Kamiya, &Z5 64 [FGS B FEREAGEHS . 15a-P9-1, /Xv 7 1 =2
ik, 201743 A 156 H (3/14-17) (*P6)
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DP35.

DP36.

DP37.

DP38.

DP39.

DP40.

DP41.

DP42.

DP43.

DP44.

DP45.

[SEHH 72 prn $2E WIS 1T 2 R FBEEE ] (KA X —E%E) ILBARE. #k T,
IREPREES . KT RERE, s, BFE 64 n A LEREAKHES. 15a-P11-6, /Xy~
4 affdE, 201743 A 15 H (3/14-17) (*P1)

eI N ickiT5 pf SYITO FiaiOWrim (= BEIEE | (L BARE, R S, KRR,
FHASKS  55 T8 (Rl A B ST AT 2 5p-PB3-8, &M E RS, 201749 A 5 H
(9/5-8) (*P1)

“Photon upconversion in InAs QDs and QWIs modeled by 8-band k+*p theory,” Yuwei
Zhang and Itaru Kamiya,# 78 [alii A EE P BKE= 0754 2 6p-PB3-8. 4 il [E R 3655
201749 4 6 H (9/5-8) (*P6)

[MnAs/GaAs V7 E /LAY —fEE R OB LHIE ] KEFEEL . Yuwel Zhang, #hk . &
65 [Elhi B R AN e T 2 17p-E314-6, FYfG RS 78 A H v 732, 2018 4E 3 A
17 B (3/17-20) (*P6)

(a7 > e VIR A SR ) 2R OVERLEFEAI | A2 RRIEDHE, B LR K, 1L AR, #ha ks, 26 65
Bl SRR S 19p-P8-13, LY — /L E HEY ., 2018 42 3 A 19 H
(3/17-20)

(R EEIC LA EHIEREE InAs B FRyMBIROZE L] KA #ak. 56 79 [BlsH
WP SRR S 18p-234B-9, 4 HEREFE &Y. 2018 42 9 A 18 H (9/18-21)
(*P7)

[T /LAY — InAsf@ENLIZNT v 7 a—Tar ] KBRS Yuwel Zhang, #HAKS
W79 [BS Y ELESEKTRAER S 18p-234B-10. 4 h R EES#Y. 2018 £ 9 A 18 H
(9/18-21) (*P6)

MnAs V7 /LAY —EEICB TN T v 7 ar N \—raaiie ] KEFrEE ., Yawel Zhang, ##
B BT 66 [H PR EfRE A RETE S 11p-PA4-6, B T3R5 (R L) . 2019 4 3
H 118 (3/9-12) (*P6)

[P L ARG E InAs B Ry OISR ENEEITE | SARERA . MK B 66
[0 o B2 BAAR B Rl S 11p-S422-6, B AL L3 K52 (KM ), 2019 45 3 A 11 H
(3/9-12) (*P7)

[Zn0O/Zn1<MgxO F 7K OVERL] HZBRIEEE, fhaks, B2 66 a5 A HE FBRE A T E
£ 11p-W833-11, I LKA (KMIL) . 201943 A 11 H (3/9-12)

“Below-Bandgap Photoluminescence Emission from SI GaAs substrates subjected to
pre-MBE-growth annealing,” Ronel Christian Roca, Hiroto Mizuno, Mikihito Suzuki, and
Itaru Kamiya, FZF% 66 [0S HAWELEEREAEEEY 11p-S422-10, BT T3 K5 (K[
1), 201943 H 11 B (3/9-12)
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[(FE-EBHEHICLIBHELOER -FRETFHRTFI]

DO1. MR~ BEL IEIC LD L 5720 D 2 Wt~y 7| FRiE JEER. I 5 HE,
De Silva Kanishka., #F] HEiwi, 55 64 0o MBS R FIGER S . 2\ 7 42k, 2017
#3416 A (*02)

DO2. 12 @/ F7 x5 SERS JEM NSRRI DI | SR, &k e, 55 64 [0l A
DRPIGEH S XU 7 affiE, 20173 A 15 H

DO3. “Reliable transfer of large-area single crystal CVD graphene for field effect transistor,”
Liao YenChang, gAML, A HE, 55 64 [BIS BT SR FREHE S0 7 12k,
2017 4= 3 H 14 H(*11)

DO4. [Ty 78T~ o IR KD AR Jg O R R S A~ e 7 it e 7R FRBERERR, I
JHAEHE, /N, B E I R, HATHER . 5B 65 EULHAME SR HINERS . B
R A, 2018 4 3 A 17 H(*02)

(RE-EBHBICLEBHRROER -REXEI0ER  BAESSyIREREOER]

DC1. %7747 Efi% Reactive substrate &L CHW- YAG BCmEO/ERL) F)IHE—. PE5LEA,
T, JER—HE, SEE, AARETIIV I AR 2015 F4FE2, 1P165, LK, 2015 4= 3 A
18 A (3/18-20) (*13)

DC2. (%7747 bR | YoOs N SLIERLLU - YAG RSO SLEE M MEfEAT | F2)IME—. PHIRELEA .
Pl R, THEEES . AEE. AATTIIv I AHE 2016 4L, 1P195, AR H K.
2016 43 H 14 H (3/14-16) (*14)

DC3. [Reactive Substrate FIZ&MLI-ERR (L EEORRECAME ] SE)IME—. BAREIIv I A,
£ 2019 FF4ES . 1P227, LB K5 Brigvo73A, 20194 3 H 24 H (3/24-26) (*15)

£l
[EEIRILF—ZTBEF-#H - RESH, T4 —F, BR1vF]

&IIE

IT1. [Invited] “Development of thermal rectifier using unusual electron thermal conductivity of
icosahedral quasicrystals,” T. Takeuchi, APS March Meeting, San Antonio, Texas, March 5,
2015 (March 2-6).

IT2. “Thermoelectric properties of higher manganese silicide containing small amount of Re,”
A. Yamamoto and T. Takeuchi, 11th International Conference on Ceramic Materials and
Components for energy and Environmental Applications, Vancouver, Canada, June 16, 2015
(June 14-19).

IT3. [Invited] “Development of thermoelectric materials using information about the electronic
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structure near the chemical potential,” T. Takeuchi, A. Yamamoto, N. Hiroishi, S. Ghodke,
and H. Ikuta, 34th Annual International Conference on Thermoelectrics & 13th European

Conference on Thermoelectrics, Dresden, Germany, June 30, 2015 (June 28-July 2).

IT4. [Invited] “Development of high performance thermoelectric materials consisting solely of
ubiquitous elements,” T. Takeuchi, 14th International Union of Materials Research
Societies-International Conference on Advanced Materials, Jeju, Korea, October 29, 2015
(Oct. 25-29).

IT5. [Invited] “Thermoelectric properties of Heusler type Fe2VAl thin-films deposited at high
temperature,” S. Hiroi, M. Mikami and T. Takeuchi, International Congress on Small
Science 2015, Phuket, Thailand, November 6, 2015 (Nov. 4-7).

IT6. [Invited] “Theories of thermoelectric properties and guiding principle for developing
high-performance,” T. Takeuchi, International Conference on Thermoelectric Materials
Science 2015, Nagoya Univ., November 9, 2015 (Nov. 9-11).

IT7. [Invited] “Unusual behaviors of thermal conductivity observed for icosahedral
quasicrystals and approximants,” T. Takeuchi, Toyota RIKEN International Workshop on
Strongly Correlated Electron Systems: Open Space between Heavy Fermions and
Quasicrystals, Nagoya Univ., November 19, 2015 (Nov. 17-19).

IT8. [Invited] “Development of Bulk Thermal Rectifiers using Al-Cu-Fe Quasicrystals,” K.
Kitahara and T. Takeuchi, The EMN Thermoelectric Materials Meeting 2016, Kissimmee,
USA, February 23, 2016 (Nov. 21-25).

IT9. “Thermoelectric performance of higher manganese silicide containing a small amount of 5d
transition metal elements,” A. Yamamoto, S. Ghodke, M. Matsunami, and T. Takeuchi, The
35th International Conference on Thermoelectrics & The 1st Asian Conference on
Thermoelectrics ICT/ACT 2016) Wuhan, China, May 31, 2016 (May 29-Jun. 2).

IT10. “Thermoelectric properties of lacunar spinel B-Inz2xCuxZnxSs3,” K. Delime-Codrin, A.
Yamamoto, K. Kitahara, S. Hiroi, and T. Takeuchi, The 35th International Conference on
Thermoelectrics & The 1st Asian Conference on Thermoelectrics (ICT/ACT 2016) Wuhan,
China, May 31, 2016 (May 29-Jun. 2).

IT11. “Enhancement of power factor by energy filtering effect in Re substituted HMS,” Swapnil
Ghodke, A. Yamamoto, H. Ikuta, and T. Takeuchi, The 35th International Conference on
Thermoelectrics & The 1st Asian Conference on Thermoelectrics (ICT/ACT 2016) Wuhan,
China, June 2, 2016 (May 29-Jun. 2).

IT12. “Development thermal rectifiers using thermoelectric chalcogenide AgsCh (Ch = S, Se,
and Te),” T. Takeuchi, Y. Kinoshita, Y. Ohashi, T. Yoshinaga, T. Yamaguchi, and M.
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Ishikiriyama, The 35th International Conference on Thermoelectrics & The 1st Asian
Conference on Thermoelectrics (ICT/ACT 2016) Wuhan, China, May 31, 2016 (May 29-Jun.
2).

IT13. “Thermoelectric properties of full-Heusler Fe2VAl-based thin-films,” S. Hiroi and T.
Takeuchi, The 35th International Conference on Thermoelectrics & The 1st Asian
Conference on Thermoelectrics (ICT/ACT 2016) Wuhan, China, May 30, 2016 (May 29-Jun.
2).

IT14. [Invited] “Development of high performance thermoelectric materials consisting solely of
environmental friendly elements,” A. Yamamoto and T. Takeuchi, BIT's 5th Annual World
Congress of Advenced Materials-2016, Chongging, China, June 8, 2016 (Jun. 6-8).

IT15. [Invited] “Development of high performance thermoelectric materials using detailed
information about electronic structure and local atomic arrangements,” T. Takeuchi, 2017
Spring Conference of the Korean Institute of Metals and Materials, Chongwang, Korea,
April 27, 2017 (Apr. 26-28).

IT16. “Thermoelectric properties of half-Heusler FeVi1xTixSb,” Kévin Delime-Codrin, A.
Yamamoto, T. Yamada and T. Takeuchi, 8th International Conference on Electroceramics
2017 (ICE2017) , Nagoya, Japan, May 28, 2017 (May 28-31).

IT17. “Reduction of thermal conductivity in amorphous Sioe5Geoss<Cux synthesized by
mechanical alloying process for thermoelectric applications,” M. Omprakash, S. Nishino, M.
Inukai, and T. Takeuchi, 8th International Conference on Electroceramics 2017 ICE2017) ,
Nagoya, Japan, May 30, 2017 (May 28-31).

IT18. “Thermoelectric Properties of Yb-based Heavy-Fermion System,” T. Iizuka, T. Hori. M.
Matsunami and T. Takeuchi, 8th International Conference on Electroceramics 2017
(ICE2017) , Nagoya, Japan, May 30, 2017 (May 28-31).

IT19. “Thermoelectric properties of Si-Ge-TM thin film (TM = Au, Cu) grown by molecular
beam epitaxy method,” S. Nishino, S. Ekino, M. Inukai, M. Omprakash, T. Takeuchi, 8th
International Conference on Electroceramics 2017 (ICE2017), Nagoya, Japan, May 31, 2017
(May 28-31).

IT20. “Electronic states of transition metal elements in Si-Ge alloys,” M. Inukai and T.
Takeuchi, 8th International Conference on Electroceramics 2017 (ICE2017), Nagoya, Japan,
May 31, 2017 (May 28-31).

IT21. [Invited] “Guiding principle to develop high-performance thermoelectric materials.” T.
Takeuchi, 8th International Conference on Electroceramics 2017 (ICE2017), Nagoya, Japan,
May 31, 2017 (May 28-31).
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IT22. [Invited] “Development of thermal diodes using AgaCh (Ch =S, Se, Te),” T. Takeuchi, The
9th US-Japan Joint Seminar on Nanoscale Transport Phenomena, Tokyo, Japan, 5tt July
2017 (July 2-5).

IT23. “Ultra-Low Thermal Conductivity of Amorphous Si0.65G0.35-xCux Synthesized by
Mechanical Alloying Process,” M. Omprakash, S. Nishino, M. Inukai, M. Adachi, M.
Kiyama, Y. Yamamoto, T. Takeuchi, The 36th International Conference on Thermoelectrics
(ICT2017) Pasadena, CA, USA, July 31st, 2017 (July 31 — Aug. 3)

IT24. “Thermoelectric Properties of Nano-Grained Si-Ge-Au Thin Film Grown by Molecular
Beam Epitaxy Method,” S. Nishino, S. Ekino, M. Inukai, M. Omprakash, M. Adachi, M.
Kiyama, Y. Yamamoto, T. Takeuchi, The 36th International Conference on Thermoelectrics
(ICT2017) Pasadena, CA, USA, July 31st, 2017 (July 31 — Aug. 3).

IT25. “Development of high performance and cost-effective thermoelectric material,” S. Ghodke,
A. Yamamoto, T. Takeuchi, The 36th International Conference on Thermoelectrics
(ICT2017) Pasadena, CA, USA, July 31st, 2017 (July 31 —Aug. 3).

IT26. “Development of (Si, Ge)-based high performance bulk thermoelectric materials,” T.
Takeuchi, M. Inukai, M. Omprakash, S. Nishino, The 15th International Conference on
Advanced Materials ITUMRS-ICAM 2017) , Kyoto, Japan, Aug. 31st 2017 (Aug. 27 — Sep. 1) .

IT27. “Self-tuning carrier concentration effect of noble metal chalcogenides,” Dogyun Byeon,
Robert Sobota, Kevin Delime-Codrin, Seongho Choi, Keisuke Hirata, Masahiro Adachi,
Makoto Kiyama, Yoshiyuki Yamamoto, Takashi Matsuura, Masaharu Matsunami, and
Tsunehiro Takeuchi, 37th International and 16th European Conference on Thermoelectrics,
Caen, France, July 2, 2018, (July 1 — 5).

IT28. “Thermal conductivity of FesVAl-based superlattice thin film,” Seongho Choi, Satoshi
Hiroi, Shunsuke Nishino, Manabu Inukai, Okkyun Seo, Jae Myung Kim, Dogyun Byeon,
Masashi Mikami, Masaharu Matsunami, and Tsunehiro Takeuchi, 7th International and

16th European Conference on Thermoelectrics, Caen, France, July 4, 2018, (July 1 — 5).

IT29. “The decreases of the lattice thermal conductivity of the FeVo.955-xHf0.045T1xSb
half-Heusler phases,” Kévin Delime-Codrin, Swapnil Ghodke, Dogyun Byeon, Robert
Sobota, and Tsunehiro Takeuchi, 7th International and 16th European Conference on
Thermoelectrics, Caen, France, July 4, 2018, (July 1 — 5).

IT30. “Effect of element substitution on the phase stability of complex MnSix,” Swapnil Ghodke,
Robert Sabota, Tsunehiro Takeuchi, 7th International and 16th European Conference on
Thermoelectrics, Caen, France, July 4, 2018, (July 1 — 5).
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IT31. “Self-tuning carrier concentration effect and colossal value of ZT in Cu2Se,” Tsunehiro
Takeuchi, XVI Interstate Conference on Thermoelectrics and their Applications (ISCTA
2018), Sankt Peterburg, Russia, Oct. 10th 2018 (Oct. 8 — 12).

(FE-EEFHHICLIENAROER - REFEHEEAE]

IM1. “Enhancement of spin Hall effect-induced torques for current driven magnetic domain
wall motion,” Do Bang and Hiroyuki Awano, IEEE International Magnetics Conference
GT-07 (2015).

IM2. “Inner interface effect enhances spin-orbit torques in Th/Co multilayered wires,” Do Bang,
Jiawei Yu, Xuepeng Qiu, Hiroyuki Awano, Aurelien Manchon, and Hyunsoo Yang, 61st

Annual Conference on Magnetism and Magnetic Materials, BD-11 (2016).

IM3. “Novel magnetic wire fabrication process by way of nano-imprint lithography for current
induced magnetization switching,” T. Asari, H. Awano and R. Shibata, 61st Annual
Conference on Magnetism and Magnetic Materials, EU-03 (2016).

IM4. “Enhancement of spin orbit torques in a Tb-Co alloy magnetic wire by controlling its Th
composition,” Y. Kurokawa, A. Shibata, and H. Awano, 61st Annual Conference on
Magnetism and Magnetic Materials, EU-03 (2016).

IM5. [Invited] “Magnetic recording on the RE-TM /Pt magnetic wire deposited on
nano-imprinted plastic substrate,” Hiroyuki Awano, Satoshi Sumi, Yuichiro Kurokawa, Do
Bang, Akihiko Moribayashi, Ryogo Yoshimura, and Tsukasa Asari, International conference
of the Asian Union of Magnetic Societies, (DC-01) (2016).

IM6. “Extrodinary Hall Effect in GeTe/Sb2Te3 topological superlattice and perpendicular
magnetic anisotropy Tb/Co films,” Do Bang, Hiroyuki Awano, Y. Saito, .
Tominaga, INTERMAG’ 2017 (2017).

IM7. [Invited] “Spin Orbitoronics study in hetero- structure of ferri-magnetic (RE-TM) and
heavy metal Pt,” Hiroyuki Awano, PIERS2017 (Progress in electromagnetics Research
Symposium) (2017).

IMS8. “Enhancement of current induced-domain wall motion in Th/Co multilayers sandwiched
between heavy metal with opposite spin hall angles” Pham Van Thach, Do Bang, Hiroyuki

Awano, International symposium on advanced magnetic materials and applications (2017).

IM9. “International symposium on advanced magnetic materials and applications,” Hiroyasu
KondoYuichiro Kurokawa, Hiroyuki Awano, International symposium on advanced

magnetic materials and applications (2017).
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IM10. “Temperature dependence of spin-polarized current-induced resistance switching in
[(GeTe)2/(Sb2Te3)] superlattices,” Do Bang, Hiroyuki Awano, Yuta Saito, Junji Tominaga,
International symposium on advanced magnetic materials and applications (2017).

IM11. “Magneto-optical characteristics of Pt/TbCo hetrostructure films,” S. Iemoto, S. Sumi,
Hiroyuki Awano, M. Hayashi, MORIS’ 2018 (Magnetics and Optics Research International
Symposium (2018).

IM12. “Damping coeffeicient enhancement evidence for spin orbit interaction on
[(GeTe)2/(SbeTes)1]20 superlatices,” Y. Hirano, S. Sumi, Do Bang, Hiroyuki Awano, Y. Saito, J.
Tominaga, MORIS’ 2018 (Magnetics and Optics Research International Symposium (2018).

IM13. “Fast current-induced domain wall motion in Th/Co multilayered wires with symmetric
structure,” Pham Van Thach, Do Bang, Hiroyuki Awano, MORIS’ 2018 (Magnetics and
Optics Research International Symposium (2018).

IM14. [Invited] “Spin orbit torque effect of ThCo/Pt magnetic wires,” Pham Van Thach, Do
Bang, Hiroyuki Awano, ETOPIM11, 2018.

IM15. “Interference induced enhancement of magneto-optical effect in Pt/TbCo
hetero-structured films,” S. Iemoto, S. Sumi, H. Awano, M. Hayashi, ETOPIM11, 2018.

IM16. [Invited] “Current driven domain wall motion study of magnetic wire with
hetero-interface between RE-TM and heavy metal layers,” H. Awano , C. Y. Wu, H. Kondo, R.
Yoshimura, S. Sumi, Y. Kurokawa, D. Bang, P. V. Thach, K. W. Lin, G1-1299, (2018).

IM17. “Influence of the Tb layer on current driven domain wall motion in Pt/Co/Tb magnetic
wire,” H. Awano, W.C. Ying, R. Yoshimura, S. Sumi, P.V. Thach, INTERMAG 2018, CD-11,
(2018).

IM18. “Magneto-optical properties of Pt/TbCo heterostructure films,” S. Iemoto, S. Sumi, H.
Awano, M. Hayashi, INTERMAG 2018, GW-16, (2018).

IM19. “Fast current-induced domain wall motion in symmetric ferrimagnetic Th-Co alloy
wires,” P. V. Thach, B. Do, S. Sumi, H. Awano, 2019 Joint MMM-INTERMAG, GN-10, (2019).

IM20. “Observation of thermal distribution of magnetic nanowire memory by current injection,”
T. Sawa, M. Kawamoto, S. Sumi, P. V. Thach, K. Tanabe, H. Awano, 2019 dJoint
MMM-INTERMAG, GN-05, (2019).

(FE-EBHEICKIBENREDER - LB - EAERRTI]

IP1. “In situ observation of strain relaxation during growth interruption in lattice-mismatched
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III-V heteroepitaxy,” Y. Ohshita, T. Nishi, D. Kodera, K. Ikeda, K. Shimomura, H. Suzuki, T.
Sasaki, I. Kamiya, M. Takahasi, E-MRS 2014 SPRING MEETING, Congress Center, Lille,
France (May 26-30, 2014).

IP2. “Growth of Layered (In<Gai-x)2Ses Buffer Material for GaAs on Si System,” Nobuaki
Kojima, Hiroya Nakamura, Yoshio Ohshita, Masafumi Yamaguchi, 40th IEEE Photovoltaic
Specialists Conference (PVSC40), Colorado Convention Center, Denver, USA (Jun. 8-13,
2014) (*P2).

IP3. “In situ X-ray diffraction study of strain relaxation process of lattice-mismatched
InGaAs/GaAs,” Daisuke Kodera, Toshiaki Nishi, Kazuma Ikeda, Takuo Sasaki, Masamitu
Takahasi, Hidetoshi Suzuki, Hiroya Nakamura, Yoshio Ohshita, Nobuaki Kojima, Itaru
Kamiya, Masafumi Yamaguchi, The 15th International Union of Materials Research
Societies (IUMRS)-International Conference in Asia (IUMRS-ICA 2014), Fukuoka
University, Japan, Aug. 27, 2015 (Aug. 24-30)

IP4. “Structural and Optical Characterization of MBE Grown (InxGai-x)2Ses on GaAs(111),”
Hiroya Nakamura, Nobuaki Kojima, Yoshio Ohshita, Masafumi Yamaguchi, The 6th World
Conference on Photovoltaic Energy Conversion (WCPEC-6), Kyoto International Conference
Center, Kyoto, Japan (Nov. 23-27, 2014) (*P2).

IP5. “In Situ X-Ray Diffraction Study of Strain Relaxation Process of Lattice-Mismatched
InGaAs/GaAs,” D. Kodera, T. Nishi, K. Ikeda, T. Sasaki, M. Takahasi, H. Suzuki, H.
Nakamura, Y. Ohshita, N. Kojima, I. Kamiya, M. Yamaguchi, The 6th World Conference on
Photovoltaic Energy Conversion (WCPEC-6), Kyoto International Conference Center, Kyoto,
Japan, Nov. 25, 2014 (Nov. 23-27, 2014).

IP6. “Lattice Relaxation Mechanism of InGaAs on Vicinal GaAs Substrate,” Kazuma Ikeda,
Hidetoshi Suzuki, Daisuke Kodera, Hiroya Nakamura, Nobuaki Kojima, Yoshio Ohshita,
Masafumi Yamaguchi, 7th International Symposium on Innovative Solar Cells, ENEOS
Hall, RCAST, Komaba II Research Campus, The University of Tokyo, Japan (Jan. 19-20,
2015).

IP7. [Invited] “Layered (InxGai-x)2Ses (I1I2-VIs) Compounds as Novel Buffer Layers for GaAs on
Si System,” Nobuaki Kojima, Yoshio Ohshita, Masafumi Yamaguchi, The Energy, Materials,
and Nanotechnology (EMN) Meeting, The Westin Resort & Spa, Cancun, Mexico (Jun. 8-11,
2015) (*P2).

IP8. “Suppression of Twin Formation in Layered In2Ses Grown on GaAs(111),” Nobuaki Kojima,
Hiroya Nakamura, Yoshio Ohshita, Masafumi Yamaguchi, 42th IEEE Photovoltaic
Specialists Conference (PVSC42), Hyatt Regency-New Orleans, LA, USA (Jun. 14-19, 2015)
(*P2).
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IP9. “Optical properties of layered (InxGai-)2Ses buffer material deposited on GaAs(111)
substrate for ITI-V/Silicon solar cell,” Li Wang, Hiroya Nakamura, Nobuaki Kojima, Yoshio
Ohshita, Masafumi Yamaguchi, 25th International Photovoltaic Science & Engineering
Conference (PVSEC-25), BEXCO, Busan, Korea (Nov. 15-20, 2015) (*P2).

IP10. [Invited] “Real time study of strain relaxation in lattice mismatched InGaAs/GaAs for
future tandem III-V solar cells,” Yoshio Ohshita, Hidetoshi Suzuki, Itaru Kamiya, Kazuma
Tkeda, Takuo Sasaki, Masamitu Takahasi, EMN Meeting on Photovoltaics 2016, Eaton
Hotel, Hong Kong, China (Jan. 18-21, 2016).

IP11. “Light-Induced Degradation and Thermal-Induced Recovery of PECVD-SiNxH
Passivation: Reaction Kinetics and Interfacial Properties,” Yoshio Ohshita, Takefumi
Kamioka, Taisei Iwahashi, Lee Hyunju, Yuri Sato, 6th International Conference on
Crystalline Silicon Photovoltaics 2016 (Silicon PV 2016), Centre de congrés le Manége,
Chambéry, France (Mar. 7-10, 2016).

1P12. “Effects of light soaking and thermal treatment on PECVD-SiNy passivation on n-type
Si1,” Takefumi Kamioka, Taisei Iwahashi, Lee Hyunju, Yuri Sato, Kyotaro Nakamura, Yoshio
Ohshita, 8th International Symposium on Advanced Plasma Science and its Applications for
Nitrides and Nanomaterials / 9th International Conference on Plasma-Nano Technology &
Science (ISPlasma 2016 / IC-PLANTS 2016), Nagoya University, Japan (Mar. 10, 2016).

IP13. “Ge thin film growth on Si and SiO:z using t-CsHeGeHs” R. Katayama, N. Kojima, K.
Suda, H. Machida, M. Ishikawa, H. Sudo, A. Ogura, Y. Ohshita, The 18th International
Conference on Crystal Growth and Epitaxy ICCGE-18), Nagoya Congress Center, Japan
(Aug. 7-12, 2016).

IP14. “N incorporation at the surface step in CBE grown GaAsN film on GaAs(111) vicinal
substrate,” Ryota Katayama, Nobuaki Kojima, Yoshio Ohshita, Masafumi Yamaguchi, The
26th Photovoltaic Science and Engineering Conference (PVSEC-26), Marina Bay Sands,
Sands Expo and Convention Centre, Singapore (Oct. 24-28, 2016 ).

IP15. “Interfacial workfunctions of transition metal oxides in carrier-selective contact stacks,”
Takefumi Kamioka, Yutaka Hayashi, Fumihiko Yamada, Yuki Isogai, Kyotaro Nakamura,
Yoshio Ohshita, The 26th Photovoltaic Science and Engineering Conference (PVSEC-26),
Marina Bay Sands, Sands Expo and Convention Centre, Singapore (Oct. 24-28, 2016 ) (*P1).

IP16. “Realization of Conductive AIN Epitaxial Layer on Si Substrate using Spontaneously
Formed Nano-Size Via-Holes for Vertical AlGaN High Power FET,” Noriko Kurose, Kota
Ozeki, Tsutomu Araki, Naotaka Iwata, Itaru Kamiya, and Yoshinobu Aoyagi, The 43rd
International Symposium on Compound Semiconductors (ISCS), Toyama Japan, ThD2-4
(Jun. 30, 2016).
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IP17. “SiNx Passivated GaN HEMT by Plasma Enhanced Atomic Layer Deposition,” Takayuki
Suzuki, Tomiaki Yamada, Ryosuke Kawai, Shohei Kawaguchi, Dongyan Zhang, and
Naotaka Iwata, The 43rd International Symposium on Compound Semiconductors (ISCS),
Toyama Japan, MoP-ISCS-086 (Jun. 27, 2016). (*P4)

1P18. “AlGaAs/InGaAs HEMTs Passivated with Atomic Layer Deposited SiOz using
Aminosilane Precursors,” Takayuki Suzuki, Yousuke Takigawa, Naotaka Iwata, Zhang
Dongyan, and Yoshio Ohshita, The 2015 International Meeting for Future of Electron
Devices, Kansai IMFEDK2015), 10.1109/IMFEDK.2015.715, 8492, IEEE, Kyoto, Japan,
(Jun. 4, 2015).

IP19. “A new laser induced local material engineering to convert from n-type to p-type nitride
semiconductor to fabricate high power vertical AlGaN/GaN devices on Si substrate,”
Yoshinobu Aoyagi, Noriko Kurose, Kota Matsumoto, Naotaka Iwata, and Itaru Kamiya,
22nd Advanced Materials 2018, Tokyo (September 19, 2018). (*P5)

1P20. “Effect of inductively coupled plasma reactive ion etching on performances of p-GalN gate
AlGaN/GaN HEMTs,” Yoshihiko Akazawa, Takaaki Kondo, and Naotaka Iwata,
International Workshop on Nitride Semiconductors 2018, Kanazawa, Japan (Nov. 12, 2018).
(*P4)

IP21. [Invited] “Laser-induced local activation of Mg-doped GaN and AlGaN for high power
vertical devices,” Noriko Kurose, Yoshinobu Aoyagi, Kota Matsumoto, Naotaka Iwata, and
Itaru Kamiya, Photonics West 2019, Feb. 2, 2019, Moscone Center, San Francisco, CA, USA
(Feb. 2-7, 2019). (*P5)

1P22. “Effects of p-GaN gate structures and their fabrication process on performances of
normally-off AlGaN/GaN HEMTs,” Takaaki Kondou, Yoshihiko Akazawa, and Naotaka
Iwata, 11th International Symposium on Advanced Plasma Science and its Applications for
Nitrides and Nanomaterials (ISPlasma2019), Nagoya, Japan (March 19, 2019). (*P4)

I1P23. “In situ XRD observation during various capping of InAs quantum dots by MBE,” K.
Shimomura, H. Suzuki, T. Sasaki, M. Takahasi, Y. Ohshita, and I. Kamiya, 8th International
Conference on Quantum Dots, May 14, 2014, Palazzo dei Congressi, Pisa, Italy, W122 (May
11-15, 2014). (*P7)

IP24. “nm-scaled workfunction mapping of the interfaces of silicon heterojunction (SHJ) solar
cell using Kelvin probe force microscopy,” Fumihiko Yamada, Takefumi Kamioka, Tomihisa
Tachibana, Kyotaro Nakamura, Yoshio Ohshita and Itaru Kamiya, 40th IEEE Photovoltaics
Specialists Conference, June 13, 2014, Colorado Convention Center, Denver, CO, U.S.A.
P.860 126 (June 8-13, 2014). (*P1)

IP25. “Identification of trap states for two-step two-photon-absorption processes in InAs
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i

quantum structures for intermediate-band solar cells,” David M. Tex, Itaru Kamiya, and
Yoshihiko Kanemitsu, 40th IEEE Photovoltaics Specialists Conference, June 13, 2014,

Colorado Convention Center, Denver, CO, U.S.A., 0.1028 (June 8-13, 2014). (*P6)

I1P26. “Fabrication of New Vertical AlGaN Deep Ultra Violet Photo-detector on n*Si Substrate
using Spontaneous Via Holes Growth Technique,” Kota Ozeki, Noriko Kurose, Naotaka
Iwata, Kentaro Shibano, Tsutomu Araki, Itaru Kamiya, and Yoshinobu Aoyagi, 46th
International Conference on Solid State Devices and Materials (SSDM 2014), September 11,
2014, Tsukuba International Congress Center, Japan, C-7-4 (September 8-11, 2014).

IP27. “Influence of trapping processes on photocurrent generation efficiencies in quantum-dot
intermediate-band solar cells,” D. M. Tex, T. Ihara, I. Kamiya, and Y. Kanemitsu, The 6th
World Conference on Photovoltaic Energy Conversion (WCPEC-6), November 26, 2014,
Kyoto International Conference Center, Japan, 1WePo. 1.13 (November 23-27, 2014).

IP28. “Local workfunction mapping of interface on heterojunction Si solar cell using KFM,”
Fumihiko Yamada, Takefumi Kamioka, Tomihisa Tachibana, Kyotaro Nakamura, Yoshio
Ohshita and Itaru Kamiya, The 6t World Conference on Photovoltaic Energy Conversion
(WCPEC-6), November 26, 2014, 2014, Kyoto International Conference Center, Japan,
4WePo. 7.55 (November 23-27, 2014).

IP29. “Local workfunction measurement of the interfaces of silicon heterojunction (SHJ) solar
cell using Kelvin probe force microscopy,” Fumihiko Yamada, Takefumi Kamioka, Fukuhisa
Tachibana, Kyotaro Nakamura, Yoshio Ohshita and Itaru Kamiya, Korea-Japan Top
University League Workshop on Photovoltaics 2014 (Top-PV 2014), November 28, 2014,
Hotel Marix, Miyazaki, Japan, A-1 (November 28-29, 2014). (*P1)

TP30. “Strain relaxation process of lattice mismatched InGaAs on miscut GaAs,” Daisuke
Kodera, Toshiaki Nishi, Kazuma Ikeda Takuo Sasaki, Masamitu Takahasi, Hidetoshi
Suzuki, Hiroya Nakamura, Yoshio Ohshita, Nobuaki Kojima, Itaru Kamiya, Masafumi
Yamaguchi, Korea-Japan Top University League Workshop on Photovoltaics 2014 (Top-PV
2014), November 28, 2014, Hotel Marix, Miyazaki, Japan, D-9 (November 28-29, 2014).

IP31. “Local workfunction mapping of the interface between surface layers on the Si
heterojunction (SHJ) solar cell on nm scale using Kelvin probe force microscopy,” Fumihiko
Yamada, Takefumi Kamioka, Tomihisa Tachibana, Kyotaro Nakamura, Yoshio Ohshita and
Itaru Kamiya, 2014 Fall Mat. Res. Soc. Symposium, December 1, 2014, Hynes
Convention Center, Boston, MA, U.S.A., PP 1.04 (Nov. 30 — Dec. 5, 2014). (*P1)

1P32. “In situ XRD observation during modulated InGaAs capping of InAs quantum dots on
GaAs(001) by MBE,” K. Shimomura, H. Suzuki, T. Sasaki, M. Takahasi, Y. Ohshita, and I.
Kamiya, 2014 Fall Mat. Res. Soc. Symposium, December 4, 2014, Hynes Convention Center,
Boston, MA, U.S.A., 00 9.09 (Nov. 30 — Dec. 5, 2014), 2014). (*P7)
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IP33. “XRD transients during capping of different sized InAs quantum dots on GaAs(001),” K.
Shimomura, H. Suzuki, T. Sasaki, M. Takahasi, Y. Ohshita, and I. Kamiya, 42rd Conference
on Physics and Chemistry of Surfaces and Interfaces, January 20, 2015, Snowbird Ski &
Resort, Snowbird, UT, U.S.A., Tu0930 (Jan. 18-22, 2015). (*P7)

IP34. “Tuning the emission wavelength from self-assmbled InAs quantum dots on GaAs(001) to
over 1.55 um by controlling the cap and barrier layers,” K. Shimomura and I. Kamiya, 42nd
Conference on Physics and Chemistry of Surfaces and Interfaces, January 21, 2015,
Snowbird Ski & Resort, Snowbird, UT, U.S.A., Well50 (Jan. 18-22, 2015). (*P7)

IP35. “The reduction of Cu2* and crystal growth processes during colloidal synthesis of
Cu2ZnSnSs nanoparticles,” Kazuki Morishita, Hiroyuki Suto, and Itaru Kamiya, 42rd JEEE
Photovoltaics Specialists Conference, June 16, 2015, Hyatt Regency Hotel, New Orleans,
LA, U.S.A, P.102.E21 (June 14-19, 2015).

IP36. “Carrier dynamics of A > 1.55 pm PL from InAs quantum dots on GaAs(001),” K.
Shimomura and I. Kamiya, Compound Semiconductor Week (CSW 2015), July 1, 2015,
UCSB, Santa Barbara, CA, U.S.A., We GN7.5 (June 28 — July 2, 2015). (*P7)

IP37. “Strain Control of InAs Quantum Dots on GaAs(001) by Molecular Beam Epitaxy,” K.
Shimomura and I. Kamiya, 31st North American Molecular Beam Epitaxy Conference
(NAMBE 2015), October 5, 2015, Iberostar Paraiso Beach Hotel, Riviera Maya, Mexico.
Mo-08 (October 4-7, 2015). (*P7)

IP38. “In situ XRD observation of strain in InAs quantum dots and InGaAs capping layers
during MBE growth on GaAs(001),” Kenichi Shimomura, Hidetoshi Suzuki, Takuo Sasaki,
Masamitu Takahasi, Yoshio Ohshita, and Itaru Kamiya, The 9tk International Conference
on Quantum Dots (QD2016), May 23, 2016, Ramada Plaza Jeju Hotel, Jeju, Korea, PM-058
(May 22-27, 2016). (*P7)

IP39. “Achieving long wavelength emission from self-assembled InAs quantum dots by MBE
through strain control,” Kenichi Shimomura, Hidetoshi Suzuki, Takuo Sasaki, Masamitu
Takahasi, Yoshio Ohshita, and Itaru Kamiya, 33rd International Conference on the Physics
of Semiconductors (ICPS2016), Aug. 1, 2016, Beijing International Convention Center,
Beijing, China, Mo-P.028 (Jul. 31-Aug. 5, 2016). (*P7)

IP40. “Upconverted photoluminescence in InAs/GaAs heterostructures,” Y. Zhang and 1.
Kamiya, 19t International Conference on Molecular Beam Epitaxy (MBE2016), September
6, 2016, Le Corum, Montpellier, France, Tu-P-9 (Sep. 4 — 9, 2016). (*P6)

IP41. “Ring-like workfunction dip around In(Ga)As quantum dots,” T. Kobayashi, K.
Takabayashi, K. Shimomura, Y. Zhang, F. Yamada, and I. Kamiya, 32»d North American




(B 2)

EANEE 231023
JAaCIHNES S1411027

Molecular Beam Epitaxy Conference NAMBE 2016), September 19, 2016, Gideon Putnam
Hotel, Saratoga Springs, NY, U.S.A., MoP12 (September 18-21, 2016). (*P8)

1P42. “Simulation of RHEED Intensity Transients during MBE Growth of InAs Quantum Dots
on GaAs(001),” Kenichi Shimomura and Itaru Kamiya, 32nd North American Molecular
Beam Epitaxy Conference (NAMBE 2016), September 19, 2016, Gideon Putnam Hotel,
Saratoga Springs, NY, U.S.A., MoP14 (September 18-21, 2016). (*P7)

IP43. “The influence of substrate orientation on strain relaxation mechanisms of InGaAs layer
grown on vicinal GaAs substrates measured by in situ X-ray diffraction,” Hidetoshi Suzuki,
Takuo Sasaki, Masamitu Takahasi, Yoshio Ohshita, Nobuaki Kojima, Itaru Kamiya, A.
Fukuyama, T. Ikari, and Masafumi Yamaguchi, 26th International Photovoltaic Science and
Engineering Conference and Exhibition (PVSEC-26), October 26, 2016, Marina Bay Sands
Expo and Convention Centre (MBS), 1.1.2f (October 24-28, 2016).

I1P44. “Development of an AFM/KFM System Capable of Local Workfunction Mapping of Solar
Cells under Light Illumination,” Fumihiko Yamada, Takefumi Kamioka, Kyotaro
Nakamura, Yoshio Ohshita and Itaru Kamiya, 26th International Photovoltaic Science and
Engineering Conference and Exhibition (PVSEC-26), October 27, 2016, Marina Bay Sands
Expo and Convention Centre (MBS), 2_4-0057 (October 24-28, 2016). (*P1)

IP45. “Nanoscopic Analysis of Semiconductor Heterointerfaces by Kelvin Probe Force
Microscopy (KFM),” Fumihiko Yamada, Tomohiro Kobayashi, Ko Takabayashi, Kenichi
Shimomura, Yuwei Zhang and Itaru Kamiya, Pacific Rim Symposium on Surfaces, Coatings
& Interfaces (PACSURF 2016), December 14, 2016, Hapuna Beach Prince Hotel, Kohala
Coast, HI, U.S.A., TF-WeM1 (Dec. 11-15, 2016). (*P8)

IP46. [Invited] “Understanding and Controlling Epitaxial Growth of Lattice Mismatched
Materials Using InGaAs on GaAs,” Itaru Kamiya, Collaborative Conference on Crystal
Growth (3CG 2014), Holiday Inn Resort, Phuket, Thailand, November 5, 2014, C11 (Nov.
4-7,2014). (*P6,P7,P8)

IP47. [Invited] “Growth of InAs-based Quantum Structures and their Electronic Properties
Controlled by Strain,” Itaru Kamiya, SemiconNano 2015, Lakeshore Hotel, Hsinchu,
Taiwan, September 10, 2015, I-39 (Sep. 6 — 10, 2015). (*P6,P7,P8)

IP48. [Invited] “nm-scale Workfunction Measurements on the Interface between Si and Surface
Layers on the Crystalline Si Solar Cell using Kelvin Probe Force Microscopy,” Fumihiko
Yamada, Takefumi Kamioka, Kyotaro Nakamura, Yoshio Ohshita, and Itaru Kamiya,
Energy Materials Nanotechnology (EMN) Meeting on Vacuum Electronics, New York Hotel
& Casino, Las Vegas, NV, U.S.A., November 21, 2015, S05 (Nov. 21 — 24, 2015). (*P1)

IP49. [Invited] “Epitaxial Growth of InAs-based Quantum Structures on GaAs,” Itaru Kamiya,




(B 2)

EANEE 231023
JAaCIHNES S1411027

Collaborative Conference on Crystal Growth (3CG 2015), Eaton Hotel Kowloong, Hong
Kong, China, December 16, 2015, D29 (Dec. 13 — 17, 2015). (*P6,P7,P8)

IP50. [Invited] “Photon upconversion using InAs-based quantum structures and the control of
intermediate states,” Itaru Kamiya, David M. Tex, Yuwei Zhang, Toshiyuki Ihara, Yasuhiro
Yamada, and Yoshihiko Kanemitsu, SPIE Photonic West, San Francisco, U.S.A. (Jan. 31,
2017), 10099-15 (Jan. 28 — Feb. 2, 2017). (*P6)

IP51. [Invited] “Surfaces and Interfaces of Quantum Structures Prepared by Colloidal
Synthesis and Epitaxial Growth,” Itaru Kamiya, Changchun Institute of Technology &4 T
FRF July 29, 2017).

IP52. [Invited] “Epitaxial Growth and Characterization of InAs-based Structures on GaAs,”
Itaru Kamiya, Waterloo Institute of Nanotechnology Seminar, University of Waterloo,
Canada (September 7, 2017). (*P6,P7,P8)

IP53. [Invited] “Near-surface band structures of semiconductor nanostructures investigated by
Kelvin probe force microscopy (KFM),” Itaru Kamiya, 6t International Workshop on
Epitaxial Growth and Fundamental Properties of Semiconductor Nanostructures
(SemiconNano 2017), Teatro di Como, Como, Italy, September 26, 2017 (Sep. 25-28, 2017).
(*P8)

1P54. “Development of an AFM/KFM system capable of cross-sectional workfunction
measurement of solar cell structures under light illumiation,” Fumihiko Yamada, Takefumi
Kamioka, Yoshio Ohshita and Itaru Kamiya, 33t European PV Solar Energy Conference
and Exhibition (EU PVSEC 2017), RAI Convention & Exhibition Centre, Amsterdam, The
Netherlands, 2CV.2.52, September 27, 2017 (Sep. 25-29, 2017). (*P1)

IP55. “Band profiling of p-Si/ITO interface by Kelvin probe force microscopy under light
controlled conditions,” Fumihiko Yamada, Takefumi Kamioka, Yoshio Ohshita and Itaru
Kamiya, 7t World Conference on Photovoltaic Energy Conversion (WCPEC-7), June 14,
2018, Hilton Waikoloa Village, HI, USA (Jun. 10-15, 2018). (*P1)

IP56. [Invited] “Near-surface InAs/GaAs interfaces studied by KFM/AFM, XRD, and PL,” Itaru
Kamiya, 14th International Conference on Beam Injection Assessment of Microstructures
(BIAMS 2018), dJune 20, 2018, Koreana Hotel, Seoul, Korea (Jun. 18-21, 2018).
(*P6,P7,P8)

IP57. “Cross-sectional workfunction measurements on solar cell structures under
light-controlled conditions,” Fumihiko Yamada, Takefumi Kamioka, Yoshio Ohshita and
Itaru Kamiya, 35t European PV Solar Energy Conference and Exhibition (EU PVSEC
2018), September 27, 2018, SQUARE — Brussels Meeting Centre, Brussels, Belgium,
2DV.3.15. (Sep. 24-28, 2018). (*P1)




(B 2)

EANEE 231023
JAaCIHNES S1411027

(FE-EBHEICKIBENREDER -FHREFRTF]

101. “Kelvin probe force microscopy study of the graphene oxide and reduced graphene oxide
sheets,” Hsin-Hui Huang, T. ITkeda, M. Yoshimura, 24th International Colloquium on
Scanning Probe Microscopy (ICSPM24), Honolulu, Hawaii (Dec. 14, 2016).

102. “Controlled growth of carbon nanotube forest and graphene by chemical vapor deposition,”
M. Yoshimura, 6th Global Experts Meeting on Nanomaterials and Nanotechnology, Dubai,
UAE (Apr. 21-23, 2016). (*O1)

103. “Effect of atomistic defects introduced in HOPG on oxygen reduction reaction,” M.
Yoshimura, PGIS Research Congress 2016, Peradeniya, Sri Lanka, (Oct. 7-8, 2016).

104. “Alcohol-Assisted Thermal Reduction of Graphene Oxide,” K. De Silva, H.H. Huang, S.
Suzuki, M. Yoshimura, 25th International Colloquium on Scanning Probe Microscopy
(ICSPM25), Atagawa, Japan (Dec. 7-9, 2017).

105. “Two-dimensional mapping of graphene oxides by using tip-enhanced Raman scattering
spectroscopy,” T. Inaba, K. De Silva, T. Kawabata, M. Yoshimura, 25th International
Colloquium on Scanning Probe Microscopy (ICSPM25), Atagawa, Japan (Dec. 7-9, 2017).
(*02)

106. “Formation Mechanism of Reduced Graphene Oxide Membrane,” H.H. Huang, R. Joshi, K.
De Silva, M. Yoshimura, 25th International Colloquium on Scanning Probe Microscopy
(ICSPM25), Atagawa, Japan (Dec. 7-9, 2017).

<HAERRD AR > (EFELSY)

DURDIL-FRFEOQOERKR. A3 —RVFTOLRKRE
<BRIZEELTLSLD >

DURTY L

81[E 201583 BiAfE, ZE2[E 2016.11.18 FHE.

Z3[E 2017.10.13 FAfE. &MA&ME 2018.11.2 BifE

Website : http://www.toyota—ti.ac jp/kenkyu/greenelement.html

<INMDLRETEIFENDHLD >

14 ZOMOMERRESE


http://www.toyota-ti.ac.jp/kenkyu/greenelement.html

(B 2)

EANEE 231023

JAaCIHNES S1411027

TELOEFE
1. FMI2BEEIE 2014/4/1-2017/3/31
ENHIE AT DA

2. %A EEK 2016/1/1-2018/3/31
EYUHUU) Y (K (Higher Manganese Silicide, HMS) VE L i - HERXRFNDE
it AL IZBE S B3

3. FRESIEXRASH 2016/10/1-
Si-Ge RAELEHMME - RERFICEHT MR

4, ZEITI)TILHER S 2019/1/1-
EBREIHEFICRET MR




(B 2)

EANEE 231023

JAaCIHNES S1411027

15 NEEFR IR UTHEFHER IS SN BEZERURIE

<IEEFJHASNBESE>
TRRT RNEYEREICLT, BERZL>THRART DL OEFHTIEE L. |

< BERIMAESNE-BEZTE~AD G >

RFELTIE. NBAEMF. 2)AE-BRAEBRFRF.NEIRILF—HEAE)—. ITE
ALTWS, RE-EBEMORELIL. C5LERFHRR -MERLEICEETHIREBLGUE
DIFTWND, BIZ,.INSDZAREFRZAOMN, /0 AV EWSKESOELBLANIL
TOEEHIEEVSEBREMITHD, FF.REEIC. COERGDHIRT— )L TOHOHEEHE
MNEHELTHOTRYID,

AR A—IZIFEBERENSEHFEISENECAETRIEWDAREZD AN A - FFEAE
YRAENTHY., INoZAEMEEESE SO, FIL—T3—FT4 0 T . BICEFHES
[CEARFOMERRDBNEETHEIBCT. TATTOXRBRERZRICTRELTETL
%5, WoT.BHHMELTITLERD 3 EORFHRE -RREZEHRLDD. ChEXRALHER
B OWTEE T REEIF TS,

ZLT.BE -GaN R-HIMEATRLE T, ERMEMERRICEE, T/N\1RADTORAE
DT ETL, EiEFLT,

< EHER IS -BEEE>
2L,

<THpFEEHERF I ISR SN -BESFEA DRI >
N/Ao




(#:=2)

EANES 231023
J0 OMNEE S1411027
2R i - TR B D KR (EAEREE) (FH)
A E
iﬂjg‘ﬁ :f A *‘L\ =h :’Hl_lﬁjﬁﬁ =4 <
il F | oo -
- | ZoHkRE FiE | FDH( ) f® &
B | B | T | s
b 0
. ;
; 137.401| 52847| 84,554
B 48,127| 24815 23312
b 0
. ;
; 37,008| 12:636| 25272
::4 54506| 28919| 25587
b 0
. ;
; 0 0 0
i:4 52554| 29741| 22813
b 0
X
5 0
% 0 0 0
I3 66,919 38896| 28023
b 0
B
3 0
% 0 0 0
i:4 62,100 35253| 26,937
0 0 0 0 0 0 0
#e 0 0 0 0 0 0 o”
175300  65483| 109,826 0 0 0 o”
284,296| 157,624| 126,672 0 0 0 o”
459,605| 223,107| 236,498 0 0 0 o”




17 MR- E-%

(#:=2)

| ENES

| 231023

EDEHERR FFEBRERTL0ET N TEREL TS, )

(e 3% (RVFHREZTTOENEDLEH, AL TLDERET N TEEEL TESL,) (FH)
DR W |(BEFEE MRESRDE REFYH FREHR | FERE | GbeEE | #BEARK
EFREMMRRE 0= e 250m 1 12 ~BH 0 —
IRLE—HHREE RBE | Tr7aE 250m 1 35 PN 0 —
EIRERM RS- RS | pas 250m 1 15 7~BH 0 —
X FAFBNRKICE DB RLELTIT o FBEICKY . BiEaTE &L TEMLUI-EE
0 m
(FE-ERiE) FVFBREZTTOVEVNEDIE. TRLDDAHEERHEL TIZSL,) (FH)
RE-HEOLH [BHEEE B E B B |BEE%| BEXERE | @EEE | MPER
(Eﬁu'ch:%)
7L h
(FAFERTR)
XIRABFHHEE 26 |JneaordE 1 2500 h 38,000 23,415|Fh2FBA K
2HEZ AMNXEEFTEE 26 [Bruker D8 ADVANCE TKT 1 3900 h 12,960 7,959 |FAE B Rk
BB EAEEE 26 |NETZSC LFA457 1 1,600 h 18,468 11,383 | FA2BIRK
;’J(‘l'lﬁ.‘r"/.l'liiﬂ'l/E%E I;H:i Quantum Design . .
/\)rb_/.\ﬁlmﬂﬁv-l 26 |bo35(A)SR 1 32,000 h 27,999 17,214|Fh2 B K
ﬁzﬂti,ﬁq"‘"*i 26 Quantum Design P525SR 1 800 h 10,999 6,756 | FAL BN A
Jn—F s BT AVE| 26 |04-370Z 1 1,700 h 14,000 8,607 |FAZE BN A
INEL-EHEET A Y—L—| 26  |ExciStar XS-500-ArF 1 1,480 h 8,495 5,241 |FhZFBIRK
TR LS RyEL R (PL) RYE LT E 26 PL-SMAP-RT100 1 2000 h 6,480 3,979|FAFBI AL
FEAERIVFUTERE 27 |RIE-101iPH 1 2524 h 37,908 25,272 |FhFBIAK
(BRI R %R h
7zl h
18 AREBDZHIKR (FH)
£ E R 26 FE
] % B 5 KN R
MHE (XEE S E e & B T 5 W%
ES B B x #® = B3 H
H R R B 12,904 Eﬂnﬁﬁ/ﬁﬁﬁj 12,904 J%‘H*Jr ESEAR. BRI ER. K- BF-EEHG
S oK B 5298| E 5 5298 BE5
BIEERE 2| EEhE 2| E588hE
RIS ARE 0] o
REXRE 1574[E NS KR k& 1574|ENFSS . EESES0
EEE 10 10
%ﬁﬁjﬂ E=20 804|747, Y IMRSF 804| M H 4T, VIR I TV IRSF
ﬂ%fﬁ%% 6,769|% 15 & B 532 6,769 MBE{ZHE | B85 & F MR R ~T
B 281|F=SNE 281 k=
(iR E) 31|Hs-EH [FHME. &8
it 27,673 27,673
7 L N 4 ~ B & I H
ANEEXZH 0 0
(REBE)
BEMERET 0 0
&t o _ 0
& i B % X HOEXE1HEOHEKRAS00FHXHENDLND)
AR S 20,454 20454| TS AYE=LS— fih
z 0 0
£t 20,454 20,454]
T A 42 0y 7 B & X H
| H—F 7L ZEUN 0 0
AR EH4— 0 0
MAZIEHLERE 0 0
=t 0 0




(#:=2)

| EANES | 231023 |
(FH)
g E 3 B 2] FE
. % B & KW R
MBRB | XEE s aE e & @ | T 5 A B
E = {5 75 ® = % S
P 9,388 B 22 AL B A i 9,388 BT M1, LB BZeEn i
SUE K B 4874 ES R 4874 B5HK
BISEME 11| EamEls . )=
e N 90|&m X ¥ #s . His= Ell 90| 5w X IxHm . IS = ENR], XFME S
REXEE 5,399 |E A R IRE 5399 |EAFSSN., BE==ZS0
By 0 0
HEN- T 220347, YV IMRSE 220( MR AT, BHE AR LI TEiE
EBEE 5532|318 & fmiEiE 5,532| B 2 E F I MR RS
EPy 1,234|F=SNE 1,234|F =S ME
(HIRME-HE) 102|355 - &% 102 & %
£t 26,850 26,850
7 I N A ~ E3 % X H
AFEXH 0 0
(REBE)
BEARREXH 0 0
it 0 0
% & B & X HOEXIF1THEQMENS00FAXENLD)
[ E e At i 2l 20,992 20,992|RHEEDf##TS X714 i
£ 0 0
&t 20,992 20,992
mOx 2 4 v 7 B & X H
) H—F T REUN
KRR K5~ 6,664 6,664 (=441 A SHEITA
MRAZIEHERE
=t 6,664 6,664
(FH)
£ E R 28 FE
] % B 5 KN R
MBRB | XEERE s aEe & & | T 5 A B
EA B x #® & % T
R 13,222| 2 AR ¥ 13,222 | S ZE 8B i, L ER AL ZEH, SRR
SO K & 3474|BEX K 3474|BEFHK
BEERE 24| S50 Bhx 24| S4ABME
HEEE N 94| 94| HmESHIR, XHEE
RERE 5,760| E A9 R IR E 5760 ENZF=S00., EiE<=S 10
BEEf 10 10|15 ¥R E A+ > 2—FI| F
SRl - Z 2T 784|341, JIMRSE 184\ HT, VIR TV IRSE
T 7,362 |3 1E X HEHE 7,362 = FEAM IS IE
EEg 1.217|F=SNeE 1.217|F=SSNE
(HiRHE) 179|#E s - S5 179|355, S5
(#E) 31 31 [FENATRETE AR
(BERIR) 12 12|;@5 iR R IEH
it 32,169 32,169
7 L N A ~ B % * H
ANGEXZH 0 0
(REBE)
BEARREXH
&f 0 _ 0
=% i B R X HOEXIZ1THEOMEAS00FAXRFENED)
AR ARSI 15,998 15,998[/\1/XJ—SMU fth
z
£t 15,998 15,998]
T A 42 0y 7 B & X H
| H—F 7L ZEUN
RAR-KH5— 4,387 438750 E1A
MAZIEHLERE
=t 4,387 4,387




(#:=2)

| ENEE | 231023 |
£ E 3k 29 HE
. % B 5 K R
MNHBE | XEE e T2 & | T 5 A B
EA N x ® - X W
S 20,139 | B L FJH A% fm 20,139[SEH R, Z i, EFEbm
* B oK B 5703[E= K 5703|ES K
BIEEME 18|17 PR £ 18| far ¥nEf
EEES AN G e . NITRERAN
REXEE 2,708 [[EN 4} SRR E 2, 708|EAFSSM. EES=S0
SEH 10 10[1FsRER > 2—FI A
AN - TR 796| 34T VI MRS 796| M 4T, FHEBA Y T IL I TR
ERe 10,045 (455 5% R 1E 32 10,045| ZHEREE IS E Al 1 1S3
Eo gk 457(FZESmeE 457(FESmE
(LIRME-HE) 356|355 - E 4 356| & ¥
(REE) 15 15| R EB SR
(BERIR) 10 10];@ 45} iR R IR AL
=t 40,328 40,328
7 L N 4 B & X
ANGEXH 0 0
(REBE)
BEREREXH 0 0
it 0 _ 0
% i B R X HOEXIF1TEOMEAS00FARFENED) _
BB T AR T 17,804 17,804 |HG 1 BIR A 2 TUEER AN YR E
= 87 87
it 17,891 17,891
MoET X A2 v 7 B & * W
) H—F -7 RN
RAR-KH4— 8,700 8,700| 51 E2.A
X R HEE R R
B 8,700 8,700
(FH)
I R 30 fFE
: B & MW R
MRBE (XM EISEEe & B T 4 W B
ES 5 {5 g =2 & % L
H B B 19,666 B 55 FH 1 3% am 19,6665 FF 3. L2, 22 aiin
BIEERE 34| ERE 34| far P ERaE
HER S 1183 & 2= Fl1 il 18| FPREAKRK
RERE 2,144 EI N4} HoR iR E 2144([EANFZSN, BESESN
SEH 50 50[ (&AM 2 —F| H
Rl - ZaEH 2,775| 3 HT, Y IMRSE 2,775 MR AT, FHE AR T LI T %
T 16,082 |45 15 2% B {522 16,082 E & & F IR Z1H
HEE 568| F=SINE 568| F=SINE
(LR E) 997|365 - EFl 997|& %
(2 176 1765 A% & 15 8%
(REBE) 21 21| FAARBFREER
(BFE) 53 53| AT HR A [ <h5 = Bl
(BERIR) 6 6@ 5 AR RIRH
it 42,690 42,690
7L N A4 b+ B &k X
ANGEXZH 0 0
(REBE)
BEARREXH
&f 0 _ 0
= fE B R > H O EXF1AQMIENS00FAXRBEDNLD) _
AR S 15,092 15,0020 — A& s - Pl % -7 T2 AE~ AT L b
= 15 15
i 15,107 15,107
mox® R A2 v 7 B & X W
| H—F 7L ZEUN
RAR-KH5— 4,393 4,393 (5L E1A
Rk iR HEER T
£ 4,393 4,393




IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Very large thermal rectification in bulk composites consisting partly of icosahedral

quasicrystals

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2014 Sci. Technol. Adv. Mater. 15 064801
(http://iopscience.iop.org/1468-6996/15/6/064801)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

This content was downloaded by: tsunezoo

IP Address: 211.9.37.141

This content was downloaded on 20/12/2014 at 00:34

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1468-6996/15/6
http://iopscience.iop.org/1468-6996
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

OPEN ACCESS

10OP Publishing | National Institute for Materials Science

Science and Technology of Advanced Materials

Sci. Technol. Adv. Mater. 15 (2014) 064801 (8pp)

doi:10.1088/1468-6996/15/6/064801

Very large thermal rectification in bulk
composites consisting partly of icosahedral

quasicrystals

Tsunehiro Takeuchi'?>>

'"Toyota Technological Institute, Nagoya 468-8511, Japan

2 EcoTopia Science Institute, Nagoya University, Nagoya 464-8603, Japan

3PRESTO, JST, Tokyo 102-0076, Japan
E-mail: t_takeuchi@toyota-ti.ac.jp
Received 24 February 2014

Accepted for publication 30 October 2014
Published 25 November 2014

Abstract

The bulk thermal rectifiers usable at a high temperature above 300 K were developed by making
full use of the unusual electron thermal conductivity of icosahedral quasicrystals. The unusual
electron thermal conductivity was caused by a synergy effect of quasiperiodicity and by a narrow
pseudogap at the Fermi level. The rectification ratio, defined by TRR =|J}qe| /[ Jmanl» reached

vary large values exceeding 2.0. This significant thermal rectification would lead to new practical

applications for the heat management.

Keywords: quasicrystal, thermal diode, electron thermal conductivity

1. Introduction

Thermal rectifiers [1] have attracted considerable interest
because of their ability to manage heat, a large fraction of
which is typically lost into the environment. After the first
report of thermal rectification [2], several different mechan-
isms leading to the thermal rectification were reported: (a) a
metal-insulator junction [2], (b) thermal wrapping [3-7], (c)
thermal strain at the interface [8], (c) the thermal potential
barrier [9], (d) inhomogeneous mass loading [10] and (e)
composite of bulk materials possessing different temperature
dependences of thermal conductivity [11-15]. Among these
thermal rectifiers, (e) the composite of two bulk materials of
different temperature dependences has attracted maximum
attention because of its superior characteristics, which make it
suitable for practical applications. One of these characteristics
is tunable heat flux, controlled by the thickness of the com-
posites. In addition, the geometry of the bulk thermal rectifier
is not subject to any significant physical constraints, so it can

Content from this work may be used under the terms of the

BY Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOL
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be easily incorporated into a wide range of mechanical
components.

The principle of the bulk thermal rectifier, which is a
composite consisting of two solid materials joined together,
each possessing thermal conductivities (k) with different
temperature dependences, was theoretically proposed by two
different groups in 2006 [11, 12]. These theoretical predic-
tions were subsequently validated by experiments [13—15].
Despite the experimental confirmation of bulk thermal recti-
fication, several problems prevent their use in practical
applications. One of the most serious problems is the very low
working temperature. Thermal rectification in a bulk material
was first observed at low temperatures below 150 K [13-15]
because these composites made use of the significant tem-
perature dependence of lattice thermal conductivity, typically
observed in crystalline materials below 100 K. Unfortunately,
increasing the temperature range over which this large var-
iation in lattice thermal conductivity occurs is difficult,
especially up to room temperature (300 K). Another problem
is the small magnitude of the thermal rectification ratio
(TRR =|J;e| /| Jiman|) Observed for the bulk thermal rectifiers;
the largest value observed is less than 1.45 [13—15], which
would not be suitable for applications. To make a practical
bulk thermal rectifier, we need to greatly increase both the
working temperature and the magnitude of the TRR.

© 2014 National Institute for Materials Science
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We considered that the serious problems could be
removed if we could employ an Al-based icosahedral quasi-
crystal (IQC) as a main component of the bulk thermal rec-
tifier because it is characterized by drastically increasing
thermal conductivity with an increasing temperature above
300K [16, 17]. Indeed, by making composites consisting
mainly of IQC, we succeeded in developing new thermal
rectifiers that work at high temperatures above 300 K. In this
paper, we shall report the performance of our newly devel-
oped thermal rectifier, together with the detailed information
about the unusual thermal conductivity of Al-based 1QC.

2. Unusual electron thermal conductivity of
icosahedral quasicrystals

The thermal conductivity of Al-based IQC is characterized by
its small magnitude at low temperatures below 300 K and the
drastic increase with increasing temperatures (at high tem-
peratures above 300 K). The former is caused by the small
magnitude of both the lattice thermal conductivity and elec-
tron thermal conductivity. The small lattice thermal con-
ductivity in IQCs is realized due to the quasiperiodicity and
its corresponding phonon dispersions in which optical phonon
branches exist in the low energy range [18], causing a sig-
nificant reduction of group velocity and the enhancement of
the Umklapp process of phonon scattering. The quasiper-
iodicity also contributes to the small electron thermal con-
ductivity by enhancing the scattering probability of electrons
into the strongest scattering limit known as the Mott—Ioffe—
Regel limit [19]. The very small electronic density of states at
the Fermi level [20-22] limits the number of conducting
electrons and further reduces the magnitude of electron
thermal conductivity [23, 24].

Despite that, the lattice thermal conductivity is kept small
at high temperatures, and the magnitude of electron thermal
conductivity of IQCs drastically increases with the increasing
temperature. This unusual electron thermal conductivity is
caused by the narrow, deep pseudogap at the Fermi energy.

The electron thermal conductivity is formulated in the
context of the linear response theory [25].

N A ﬂ)z(—M]de -
e’T J-o oe

e’T
2
{ [m o(e, T)(e — ﬂ)(—%)ds}

X (1)
00 d T
/ o (e, T)(_M)dg
—00 oe

Here, fop(e, T), u and e represent the Fermi-—Dirac dis-
tribution function, the chemical potential and the unit charge
of electron, respectively. The function o (g, T) is known as
the ‘spectral conductivity’ that represents the contribution of
electronic states existing at ¢ to the electrical conductivity. If
we use the relaxation time approximation with the isotropic
electronic structure, the spectral conductivity is expressed by

Figure 1. Three-window-functions limiting the energy range of
electrons that contribute electron transport properties. The electron
thermal conductivity is mainly determined by the function at the top
panel.

the following equation
62 2
o(e, T) = ?N (e)vg(e)z(e, T). 2)

Here, N (¢), vs(e), and 7(¢) are the electronic density of
states, the group velocity and the relaxation time, respec-
tively. These three values generally vary with energy and
temperature, and the resulting o (¢, T) also shows significant
energy dependence and strong temperature dependence.

When the Seebeck coefficient is smaller than 100 zV K™
[23, 24], the second term of equation (1) is small and can be
safely ignored. In such a case, the behavior of electron ther-
mal conductivity is accounted for solely with the first term of
equation (1). The integrant in the first term of equation (1)
contains W5 (¢) = (¢ — /4)2(— O (&, T)/ae), which behaves
as a window function and determines the energy range of
electrons that contribute to the thermal conductivity, as shown
in figure 1. Obviously, it has two peaks below and above the
chemical potential u at around & ~ u + 2.4kgT.

In the case of IQCs, o(e, T) has almost temperature
independence and becomes directly proportional to N (¢g)
because of the quasiperiodicity and consequently introduces a
strong scattering limit. Let us now assume that N (¢) has a
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deep, narrow pseudogap of a few hundred meV in width, and
the Fermi energy is located at the energy where N (g) pos-
sesses the smallest magnitude in the pseudogap. At a low
temperature, k. should be kept very small because of the very
small magnitude of N (¢) at e ~ u + 2.4kpT, while it dras-
tically increases with the increasing temperature because the
electronic density of states drastically increases with being
apart from the Fermi energy; consequently, N(e) at
&~ + 24kpT drastically increases with the increasing
temperature. This is the reason why we observe a large
evolution of electron thermal conductivity, and this mechan-
ism was quantitatively investigated using the Al-Re-Si and
Al-Mn-Si 1/1-cubic approximants [23, 24].

Dolinsek et al [26] reported that L(T) = xq/(To (T)) of
Al-Cu-Fe IQC becomes almost constant above 300 K in their
calculation using equation (1). Their result is certainly
inconsistent with our interpretation of the unusual evolution
of the thermal conductivity of IQCs. We should comment on
this inconsistency and mention that the model of spectral
conductivity used by Dolinsek er al was too simplified for
estimating thermal conductivity at high temperatures above
300 K. Their spectral conductivity consisted of two Lor-
entzian functions in the same manner as that reported by
Landauro and Solbrig [27], and the detailed shape was
determined so as to reproduce the measured transport prop-
erties below 300 K using the equations deduced from the
linear response theory. Their spectral conductivity should be
highly reliable in the narrow energy range near the Fermi
energy because of the function fitting on experimental data.
However, it should not be reliable at the energy range apart
from the Fermi energy where high temperature properties are
determined because the transport properties below 300 K do
not contain the information about the spectral conductivity at
that energy range. This should be the reason why Dolinsek
et al [26] reported behavior of electron thermal conductivity
that is certainly inconsistent with our interpretation.

The reliability of our argument on the unusual increase of
electron thermal conductivity can be confirmed in the
experimental facts: (1) the magnitude of the Seebeck coeffi-
cient is closely related with the evolution of thermal con-
ductivity at high temperatures [22], (2) the electron thermal
conductivity of 1/1-cubic approximants shows almost the
same behavior of that calculated from the electronic density of
states determined theoretically and experimentally [23, 24]
and (3) the behavior of thermal conductivity sensitively varies
with carrier concentration [23, 24, 28]. These facts lend great
support to our scenario of an unusual increase of electron
thermal conductivity at high temperatures.

3. Thermal conductivity of Al-Cu-Fe icosahedral
quasicrystals

As a result of the analyses on the electronic structure and its
relation to the unusual behavior of electron thermal con-
ductivity [23, 24], we realized that the Al-based IQC and their
corresponding approximants show a significant increase of
thermal conductivity with the temperature, provided that

those IQCs and their approximants contain 3d transition metal
elements as one of the main constituent elements, rather than
4d or 5d transition metal elements. This tendency is caused by
the narrower width of the pseudogap in IQC, which contains
3d transition metal elements. The narrower width of the
pseudogap for the IQC and their approximants containing 3d
transition metal elements is also understood from the behavior
of the Seebeck coefficient, which increases with the increas-
ing temperature and starts to decrease after becoming max-
imal at the Tpe.. The peak temperature T, roughly
represents the width of the pseudogap, and the IQCs and their
approximants containing 3d elements possess lower Tpeax
than that those containing 4d and/or 5d elements [29, 30].
These considerations, together with the very small electronic
density of states at the Fermi energy reported for Al-Cu-Fe
IQC [20], prompted us to employ the Al-Cu-Fe IQC for the
most appropriate material possessing a drastic increase of
electron thermal conductivity with increasing temperatures.

Figure 2(a) shows the thermal conductivity of Al-Cu-Fe
IQC. The mother ingots of Al-Cu-Fe IQC were prepared by
induction melting under a pressurized argon atmosphere. The
ingots were crushed into powders and sintered using a pulse-
current sintering technique for making dense samples free of
voids and cracks [28, 31]. Since electron thermal conductivity
of IQC sensitively varies with the carrier concentration, we
prepared several different samples possessing different carrier
concentrations. We also measured the Seebeck coefficient of
the samples (see figure 2(b)) because the magnitude of the
Seebeck coefficient is supposed to be small when the electron
thermal conductivity shows a drastic increase at high tem-
peratures. The magnitude of the Seebeck coefficient becomes
small at Alg; sCu,esFe;, where the ratio of thermal con-
ductivity at 1000 K to that at 300 K, xjpp0x/k300K pOSSesses
the largest value of 8.9 [28]. Therefore, we decided to employ
this Alg; sCuyg sFe;; IQC as one of the main components of
the thermal rectifier.

4. Materials possessing thermal conductivity that
decreases with increasing temperatures

We selected Si, Al,O3, CuGeTe, and Ag,Te as the materials
possessing thermal conductivity that decrease with increasing
temperatures. Figure 3 shows the thermal conductivity of
these materials plotted as a function of temperature.

The downward trend in thermal conductivity with
increasing temperatures observed for Al,O5; and Si is easily
understood as a consequence of the lattice thermal con-
ductivity of an insulator possessing a high Debye temperature
(@p). These values have been reported as @p = 1000-1100 K
for AlLO3 [32] and Op=600-650K for Si [33]. In such
materials, lattice thermal conductivity moderately decreases
with the temperature as a result of the intensified Umklapp
process of phonon-phonon scattering.

The temperature-dependent behavior of k in CuGaTe,, on
the other hand, is difficult to interpret. Its Debye temperature
was reported to be very low: @p =226 K [34], and this low
Op indicates that lattice vibrations at high temperatures
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Figure 2. (a) Normalized thermal conductivity and (b) Seebeck coefficient of Al-Cu-Fe icosahedral quasicrystals. At the composition where
the temperature dependence of the Seebeck coefficient becomes less significant, the thermal conductivity possesses the most significant

increase with the increasing temperature.

Figure 3. Thermal conductivity of Si, Al;03, CuGeTe, and Ag,Te.
All of the samples possess a decreasing thermal conductivity with
the increasing temperature.

(above 200 K) should not be considered as ‘conducting wave
packets’ but rather as ‘intensely exited, localized oscillators.’
In materials such as these, the lattice thermal conductivity
should have no temperature dependence at high temperatures
(T>6p), but this consideration is not the case with the
experimentally observed variation of x of CuGaTe,. Although
the mechanism that produces large reductions in x with the
increasing temperature is not yet well understood, we are
justified in employing CuGaTe, as one of the components of
our rectifier partly because its thermal conductivity varies
with temperature more significantly than that of Al,O5 or Si

and partly because its k is very small to be comparable with
that of the IQC.

The thermal conductivity of Ag,Te shows a big reduction
at 420K with increasing temperatures [35]. At temperatures
above 420 K, silver ions start to wander in the samples [36].
The mobile silver ions presumably prevent the propagation of
the wave packet or directly prohibit the existence of well-
defined wave packets; therefore, the lattice thermal con-
ductivity shows very small values.

5. Calculation of thermal rectification ratio TRR

TRR = ‘nge / | Jiman| is determined not only by the tem-
perature dependence of the thermal conductivity of two
constituent materials but also by their length ratio x=
Lico/(Ligc + Lx) (X=Si, ALOs;, CuGeTe,, or Ag,Te).
Before preparing the composite samples, we estimated the
optimal length ratio x,p for the maximum TRR obtainable for
the given set of materials. The calculation method was
reported previously [31].

The x dependence of TRR was calculated for the com-
posite thermal rectifiers consisting of (a) Alg; sCuygsFe;n
IQC/Si, (b) Alg; 5Cus6 5Fe > IQC/ALO3, (¢) Algy 5Cusg sFeqs
IQC/CUGCTCZ and (d) A161_5C1126_5F612 IQC/Ange by
assuming that the composites are placed between two heart
reservoirs kept at (Ty, 71)=(900 K, 300 K) for (a)—(c), and
(Ty, Tp)=(543K, 300K) for (d). The resulting TRR is
plotted as a function of x in figures 4(al)—(a4).

The calculations predict that very large values of TRR
exceeding 2.0 can be obtained in three composites: IQC/Si,
IQC/ALL,O5, and IQC/CuGaTe,, placed between two heat




Sci. Technol. Adv. Mater. 15 (2014) 064801

T Takeuchi

Figure 4. (a) Thermal rectification ratio, (b) boundary temperature and (c) measured heat flux of the (1) IQC/Si, (2) IQC/Al,O3, (3) IQC/

CuGaTe, and (4) IQC/Ag,Te composites.

reservoirs kept at 900 K and 300 K. Each composite has its
own optimum value of x (xop) in which the largest value of
TRRy is attained. The xqp; values were 0.08, 0.21 and 0.55
for IQC/Si, IQC/Al,O5 and IQC/CuGaTe,, respectively.

It is also worthwhile to mention that the large value of
TRR exceeding 1.75 is obtainable even at the small tem-
perature difference from 543 K to 300 K in the composite of
ICQ/Ag,Te when the length ratio is x=0.65. Although the
predicted value of TRR_,;.=1.75 is slightly smaller than
those of the other three composites, the much smaller tem-
perature difference of AT=243K than AT=600K of the

other composites
applications.

The conditions that determine X, are clearly understood
from the x-dependence of the interface temperature, as shown
in figures 4(b1)-(b4).

At X, the interface temperature (Tpoundary) POSsesses the
same value for two different sample configurations: one
configuration with the IQC at the high-temperature side and
the other with the IQC at the low-temperature side. This result
indicates that the ratio of the thermal resistance of the IQC at
the high temperature side to that of the one of the other

could have advantages in practical
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Table 1. Thermal rectification

ratio of the present composites.

Material A Material B TwK  T;/K  TRRy,  TRRege TRRey/TRR e
Al 5Cuyg sFeip IQC  Si 900 ~300 1.81+0.16 2.10 0.86
Al 5Cuyq sFej, IQC  ALO; 900 ~300 2.01+0.13 2.17 0.92
A161A5CUQ6A5F€12 IQC CuGaTez 900 ~300 2.20+0.13 2.26 0.97
Alg; 5Cuyq sFej, IQC  AgyTe 550 ~300 1.65+0.16 1.75 0.96

materials at the low temperature side becomes equal to the
ratio of thermal resistance for the one of the other materials at
the high temperature side to that of the IQC at the low tem-
perature side.

In addition, x,p requires a longer length of the material
with the larger thermal conductivity, and vice versa. We
obtained the smallest value of x,p in the IQC/Si composites,
because Si possesses a much larger « than the Alg; sCuyg sFe ;o
IQC. x,p is in the vicinity of 0.5 for the IQC/CuGaTe, and
IQC/Ag,Te composites because of the comparable x-values of
the two components. The calculated x,,, the boundary tem-
perature at X, and the estimated maximum value of TRR .
are listed in table 1.

6. Heat flux measurement for determining the TRR

To experimentally confirm the very large values of the TRR
predicted from our calculations, we directly measured the heat
flux in the IQC/Si, IQC/Al,03, and IQC/CuGaTe, composites
placed between two heat reservoirs kept at 7 ~300 K and
Ty=900 K in vacuum and that in the IQC/Ag,Te placed at
T. ~300K and Ty=550K.

The samples have cylindrical shapes 20 mm in height and
10 mm in diameter, and the length ratios x were fixed at xp
for all of the composites. The heat flux J in the composite was
estimated using a simple apparatus comprised of a heater, one
of the composites, a copper block and a water-cooled block
placed in a hand-press. The entire measurement system was
sealed in a chamber, and the measurements were conducted
under vacuum better than 10Pa [28, 31]. To obtain good
thermal contacts, both sides of the cylindrical ingots were
carefully polished to a flat, mirror-like finish, and the
cylindrical ingots were joined using a small amount of silver
paste. We also used a thin carbon sheet (0.5 mm in thickness)
at the interface between the sample and heater. A small
amount of thermal grease was employed at the interfaces
between the sample/copper block and the copper block/water-
cooled block.

The measured heat fluxes are plotted in figures 4(cl)—
(c4) as a function of heating time. Large differences in heat
flux were observed between the measurements made in the
two opposite directions, and the heat flux is always
larger when the IQC is located at the high-temperature side.
The experimentally observed TRR (TRR.y,) values for the
1QC/Si, IQC/AlL,03, IQC/CuGaTe, and IQC/Ag,Te com-
posites were 1.81+0.08, 2.03+0.16, 2.20+0.13 and
1.65£0.20, respectively. These values are much larger than

those of any other bulk thermal rectifiers previously
reported [13-15, 28, 31, 37].

7. Discussions

The TRR.,, values were nearly consistent with the TRR
values for the IQC/CuGaTe, and IQC/Ag,Te devices,
whereas the other two rectifiers possessed TRR..,, values that
were slightly smaller than TRR,.. This fact is clearly con-
firmed by superimposing the TRR.,, data on the TRR . data
in figure 4(a). Additionally, by calculating the ratio of TRR,
to TRR ., we discovered that this ratio is closely related to
the averaged thermal conductivities of component materials,
estimated from the temperature distribution in the composites
and the temperature dependence of k for each material. The
values of TRRy,/TRR . were 0.97, 0.96, 0.92 and 0.86 for
IQC/CuGaTe,, IQC/Ag,Te, IQC/Al,O5 and IQC/Si, respec-
tively. Their averaged « for the two different directions of heat
flow were calculated to be (2.78 W m K 6.08Wm! Kﬁl),
155wWm!' K, 263Wm!' K, (748Wm' K,
15.97Wm' K" and (19.53Wm™' K™, 40.93Wm™' K,
respectively. Very small values of TRRe,/TRRy,. were
obtained for the IQC/Si composite, which possesses the lar-
gest values of averaged x, whereas TRR,/TRRc reached
nearly equal to unity in the IQC/CuGaTe, and IQC/Ag,Te
composites, which possess the very small values of aver-
aged «.

We firstly considered the effect of radiation emitted from
the sidewall of the samples. The amount of radiation loss is
not negligibly small but occasionally reaches a seriously large
value. It is strongly affected by the dimension and thermal
conductivity of the samples and becomes large for long,
narrow samples of lower thermal conductivity. In the present
samples with cylindrical shapes, we confirmed that the
radiation loss was less than 10%, and the variation of TRR
due to the radiation was less than a few %. Therefore, we
safely ignored the effect of radiation loss in our samples.

We eventually realized that the departure of TRRp/
TRR_. from unity would be related to the contact resistance
for heat flow at the interfaces between the heat reservoirs and
the devices because it is capable of significantly reducing the
highest temperature or significantly increasing the lowest
temperature of the composite. The thermal conductivity of the
Alg 5Cuye sFej, IQC and the CuGaTe, was small enough so
that the effect of the contact resistance could be safely
ignored; therefore, TRR.,/TRRyc Was nearly equal to unity
for the IQC/CuGaTe, composite. In the case of the IQC/Si
composite, on the other hand, the thermal conductivity of Si is
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Figure 5. Thermal rectification ratio obtainable for composites
consisting of material A and material B, which possess thermal
conductivity that linearly varies with temperature.

so large that the temperature distribution in the samples is
greatly affected under the presence of contact resistance. The
highest temperature of the composite would be reduced sig-
nificantly when Si is located at the hot side, while the lowest
temperature would be increased at the opposite configuration.
The temperature difference between the two edges of the
composite is certainly reduced, and the value of the TRR is
also reduced.

The contact resistance between two component materials,
on the other hand, does not seriously affect the value of the
TRR because the value is dominated by the thermal con-
ductivity near the highest and lowest temperatures, whereas
the interface of two component materials always stays in the
middle temperature range.

If our consideration is correct, we still have a chance to
observe a large TRR exceeding 2.0 even for the IQC/Si
composite by tuning the heater power using the temperature
exactly at the interface rather than that in the heater block.
This requires the modified experimental setup; we are now in
progress on it, and the results will be reported elsewhere in
the near future.

Before the closing discussion, it would be worthwhile to
mention the further increase of the TRR. Let us assume a
composite consisting of two materials, one of which pos-
sesses thermal conductivity that linearly increases with tem-
perature, and the other linearly decreases. For the sake of easy
calculation, the increasing ratio and decreasing ratio of ther-
mal conductivity in two materials were assumed to be the
Same as [KTH IkrL ]MaterialA = [KTL/KTH ]MaterialB = N> 1. The
value of TRR,,o4e; Was calculated as a function of N under
this condition, and the resulting values were plotted in
figure 5.

Obviously, the TRR increases with increasing N and
gradually approaches the maximal value 3. The Al-Cu-Fe
IQC possesses N=7.0 under the condition of 7;=900 K and
T.=300K, and the TRR ~2.2 observed for the composite
consisting mainly of this IQC is very close to the TRR;,oq4¢1 at

N=17.0. These facts indicate that our samples have already
stayed in very good condition for the thermal rectifier and that
it would not be very easy to obtain much larger TRR values
exceeding 3.0.

Nevertheless, if we employed materials possessing ther-
mal conductivity that increases with temperature much more
drastically than those with linear dependence, the maximum
value should be increased to a value larger than 3.0. The
thermal conductivity of IQCs possesses such a behavior;
therefore, we keep studying toward the goal of developing a
thermal rectifier possessing a TRR exceeding 3.0 using IQCs.
The result will be reported elsewhere in the near future.

8. Conclusion

In this study, we developed a new thermal rectifier working at
high temperatures above 300 K and possessing a large TRR
exceeding 1.65 using Alg; sCuyg sFe i, IQC together with one
of the following materials: Si, Al,O3;, CuGeTe, or Ag,Te.
The values of TRR obtained in this study were definitely the
largest among those ever reported; therefore, some of these
composites could be used in practical applications, leading to
the efficient use of energy.
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In this study, we developed a higher manganese silicide (HMS) that possesses a high dimensionless figure of merit ZT exceeding unity. HMSs
containing a larger amount of Re than its solubility limit were prepared by the liquid quenching technique, and the obtained metastable HMSs
showed good thermal stability to enable pulse current sintering at 1240 K. The lattice thermal conductivity was effectively reduced with increasing
Re concentration, whereas the electron transport properties were not greatly affected. Consequently, the ZT of p-type HMS increased to 1.04 at
6at. % Re from 0.4 of the Re-free sample. © 2016 The Japan Society of Applied Physics

hermoelectric generators (TEG), which are capable

of recovering waste heat into useful electricity, have

attracted considerable interest given that their use is
one of the promising techniques leading to an energy-saving
society. The efficiency of energy conversion in thermoelectric
generators increases with increasing magnitude of the dimen-
sionless figure of merit, ZT = S%6T/(kiy + ke1)," Where S, o,
Ke1, and ki, represent the Seebeck coefficient, electrical con-
ductivity, electron thermal conductivity, and lattice thermal
conductivity, respectively. To effectively recover energy
from waste heat using TEG, we must develop thermoelectric
materials possessing a large Z7. Additionally, the materials
used in such TEGs are strongly required to consist solely of
cheap and ubiquitous elements in order to reduce both the
material cost and environmental pollution.

We consider that higher manganese silicide (HMS) stabi-
lized at MnSi, (1.73 <y < 1.75) is one of the most promising
candidates for a practical thermoelectric material.>” HMS
is classified into the group of Nowotny Chimney Ladder
Phases,® in which one of the constituent elements constructs
square channels and the other element stays in the channels
while forming helical chains.

One of the most important characteristics of p-type
HMSs is their possession of high magnitudes both of the
Seebeck coefficient (S > 200 uV/K) and electrical conduction
(6>200Scm™!).” These characteristics naturally lead to a
large power factor PF =S’ exceeding 1.5mWm™' K2,
Unfortunately, however, the lattice thermal conductivity of
HMS was reported to stay above 2.5Wm™'K~! and this
lattice thermal conductivity prevented us from obtaining a
large ZT exceeding 0.5.

In our previous study, we succeeded in effectively reduc-
ing the lattice thermal conductivity of the Al-Mn-Si C54
phase and Al-Mn-Si C40 phase without affecting the elec-
tron transport properties.'®'? This rather difficult mission was
achieved through a small amount of heavy element substitu-
tion, with which the electronic structure near the chemical
potential was not modified. Notably, HMS possesses very
similar local atomic arrangements to those of the C54 phase
and C40 phase. This suggests that the lattice thermal conduc-
tivity of HMS would be effectively reduced by a small amount
of heavy element substitution in the same manner as that in the
C54 phase and C40 phase. In this study, therefore, by sub-
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stituting a small amount of heavy element, we tried to reduce
the lattice thermal conductivity without affecting the electron
transport properties of HMS to effectively increase the ZT.

We selected Re as a suitable substitute for Mn in HMS
because Re substitution for Mn greatly reduces the lattice
thermal conductivity without affecting the electron transport
properties in the C54 phase, which also belongs to the
Nowotny Chimney Ladder Phases and possesses similar local
atomic arrangements to those of HMS. Notably, Re is in the
same column as Mn in the periodic table, and almost the same
carrier concentration was expected even with a finite amount
of Re substitution for Mn. Unfortunately, however, the phase
diagram reported previously'® showed a very low solubility
limit of Re in HMS, that is less than 2.5 at. %. Since large
amounts of heavy elements should be required to effectively
reduce the lattice thermal conductivity, we should find special
techniques to increase the solubility of Re in HMS.

Chen et al. prepared HMSs containing 6.4 at. % Re by the
mechanical alloying (MA) technique.'® The main phase in
their samples containing 1.4-6.4at. % Re was HMS, but a
large amount of ReSi, was precipitated as the secondary
phase. This finding indicates that the mechanical alloying
technique is not suitable for preparing a supersaturated Re
solid solution of HMSs.

More recently, Ghodke et al. have reported that the
solubility limit of W in HMS, which is less than 1 at. % under
the thermodynamically stable condition, expanded to 3.6 at. %
when they used the liquid quenching technique.!> Moreover,
their HMS containing 3.6at. % W showed good thermal
stability without any precipitation of secondary phases up to
1000 K. We expected this technique to be applicable even for
Re substitution for Mn in HMS, and endeavored to prepare
samples by the liquid quenching technique.

Powders of pure elements, 99.9% Mn, 99.9% Si, and
99.99% Re, were mixed together using an alumina mortar and
pestle, and pressed into pellets at room temperature. The
mother ingots were prepared by melting the pellets in an arc
furnace. To obtain homogeneous samples, the alloys were
repeatedly melted in the arc furnace with changing the posi-
tion upside down. The prepared ingots were rapidly quench-
ed into ribbons by the liquid quenching technique using a
copper wheel of 200 mm diameter rotating at 4500 rpm. The
arc-melting process and the liquid quenching process were

© 2016 The Japan Society of Applied Physics
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Fig. 1.

(b)

(a) XRD patterns of Mn3q4-_,Re,Sig36 (x=0, 2, 4, 6, 7, 8, 10, 12, and 18), prepared by arc melting, liquid quenching (LQ), and sintering (SPS) at

1240 K, at the nominal composition. (b) Re concentration dependence of the lattice constants of Mnj3g 4—Re,Sig36.

@

Fig. 2.
8 measured at 300 K after DTA measurement.

performed under a pressurized argon gas atmosphere. The
quenched, ribbon-shaped samples were ground into powders
using an alumina mortar and pestle, and the obtained powders
were sintered at 1240 K for 10 min under the pressure of 50
MPa in vacuum atmosphere by the pulsed current sintering
technique.

The phases involved in samples were identified by con-
ventional powder X-ray diffraction (XRD) measurements
using the Cu-Ka radiation source and a Bragg—Brentano-type
diffractometer equipped in Bruker D8 Advance. The density
of samples was evaluated by the Archimedes method, and
it was confirmed that all the sintered samples were densely
packed with more than 96% of the theoretical density. To
investigate the grain size and composition of samples, we
also employed scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) measurements
using JEOL JSM-6330F and JED-2140GS, respectively. To
investigate the decomposition temperature of Re-substituted
HMSs, differential thermal analysis (DTA) was carried
out from 300 to 1340K in Ar atmosphere using Rigaku
TGS8121.

020301-2

(b)

(a) DTA curves of Mnj364_,Re,Sig36 (x =0, 4, 6, and 8) in Ar atmosphere. The curves represent a heating cycle. (b) XRD patterns at x =0, 4, 6, and

The Seebeck coefficient and electrical resistivity of samples
were measured in vacuum atmosphere by the steady-state
method and the four-probe method, respectively, using
ULVAC-Riko ZEM-3 MS8. The thermal conductivity was
measured in the temperature range from 300 to 1040 K by the
laser-flash method using NETZSCH LFA457.

The powder XRD patterns and the lattice constants of
quenched ribbon samples prepared at the nominal composi-
tions of Mnjsg4-Re,Sig3¢ (0 <x < 18) are shown in Fig. 1.
No evidence of an impurity phase was observed up to 10at. %
Re, whereas the samples prepared at 12 and 18at. % Re
clearly showed diffraction peaks from the secondary phase,
ReSi,. The lattice constants monotonically increased with
increasing Re concentration at x < 10, but became constant
at 10 <x < 18. Thus, the maximum solid solubility limit of
Re in HMS prepared in our currently employed process was
determined to be ~10at. %.

The DTA curves observed for the Mnsg4_,Re Sig; ¢ sam-
ples (x =0,4,6,8) are shown in Fig. 2(a). A broad exo-
thermic peak was observed for all the samples in the tem-
perature range from 1273 to 1320K. The precipitation of

© 2016 The Japan Society of Applied Physics
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Table I. Compositions obtained from EDX measurement.
Nominal comp. Mn36.4Si63.6 Mnz3; 4ReySis3.6 Mn3.4Re6Si63.6 Mnyg 4ResSig3 6
Analyzed comp.
Position #1 Mn3s 8Siss.2 Mnj3;0Req 0Si64.0 Mnj0 5Req 2Si63.3 Mnys 3Reg 2Si63.5

Position #2

Mn3;s 4Sig4.6

Mn3; 4Rey 1 Sigs 5

Mnj3,Res,1Sig3.8

Mnog 7Reg 0Sig3 3

Position #3 Mn368Sig3.2 Mn3; 7Re;3 081634 Mnyg gRes Si64.3 Mny; 7Re7 6Sigs7
Position #4 Mn36.6Si63.4 Mn3; gRey 1 Sigs.1 Mn3g2Res 9Si63.9 Mnyg gRes 0Si63.2
2 Mns62406 Mn3; 5.0.4Re€4.0+0.1 Mnj30.2+03Re6.0+02 Mnps 4-05R€7.9403
Averaged value . . . .
Sig3.8+0.6 Sig35+04 Sie3.8:+04 Sig37+07

a) The error values indicate the largest decimal place difference of measured composition from the averaged value.

Fig. 3. SEM images obtained for the samples prepared at the nominal
compositions of Mnj3e 4-,Re,Sig3 6 (x =0, 4, 6, and 8). Positions 1, 2, 3, and 4
were used for the EDX analyses and the average results are shown in Table 1.

manganese monosilicide occurred during this exothermic
reaction. This was clearly confirmed in the XRD patterns of
samples annealed at 1320K [Fig. 2(b)].

The previously reported phase diagram suggested that
the HMS containing more than 2.5 at. % Re was supposed to
be metastable, but the present thermal analyses showed no
critical difference in the DTA curve between the samples
at x <2.5 and those at x> 2.5. This experimental finding
presumably indicates that the surface energy of HMS is lower
than that of competitive phases, and the small size of grains
produced by the liquid quenching technique stabilizes the
HMS even with a large amount of Re exceeding 2.5 at. %.
Further investigation with different grain sizes is required to
investigate in more detail the stabilization mechanism of
HMS containing Re atoms.

It should be noted that the decomposition temperature of
supersaturated Re solid solution of HMS (1320 K) is much
higher than that used for the sintering of HMS, and that
helped us to obtain the bulk samples containing more than
2.5at. % Re. Indeed, we did not observe any precipitation of
impurity phases in the sintered samples of Mnjsg4.Re,Sig3.6
(x £ 10).

Figure 3 shows the SEM image of Mnjzs4-,Re,Sigse.
Although the number of voids slightly increased with increas-
ing Re concentration, no evidence of secondary phase was
confirmed in the SEM images, consistent with the XRD
measurement. We measured the composition at several dif-
ferent positions for all the samples, and the resulting values are
summarized in Table I together with the averaged values. The
error values shown for the averaged composition indicate the

020301-3

Fig. 4. Re concentration dependences of lattice thermal conductivity ki,
(= Kmeasured — Ke1) and electron thermal conductivity ko (= LooT — S%6) for
Mnse 4 Re,Sigz6 (x =0, 4, 6, and 8) at 300K calculated using Wiedemann-
Franz law.

largest decimal place difference in the measured composition
from the averaged value. Notably all the compositions deter-
mined at different positions stayed within the error of 0.7 at. %
regardless of Re concentration. Furthermore, the averaged
composition of each sample showed very good agreement
with the nominal one. This result unambiguously indicated
that the homogeneous samples were successfully obtained.
The Re concentration dependences of the lattice thermal
conductivity ki and the electron thermal conductivity kg of
Mnse 4 Re,Sigs 6 (x = 0,4, 6, 8) at 300 K are shown in Fig. 4.
We used k= LooT — S?6 to roughly estimate the electron
thermal conductivity. The second term —S’c is generally
small and ignored in metallic samples, but it is not negligibly
small when the power factor is large, such as those in practical
thermoelectric materials. It was clearly confirmed from the
deduced x and «j, that the lattice thermal conductivity at
300K drastically decreased with increasing Re concentration,
and eventually reached a small value of less than 1.0
Wm~'K~! in the sample containing more than 6 at. % Re.
The temperature dependence of the thermoelectric proper-
ties of Mnse4—Re,Sigz¢ (x = 0,4,6,8) is shown in Fig. 5.
The measured thermal conductivities drastically decreased
with increasing x owing to the reduction in the lattice thermal
conductivity. The absolute Seebeck coefficients, on the other
hand, were kept almost unchanged over the whole range
of measurement until the Re concentration reached 6 at. %,
but decreased with increasing x at x> 6. The electrical
resistivity slightly decreased with increasing x over the whole
temperature range of measurement even at x > 6. The drastic
reduction in lattice thermal conductivity together with the
moderate reduction in electrical resistivity with the almost
unchanged Seebeck coefficient naturally led to an effective
increase in ZT. Consequently, the ZT of the p-type Mnsq4-

© 2016 The Japan Society of Applied Physics
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(b)

(d)

Fig. 5. Temperature dependences of thermoelectric properties [(a) Seebeck coefficient, (b) electrical resistivity, and (c) thermal conductivity] for
Mnj364-,Re,Sigz36 (x =0, 4, 6, and 8). (d) Temperature dependence of dimensionless figure of merit Z7.

Reg 0Sig3.6 HMS was increased to ~2.1 times larger than that
of the Re-free sample, and it reached 1.04 at 920 K.

The ZT observed for the present Mnsp4Req ¢Sig3.6 HMS is
comparable to that of TAGS (= [AgSbTe] 5[GeTe]ygs) at
900K, '®!” but the material cost of Mnsy4RegSigs6 HMS
is much cheaper than that of TAGS. The roughly estimated
cost effectiveness (elements cost/maximal efficiency) of the
present Mnjzg4Req0Sig36 HMS is about 70% lower than
that of TAGS. This value strongly suggests that p-type
Mnjg4Req0Si63.6 HMS is one of the candidates for practical
thermoelectric materials.

Before finishing this discussion, we shall comment on
the further increase in ZT for both n-type and p-type HMSs.
The reduction in the Seebeck coefficient at x > 8 would
be caused by the impurity states near the chemical poten-
tial.'320 At small values of x, the effects of these states
were negligible but became obvious at high values of x. To
avoid the reduction of |S|, we propose the use of W together
with Re, because the energy of impurity states varies with
elements and a smaller amount of W would not seriously
affect the transport properties of HMS, similarly to those
of the Al-Mn-Si C40 phase.'? This method would lead to
an increase in ZT for both n- and p-type HMS.

In this study, by adopting the liquid quenching method,
we prepared HMS with a larger amount of Re than the
thermodynamical solubility limit. We found that the thermal
stability of the metastable HMS was surprisingly good to be
sintered at 1223 K, and that bulk samples with high density
exceeding 96% of the theoretical one were successfully ob-
tained. The lattice thermal conductivity of HMS was effec-
tively reduced by the Re substitution for Mn, while the power
factor was slightly increased. Consequently, we obtained
a bulk p-type thermoelectric material, Mnjg4Req0Sic3.6,
possessing ZT = 1.04 at 920K.
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A guiding principle for developing practical thermoelectric materials was constructed on the basis of simulations of thermoelectric prop-
erties using linear response theory. Al-Mn-Si C54-phase, Al-Mn-Si C40-phase and higher manganese silicide (HMS), all of which consist
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thermoelectric material was clearly proved by our newly prepared HMS possessing a dimensionless figure of merit exceeding unity.
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1. Introduction

Recently, thermoelectric generators have attracted consid-
erable interest because of their ability in recovering energy
from waste heat. Development of high-performance thermo-
electric materials consisting solely of environment-friendly
cheap-elements would lead us to the sustainable society in
which all energy sources are effectively used.

Practical thermoelectric materials had been generally de-
veloped using degenerate semiconductors" because the elec-
tronic structure of degenerate semiconductor is suitable for
large magnitude of Seebeck coefficient and metallic electrical
conduction, both of which together with low thermal conduc-
tivity are the necessities of high-performance thermoelectric
materials. It would be natural to consider that the highly so-
phisticated theories of semiconductor developed for LSI,
LED, Laser, solar cell, etc. could be applicable for the ther-
moelectric semiconductors. Indeed, the electron transport
properties of thermoelectric materials were analyzed using
the semiconductor-theory? in which carrier concentration,
carrier mobility, and effective mass were employed as con-
trolling parameters.

We should stress here, however, that the use of semicon-
ductor-theory is often inappropriate for explaining the elec-
tron transport properties of thermoelectric materials, because
the semiconductor-theory generally assumes the parabolic
shape of energy-momentum (& — k) dispersion whereas the
& — k dispersion of thermoelectric materials is not well de-
scribed with the parabolic shape near the chemical potential.
Indeed, temperature dependence of Seebeck coefficient ob-
served for practical thermoelectric materials cannot be often
accounted for by the semiconductor-theory. This fact definite-
ly indicates that the persistent use of carrier concentration,
carrier mobility, and effective mass for analyzing electron
transport properties would not lead us to the development of
highly sophisticated thermoelectric materials.

The problem about the complicated electronic structure of
thermoelectric materials is easily overcomed by knowing the
detailed information about the electronic structure near the

thermoelectrics, electronic structure, electron transport properties, thermal transport properties

chemical potential. The first principles calculations and the
highly developed experimental techniques, such as high-res-
olution photoemission spectroscopy, could greatly help us to
obtain the reliable information about the electronic structure.
In this paper, therefore, a guiding principle for developing
high performance thermoelectric materials is proposed in
terms of electronic structure, and its validity is demonstrated
by showing the successfully developed high-performance
thermoelectric materials.

2. Guiding Principle for Developing High-Performance
Thermoelectric Materials

The electron transport properties of solids are usually cal-
culated in the context of linear response theory, and electrical
conductivity o(7), Seebeck coefficient S(7), and electron
thermal conductivity x.i(T) are expressed as egs. (1)—(3).>>

o(T) = fo-(s,T) {——BfF%(j’T)} de (1)

1 fo-(e,T)(a—,u) {—%}ds

eI fo-(s, T) {_—6 fF%(j’ T } de

S(T) = 2)

kal(T) =ez—1T f (e, T)(e — u)? {—W}d

(e T L |
1 {f(f(s, T)(e—p) {—T} ds} 3)
eT fa'(a,T) {——afFDa(j T)}ds

Here o(e,7), e, frp(e,T), and u represent spectral conductivi-
ty, unit charge of electron, Fermi-Dirac distribution function,
and chemical potential, respectively.

The performance of thermoelectric materials is generally
measured by the dimensionless figure of merit ZT (=
S?0T/k)." By knowing that the thermal conductivity is sum
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Fig. 1
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(a) Model of spectral conductivity and (b) A = S?0"T/ k., calculated using eqs. (1)-(3). The model 1 consists of one band, and the spectral conductivity

is represented by o(g, T) = C(& — geqge)”. At a given chemical potential, A becomes larger with large number of 7, and A is getting larger when the chemical
potential is located in the band gap. The model 2 consists of 2 bands with n = 3/2. One of the bands is located 1kgT above the others. The magnitude of A
definitely becomes larger with two bands. The spectral conductivity of model 3 consists of a single gauss function, and the magnitude of A is calculated

with two parameters: FWHM and peak energy.

of electronic contribution and lattice contribution as k = k¢ +
Klat, We transformed the equation of ZT into a slightly modi-

fied form,
S20T ( 1 )
T = , 4
Kel 1+ Kiat/Kel “

Two factors can be extracted from eq. (4). The first factor, A =
S20T /Ky, is unambiguously calculated using eqs. (1)-(3)
provided that spectral conductivity and chemical potential are
obtained. Notably, the magnitude of A is less sensitive to the
scattering phenomena because relaxation time 7, which gen-
erally possesses a very weak energy dependence in the nar-
row energy range of few kg7 near the chemical potential, so T
comes out from the integrands and vanishes in the calculation
of A.9 It is also very important to note that the magnitude of
second factor B =1/(1 + kja/ke1) always stays below unity and
increases with decreasing (kiq/ke1). These facts indicate that
the magnitude of A represents the largest value of ZT obtain-
able for the given electronic structure. It is explained, in other
words, that for developing materials possessing a desired val-
ue of ZT = a, we should employ the materials possessing a
value of A much larger than a.

We calculated the magnitude of A as a function of chemical
potential using several different models of degenerate semi-
conductor possessing an energy gap near the chemical poten-
tial. As a consequence of calculations shown in Fig. 1, we
found that the magnitude of A becomes extremely large when
the chemical potential is located in the energy gap. This
seemingly unusual situation is realized even for degenerate

semiconductors at high temperatures provided that the Fermi
energy is located between band edge and a large peak existing
in the electronic density of states near the band edge. In order
to confirm this fact, the temperature dependence of chemical
potential was calculated for two different models: single band
model and two-band model consisting of wide and narrow
bands. The Fermi energy was located so as to become the
same carrier concentration in the both models.

If we assume that the spectral-conductivity is described as
o(e, T) = C(& — &eqge)", the factor A at a given chemical poten-
tial possesses a larger value with the larger value of exponent
n. The magnitude of constant parameter C, on the other hand,
does not contribute to the variation of A, but affects the mag-
nitude of B; a large magnitude of C leads to an increase of B
through the reduction of (ki /ke1). It would be also very im-
portant to note that the magnitude of B is further increased if
the lattice thermal conductivity is greatly decreased by the
complex structure”, rattling mode®, and/or anharmonic os-
cillation of lattice vibration.”

On the basis of facts described above, we propose the ne-
cessities of electronic structure for high-performance thermo-
electric materials possessing a large magnitude of A; (a) large
band gap exceeding 10 kgTy where T, indicates the tempera-
ture of practical applications, (b) a large peak in electronic
density of states staying at a few kg7 apart from the edge of
energy gap, and (c) multiple band existing near the band edge
in the energy range where the electrons contribute the electri-
cal properties. The condition (a) prohibits the reduction of
Seebeck coefficient in association with bi-polar diffusion ef-
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fect, and the condition (b) allows the chemical potential to
move drastically with increasing temperature. The condition
(c) is important for the large magnitude of Seebeck coeffi-
cient. The materials possessing these characteristics in their
electronic structure must exhibit a large magnitude of A with
an appropriate Fermi energy.

If the materials possessing the conditions (a)—(c) are fur-
ther characterized by (e) the complex structure”, (f) rattling
mode®, and/or (g) anharmonic oscillation of lattice vibra-
tion”, the magnitude of ZT should be greatly increased
through a large magnitude of B = 1/(1 + kja/ke1). Neverthe-
less, it would be very difficult to find such an ideal material
possessing all the required conditions.

‘We should mentioned here that even without using the con-
ditions (e)—(g) the magnitude of B could be effectively in-
creased using the partial substitution of elements that have a
large difference in atomic mass from that of constituent ele-
ments. We are not seriously concerned about the effect of dis-
ordering on the electron mean free path. In many thermoelec-
tric materials, the conduction electrons stay near the strong
scattering limit'%!'" due to the small Fermi surface and the
chemical disordering introduced for carrier doping, because
the long Fermi wavelength makes the conduction electrons
near the Fermi level easily lose the coherence even under the
small amount of impurity elements. In such a condition, the
mean free path of electrons cannot be further shortened with
the additionally introduced disordering, meanwhile the pho-
non mean free path, that is generally kept long in the degen-
erate semiconductors, should be greatly reduced by the par-
tial substitution of elements possessing significantly different
atomic mass.'>"'¥ Therefore, if impurity states are not pro-
duced near the chemical potential at the element substitution,
the lattice thermal conductivity will be greatly reduced with-
out seriously affecting the electron transport properties.

3. Al-Mn-Si C54-Phase (Si,Ti Structure) and C40-Phase
(CrSi, Structure)

According to the guiding principle described above, we se-
lected two intermetallic compounds, Al-Mn-Si C54-phase
(Si,Ti structure, 0F24) and Al-Mn-Si C40-phase (CrSi; struc-
ture, hP9) stabilized at around Al;MnssSiz" and
Aly7 sMn330Sis05'®, respectively. Both materials are charac-
terized by the two-dimensional honeycomb lattice consisting
of Al and Si with Mn at the center of hexagon, and the two-di-
mensional planes are stacked with four different positions in
C54-phase and three positions in C40-phase. The similarity
in local atomic arrangements naturally leads to the similarity
in electronic density of states as shown in Fig. 2. It is clearly
confirmed that these selected materials possess the character-
istics of electronic structure (a)—(c), which are the necessities
of high-performance thermoelectric materials.

We found that these intermetallic compounds character-
ized by non-toxic, abundant constituent emelents indeed pos-
sess a large magnitude of Seebeck coefficient || > 200 uVK ™!,
metallic electrical conduction with a relatively low values of
electrical resistivity p < 10 mQcm, and consequently large
magnitude of A exceeding 2.'3!” The magnitude of power
factor PF = S0 reaches 2.1 mWm™'K~2 at 500 K for n-type
A133'0M1’134'0Cr1'08i30'0 C54-phase and 1.1 at 440 K for n-type
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Fig.2 Electronic density of states of (a) AI-Mn-Si C54-phase, (b) Al-Mn-Si
C40-phase, and (c) HMS. A relatively wide band gap is formed in all the
compounds. The peaks near the band edge indicate that these materials
possess large magnitude of Seebeck coefficient, and rather complicated
energy dependence means that the multiple bands near the band edges.
The calculations were performed with FLAPW-GGA method.

Aly7sMnj3q oCrp 0Siszg 5 C40-phase. The large magnitude of
power factor observed for the both compounds indicates that
the conditions (a)—(c) of electronic structure are usable for
easily finding materials possessing electron transport proper-
ties suitable for practical thermoelectric material.

Despite the electron transport properties suitable for ther-
moelectric materials, the large lattice thermal conductivity,
10 Wm™'K™! of C54-phase!” and 4.2 Wm™'K~! of C40-
phase'® prevented us from obtaining a large magnitude of
dimensionless figure of merit Z7. The magnitude of ZT was,
hence, limited to less than 0.15. Note here that the difference
of lattice thermal conductivity between C54-phase and C40-
phase would be related to the number of atoms in the unit
structure, N = 6 of C54-phase and 9 of C40-phase, because
larger number of N naturally leads to enhanced umklapp pro-
cess of phonon scatterings, reduced mean group velocity of
phonons, and consequently to small magnitude of lattice ther-
mal conductivity.”

For effectively reducing lattice thermal conductivity of
these compounds, we employed small amount of element
substitutions using the heavy elements that do not produce
any impurity states near the chemical potential at the substi-
tution. The cluster calculations suggested us that (Re + Ru)
and W produce no impurity states near the chemical potential
when these elements were substituted for Mn in C54-phase
and C40-phase, respectively.!®!” The experimentally ob-
served thermoelectric properties are shown in Fig. 3. The lat-
tice thermal conductivity was reduced into 2.9 Wm™'K~! for
C54-phase and 1.9 Wm™'K™! for C40-phase when small
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Fig. 3 (a) Seebeck coefficient. (b) electrical resistivity, and (c) thermal conductivity of Al-Mn-Si based C54-phase.!” Those for Al-Mn-Si C40-phase were
plotted in (d)—(f).'® With increasing concentration of heavy elements, the lattice thermal conductivity were greatly reduced while the electron transport
properties were essentially unchanged. Very small increase of scattering provability was found a in the electrical resistivity of Al-Mn-Si based C40-phase
low temperatures where temperature coefficient of resistivity (ICR) was kept positive.

merit observed for
C54-phase'” and

Fig. 4 Dimensionless figure of
Als7 ¢Mnye oRus oRes gFey 0Siz0.0
Al sMnyg 0W3 oFe; Size s C40-phase.'

amount of heavy elements were introduced in the samples. In
sharp contrast to the large reduction in lattice thermal con-
ductivity, the electron transport properties were essentially
kept unchanged. The consequently obtained ZT was plotted
as a function of temperature in Fig. 4. The maximum value of
ZT was increased up to 0.38 (n-type) at 540 K and 0.24
(n-type) at 440 K for Al370MnygoRus gRes gFeq ¢Sizg o C54-
phase”) and A127,5Mn29,0W3,0F61,()Si39,5 C40-phase'6), respec-
tively.

Although we succeeded in increasing Z7T for both C54-
phase and C40-phase, the resulting values of ZT were still
smaller than unity mainly because the energy gap was smaller
than that estimated from the first principles calculations. The
difference in width of energy gap between the experiments
and calculations was confirmed by comparing the tempera-
ture dependence of Seebeck coefficient. Figure 5 shows the
temperature dependence of Seebeck coefficient obtained by
both experiments and calculations. The experimentally ob-
tained magnitude of Seebeck coefficient |S| showed good

Fig.5 Measured (markers) and calculated (solid lines) Seebeck coefficient
of Al-Mn-Si based (a) C54-phase and (b) C40-phase. At low tempera-
tures, the measured data showed very good consistency with the calculat-
ed one, but its magnitude becomes smaller at high temperature because of
the bipolar diffusion effects. This fact definitely indicates that the calcu-
lated energy gap is overestimated presumably due to the hypothetical or-
dering between Al and Si used for the calculations.

agreement with the calculated ones at low temperatures, but
became definitely smaller at high temperature regardless of
the carrier concentrations. The reduction of |S| at high tem-
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Fig. 6 (a) Powder XRD patterns of Mnsg4Sig3.6 and Mnszg 4Reg0Sig36 HMS's. No impurity phase was found in the samples. (b) Thermal conductivity, (c)
power factor, and (d) dimensionless figure of merit of Mnj34Reg ¢Sis3. 6 HMS are plotted in (b)—(d), respectively. By using 6 at.% Re substitution for Mn in
Mns6 4Sig3.6 HMS, we succeed in obtaining sample possessing ZT = 1.04 at around 900 K. The infromation anbout sample preparation techniques and

composition dependence of thermoelectric properties will be reported elsewhere.

peratures is caused by the bi-polar diffusion effect in associa-
tion with the excitation of electrons from valence band to
conduction band. The lower temperature of bi-polar diffusion
effect definitely indicates that the energy gap of both com-
pounds is smaller than that expected from the first principles
band calculations. The unusual overestimation of energy gap
in band calculations was presumably brought about by the
inappropriate use of structure ordering between Al and Si,
though the Al and Si are essentially coexist together in the
same atomic sites in both compounds.

4. Higher Manganese Silicide

Higher manganese silicide (HMS) obtainable at around
Mn36.4Sig3.6 (MnSi; 75) and Al-Mn-Si C54-phase are classi-
fied into the group of Nowotny chimney ladder phases'® and
consequently possess a good similarity in local atomic ar-
rangements. The similar local atomic arrangements naturally
lead to similarity in electronic structure as shown in Fig. 2.,
and hence similar electron transport properties. It would be
very important to note that the temperature dependence of
electron transport properties of HMS'? indicates presence of
a large energy gap of ~0.8 eV in width, which is comparable
with that predicted by the band calculation. The consistency
of energy gap between experiment and calculation would be
closely related to the absence of chemical disordering be-
tween Al and Si in HMS.

The p-type HMS is known to possess a large value of ZT ~
0.46 at around Mnsg 4Sigs6 ) with its lattice thermal conduc-
tivity of kjg ~ 2 Wm~'K=1.1929 This fact strongly let us be-
lieve that the value of ZT can be further increased provided
that a small amount of 5d transition metal elements is substi-
tuted for Mn in the same manner as we performed for the
Al-Mn-Si C54-phase and C40-phase.

We employed Re as the element of partial substitution for
Mn, partly because Re stays in the same column in the peri-
odic table to presumably produce no serious impurity states

21)

in the energy gap, and partly because Re-substitution for Mn
led the effective reduction of «j,; without a serious variation in
electron transport properties of Al-Mn-Si C54-phase.'” By
introducing 6 at.% Re in HMS, we succeeded in obtaining
60% reduction of ki, from that of Re-free sample.?! Figure 6
(a) shows the powder XRD patterns of samples obtained at
Mn36.4Sig3.6 and Mnsg4Req 0Si63.6, and their thermal conduc-
tivity and power factor are shown in Fig. 6 (b) and (c), respec-
tively. The maximum magnitude of ZT of Mnj3p4Res0Sig3.6
shown in Fig. 6 (d) was increased up to 1.04 at around 920 K
from 0.46 of Mnj3¢4Sig36. The consequently obtained, large
value of ZT for the HMS lends a great support to the validity
of our newly constructed guiding principle for practical ther-
moelectric materials.

5. Discussions

In this section, the method to find the materials possessing
(g) anharmonic oscillation of lattice vibration in crystal struc-
ture is discussed. The condition of (g) is realized when the
atomic potential about some specific atomic sites in the lattice
is rather shallow than that in usual materials. This character-
istic in atomic potential sometime leads to ionic conduction,
which is often observed in oxides and chalcogenides where
some of the constituent elements are strongly connected by
covalent bonding and some of atoms are connected by ionic
bonds. If the ions in chalcogenides possess full filled d-bands
near the Fermi energy, such as those in Cu and Ag, the atomic
potential about the ions would become much shallower and
the ions possess anharmonic oscillation even at low tempera-
ture. If these materials of ionic conduction possess the condi-
tion (a)—(c) in their electronic structure, we would have a
large magnitude of both A and B and hence a large magnitude
of ZT.

Indeed, bulk materials possessing an extremely large mag-
nitude of ZT > 1 were found recently in chalcogenides such as
Cu,Se?? and CuGaTe,>?. These materials are definitely char-
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acterized by the very small magnitude of lattice thermal con-
ductivity together with the large magnitude of power factor
presumably due to the anharmonic lattice vibration. This fact
indicates that both electronic structure and lattice vibrations
of these compounds are best suited for the thermoelectric ma-
terials.

In the materials consisting both of metals and metalloids
such as Cu,Se and CuGaTe,, several different chemical bonds
exist to make the atomic potential anharmonic. This consider-
ation was confirmed in our recent work on In,S3 possessing
very small lattice thermal conductivity less than
1 W m'K™'.?» We selected this compound because it con-
sists of metal (Indium) and metalloid (sulfur) and possesses
the appropriate electronic structure for thermoelectricity.
Consequently, it possessed relatively large dimensionless fig-
ure of merit exceeding 0.4.

We stress here that we could find other high-performance
thermoelectric materials in chalcogenides if we carefully in-
vestigated their electronic structure using first principles cal-
culations. Nevertheless, it would be mentioned before pass-
ing that even if the magnitude of ZT is very large, materials
with ionic conduction cannot be uses as practical thermoelec-
tric materials because inhomogeneous distribution of ion
caused by the electrical current would lead to serious effect
on the phase stability and/or electron transport properties. We
should, therefore, find the chalcogenides possessing atoms
nearly conducting but staying in the specific sites in the unit
cell.

6. Conclusion

In this paper, we proposed the conditions of electronic
structure to developing practical thermoelectric materials to-
gether with the method for effectively reducing lattice ther-
mal conductivity without seriously affecting electron trans-
port properties. By using the proposed strategy, we succeeded
in obtaining materials possessing a large magnitude of di-
mensionless figure of merit Z7 > 1.0 in the alloy systems con-
sisting solely of environmental-friendly elements, Mn, Si,
and Re. This fact definitely indicated that our newly con-
structed guiding principle works for finding new thermoelec-
tric materials of high performance.
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ARTICLE

Discovery of superconductivity in quasicrystal

K. Kamiya"®, T. Takeuchi?, N. Kabeya3, N. Wada', T. Ishimasa?, A. Ochiai3, K. Deguchi', K. Imura' & N.K. Sato’

Superconductivity is ubiquitous as evidenced by the observation in many crystals including
carrier-doped oxides and diamond. Amorphous solids are no exception. However, it remains
to be discovered in quasicrystals, in which atoms are ordered over long distances but not in a
periodically repeating arrangement. Here we report electrical resistivity, magnetization, and
specific-heat measurements of Al-Zn-Mg quasicrystal, presenting convincing evidence for
the emergence of bulk superconductivity at a very low transition temperature of T, =2 0.05 K.
We also find superconductivity in its approximant crystals, structures that are periodic, but
that are very similar to quasicrystals. These observations demonstrate that the effective
interaction between electrons remains attractive under variation of the atomic arrangement
from periodic to quasiperiodic one. The discovery of the superconducting quasicrystal, in
which the fractal geometry interplays with superconductivity, opens the door to a new type of
superconductivity, fractal superconductivity.
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n classical crystallography, a crystal was defined as a periodic

arrangement of atoms with translational periodicity, leading to

an infinitely extended crystal structure by aligning building
blocks called unit cells; as an example, we illustrate a cubic unit
cell (Fig. 1a), in which the corner and body-centered positions are
occupied by the icosahedron. This traditional definition was
forced to modify by the discovery of quasicrystal (QC) by
Shechtman et al.!, which led to a paradigm shift in science.
Nowadays, QC is understood as a structure that is long-range
ordered (as manifested in the occurrence of sharp diffraction
spots) but not periodic (Fig. 1b)%%. Another characteristic of QC
is the presence of a non-crystallographic rotational symmetry>>;
whereas periodic crystals can possess only two-, three-, four-, and
sixfold rotational symmetries, icosahedral QCs have fivefold
symmetry (Fig. 1b). In recent years, cold atom gaseous QCs are
formed in quasiperiodic optical potentials>©.

For simplicity, we consider a one-dimensional (1D) analog to
QC known as the Fibonacci chain, LSLLSLSLLSLLS... (see QC in
Fig. 1c)’, where L and S are long and short segments with the
ratio L/S equal to the golden mean 7 = (1 4 +/5)/2. This chain
looks to have no order at a glance, but it has the perfect order as
understood from the fact that it was created by successively
applying the self-generation rule, L — LS and S — L, onto the
first generation sequence, L, as demonstrated below,

L (1st) — LS (2nd)
— LSL (3rd) — LSLLS (4th) — LSLLSLSL (5th) — - - -

It may be noticed that n-th generation sequence is produced by
placing (n — 2)-th one on the right-hand side of (n — 1)-th one.
Then, the total number of the L and S segments of the n-th
generation, F,, follows the relation,

Fo=F,+F,(n>3) (1)

This recurrence relation with F; = 1 and F, =1 gives the Fibo-
nacci sequence, 1, 1, 2, 3, 5, 8, ... A series of the successive
Fibonacci number ratio, F,_/F,—», approximates the golden
ratio; 1/1, 2/1, 3/2, 5/3,..., im F,_ /F,_, = 7(= 1.6180...). There
is an actual material that {offesponds to each rational ratio and is
called approximant crystals (ACs). Examples are shown in Fig. 1¢;
1/1AC is a periodic crystal consisting of the unit cell LS, 2/1AC
consisting of LSL, and so on. In F,_;/F,_, AC, F,_; and F,_,
indicate the number of L and S segments contained in the unit
cell, respectively. (In the 3D case, for example, 1/1AC denotes
cubic 1/1-1/1-1/1AC.) This means that the unit cell size of AC
increases with the order of the rational approximant.

Reflecting such the unique geometry, QC is expected to have an
electronic state called critical state that is neither extended nor
localized. The existence of extended eigenstates in periodic crys-
tals is a consequence of Bloch’s theorem, whereas in random

a b

systems, strong disorder can lead to the formation of localized
eigenstates, i.e., Anderson localization, which occurs due to the
interference effect between propagating and backwards scattered
waves. In QCs, critical eigenstates emerge as a result of the
competition between the broken translational invariance and the
self-similarity of quasiperiodic structure®. Besides extensive stu-
dies, the electronic state of QCs is veiled in mystery’. For
example, an electronic long-range-ordered states is not estab-
lished yet although it was observed in ACs'®!L; to the best of our
knowledge, there is no QC Eresenting the convincing evidence for
bulk superconductivity!?=14, i.e., zero resistivity, Meissner effect,
heat capacity jump, and the fivefold rotational symmetry as well.
(In ref. 14, Mg;Zn;Al, was considered as a superconducting QC,
but it seems to be AC according to the phase diagram given in ref.
15 and the present study, see below.) It is therefore interesting to
discover superconductivity in QC. It is also interesting to examine
whether the emerging superconductivity shows weak-coupling,
spatially extended Cooper pairs or strong-coupling, local pairs
(reflecting the critical state).

Here, we study the Al-Zn—Mg system as a test material owing
to two reasons: First, it contains both QC'>!¢ and AC pha-
ses!>1718 and  second, the AC phase exhibits super-
conductivity'4. We show that bulk superconductivity emerges at
T. = 0.05 K in the Al-Zn-Mg QC, implying that it is not only the
first superconducting QC but also the first QC exhibiting the
electronic long-range order. We also show that temperature
dependences of the thermodynamic properties and the upper
critical filed are understood within the weak-coupling framework
of superconductivity, suggesting the formation of spatially
extended pairs.

Results
Sample characterization. Samples prepared here are Al-Zn-Mg-
based QC, 2/1AC, and 1/1ACs, which are summarized in the
ternary phase diagram (Fig. 2). As reported in ref. 1°, the 1/1ACs
have a wide composition range. In this paper, each 1/1AC sample
with different composition is identified using the alphabetical
character, e.g., 1/1AC_A. The 1/1AC_G is a mother alloy of the QC
and has almost the same composition as the 2/1AC. Note that the
alloy Mg;Zn;Al, mentioned above is close to the 1/1AC_E sample.
The structure of the obtained samples was studied by X-ray
and electron diffraction method. The lattice constant a of the
1/1AC samples is illustrated in Fig. 3a as a function of Al content.
We note that a decreases almost linearly with the Al content.
For the QC, the following indexing scheme of the reflection
vector g is used in this paper;

1 6
=— miej) . 2
8= ?:1 I ()

Cc
QC
LS L LS LS L L S
1/1AC
L s L S
2/1AC
LS L L SL
3/2AC

LS LS L L S

Fig. 1 Periodic and quasiperiodic arrangement of atoms. a An example of cubic unit cell in which the icosahedron occupies the corner and body-centered
positions. Pink balls indicate atoms. b An example of the Tsai-type icosahedral quasicrystal. The fivefold rotational symmetry and the self-similarity may be
observed. ¢ Fibonacci sequence and its approximants. Atoms are denoted by circles, and the long and short interatomic segment is denoted by L and S,
respectively. The bracket (e.g., LS for 1/1AC and LSL for 2/1AC) denotes the unit cell
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Fig. 2 Ternary phase diagram. The samples studied here are summarized in
the ternary phase diagram. The 1/1AC samples have a wide composition
range: Each 1/1AC sample with different composition is identified using the
alphabetical character. The composition of both the QC and the 1/1AC_G
(the mother alloy of the QC) is Ali4oMg441ZNn410, and that of the 2/1AC is
Al49Mg43.0ZNn421. The ratio e/a denotes electron number per atom

Here, the set of integers, m;, represents reflection index. The
vectors ;| have a length equal to 1/ V/2, and they are parallel to
the lines connecting the center of an icosahedron and the
surrounding six vertices as in Fig. 6 of ref. '°. The lattice
parameter agp of the 6D hypercubic lattice may be related to the
edge length ay of the rhombohedral cells of the 3D Penrose tiling
as follows,

ar = %D/\ﬁ- (3)

In the following, we focus on the QC, the 2/1AC, and the
1/1AC_G (the mother alloy of the QC). The representative X-ray
diffraction patterns of them are displayed in Fig. 3b, confirming
almost the single phase. The diffraction peaks of the QC were
indexed using the 6D lattice parameter, agp = 0.7308 +0.0001
nm. Absence of any extinction condition indicates P-type of
icosahedral QC. For the 2/1AC, the peaks are labeled using the
lattice parameter, a,;; = 2.3006 +0.0004 nm, indicating P-type
cubic phase. The intensity is strong for the 850 reflection (d =
0.244 nm) and the 583 reflection (d = 0.232 nm). Note that these
indices are combination of successive Fibonacci numbers. For the
1/1AC_G, similar results are obtained: The peaks were indexed
with the lattice parameter, a;,; = 1.4195+0.0003 nm, for I-type
cubic crystal. Note that the 530 reflection with the spacing d =
0.243 nm and the 352 reflection with d = 0.230 nm have a strong
intensity. These indices are combination of the successive
Fibonacci numbers again, and they correspond to 211111 and
221001 reflections of the QC, respectively.

The unit cell sizes obtained above satisfy the following

equation®®21,

ar, \/F,, = V' 2/(2+ 7)(Fy17 + Fy2)aep. (4)

This ensures our assignment of the QC and the AC samples.
Using the X-ray diffraction peaks around 26 = 65°, we
estimated the correlation length as 47, 85, and 28 nm for the
QC, the 2/1AC, and the 1/1AC_G, respectively. Comparison
between them suggests that the 1/1AC_G is meta-stable at the
composition Al;49Mgss1Zn4;9. For further comparison, we
evaluated the correlation length of the 1/1AC_A as more than
65 nm, which is twice the 1/1AC_G value. This difference in the
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sample quality would yield the sample dependence in the physical
properties among the different ACs (Supplementary Figure 2).

Electron diffraction patterns of the QC, the 2/1AC, and the
1/1AC_G are demonstrated in Fig. 3c—g. Figure 3c displays a
fivefold diffraction pattern of symmetry m35 of the QC. Indices of
reflections A and B are 122010 and 221001, respectively.
Magnified image (Fig. 3d) including reflection B shows deviation
from the exact regular pentagon for weaker reflections, indicating
the presence of linear phason strain®2. Figure 3e shows a twofold
diffraction pattern of the QC. Indices of reflections A and C are
122010 and 121111, respectively. The z3-scaling agrees with P-
type of icosahedral QC. Figure 3f and g shows diffraction patterns
of the 2/1AC and the 1/1AC_G, respectively, with the incident
beam along each [001] direction. The 2/1 and 1/1ACs show no
fourfold but twofold axis. In Fig. 3f, indices of reflections D and E
are 10 00 and 850 of 2/1AC, respectively. We observe the
reflection condition that # is even for h00 and hkO0 reflections. The
0kO reflections with odd k should disappear following this
reflection condition, but they are actually observed due to
multiple diffraction effects. This observation is consistent with the
space group Pa3 proposed for the 2/1AC!. In Fig. 3g, reflections
F and G correspond to 600 and 530 reflections of the 1/1AC,
respectively. Note reflection condition of & + k + [ = even for hkl
reﬂelcgion, which is consistent with the reported space group
Im3°°.

Electrical resistivity. Figure 4a shows the electrical resistivity
normalized by the resistivity at T = 280 K, p/p,s k> as a function
of temperature T in a logarithmic scale. Three points are to be
noted. First, all the materials studied here show zero resistivity.
Second, p,g, k of the QC and the 2/1AC amounts to ~150 p€2 cm,
greater than that of all the 1/1AC samples (inset of Fig. 4a). Third,
while all the 1/1AC samples present the metallic behavior, the QC
and the 2/1AC show the negative temperature coefficient of
resistivity, dp/dT<0 (Fig. 4b).

The normal state conductivity of QCs has been sometimes
discussed using the concept of the Anderson localization®. For the
present case, it remains open if the second and third points
mentioned above show a precursor of the electron localization in
the QC and the 2/1AC. This should be examined in the future by
virtue of phason-strain-free samples; the present sample contains
a linear phason strain as mentioned above.

Specific heat in normal state. The temperature dependences of
the specific heat C(T) in the normal state of the QC, the 2/1AC,
and the representative 1/1AC samples are shown in Fig. 5a in the
form of C/T vs T*. Using the relation, < =y + T2, we obtain
the coefficients y and S for each sample. The Debye temperature
Op is deduced from S and plotted in Fig. 5b as a function of Al
content, in good agreement with the previous report'>. We
confirm that @p is almost independent of Al content. For the Al-
content dependence of the electronic-specific heat coefficient y,
see below.

Relation between T, and 1/y. Figure 6a shows the super-
conducting transition temperature T, defined by zero resistivity
as a function of Al content. Note that the zero resistivity corre-
sponds to the heat capacity jump (see below) and hence shows the
bulk transition of superconductivity. As Al content is decreased,
T, is monotonically decreased from ~0.8 to ~0.2 K, followed by
the sudden drop down to ~0.05K at 15% Al content (corre-
sponding to the QC, the 2/1AC, and the 1/1AC_G).

Figure 6b shows the Al-content dependence of the electro-
nicspecific heat coefficient y deduced from Fig. 5a. We observe
that y monotonically decreases with Al content, suggesting that
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Fig. 3 Diffraction patterns. a Lattice parameter a of 1/1AC samples determined from X-ray diffraction method as a function of Al content. Note that a

decreases almost linearly with Al content. b Representative X-ray diffraction patterns of the QC, the 2/1AC, and the 1/1AC_G. Note that six integers are
needed to index the peak of the QC. ¢, d Fivefold electron diffraction patterns of the QC. Magnified image (d) shows deviation from the perfect regular
pentagon for weaker reflections. e Twofold electron diffraction pattern of the QC. f, g Electron diffraction patterns of 2/1 and 1/1AC with the incident beam

along each [001] direction

the density of states at the Fermi energy Ep, D(Eg), decreases with
Al content. Note that y slightly drops at 15% Al content, which is
likely related to the electronic stabilization effect, ie., the
pseudogap formation due to the so-called Hume-Rothery
mechanism!.

To see the relation between T, and y, we plot In T vs 1/y in
Fig. 6¢ with Al content as an implicit parameter. We find that all
the samples lie on the straight line within an experimental
uncertainty. According to the BCS theory, T is given as follows,

T. = 1.140peV/ VP, (5)

Here, V is the effective electron—electron interaction with the
weak-coupling condition |VD(Egp)| < 1. As Op is almost
independent of Al content in the present system as mentioned
above, Eq. (5) leads to the relationship, In T, o< 1/y, if V is the
same among the samples. This is just observed here, meaning that
the effective interaction V remains attractive and unchanged in
magnitude under variation of the atomic arrangement from the
AC to the QC and T is fully determined by D(Eg).
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Bulk transition of superconductivity in QC. Let us focus on the
superconducting transition of the QC. (See Supplementary Fig-
ure 2 for the AC samples.) At T. marked by the resistivity drop
(Fig. 7a), the real part of the ac magnetic susceptibility (y')
becomes negative (Fig. 7b), signaling the shielding effect asso-
ciated with the zero resistivity. Upon cooling the sample through
T. under an external magnetic field, the dc magnetization M
becomes diamagnetic (Fig. 7¢), indicating the exclusion of the
magnetic flux due to the Meissner effect. As seen in Fig. 7d, the
specific heat divided by temperature C./T shows the large jump (
6C./T. ~ 1.2y) at T., where C. denotes the electronic part of
specific heat, obtained by subtracting the lattice contribution from
the measured specific heat, and 6C, indicates the jump height of
Ce. This indicates that almost all mobile electrons in the sample
participate in the superconductivity. These provide convincing
evidence for the emergence of bulk superconductivity in the QC.

In Fig. 8, we show the normalized specific heat C./yT of the
QC and the 1/1AC_A as a function of the reduced temperature
t = T/T.. (The QC sample presented here is different from that
shown in Fig. 7d.) We observe that the data of the QC and the
1/1AC are in good agreement with each other. Note that both the
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Fig. 4 Electrical resistivity. a Temperature dependence of normalized electrical resistivity. p,g x denotes the resistivity at T = 280 K. The samples plotted
are the as-cast 1/1AC_A, E, F, G samples, the annealed 1/1AC_B, C, D samples, the 2/1AC sample, and the QC sample. The 1/1AC_G is a mother ingot of
the QC. Inset: Electrical resistivity at T = 280 K as a function of Al content. The broken line is a guide to the eyes: note that the resistivity of the QC and the
2/1AC is larger than that of the 1/1AC samples. b Temperature dependence of normalized resistivity of the QC and the 2/1AC in an expanded scale below

50 K. The data are shifted vertically for clarity. Note that they show the negative temperature coefficient of resistivity
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Fig. 5 Specific heat in normal state. a Temperature dependences of specific heat in the form of C/T vs T? in the range of 0<T?<10. The results obtained
here are consistent with the data in ref. 1°. Note that all the samples show a conventional form of% =y + BT? in the normal state. The peak anomaly at low
temperature is due to the onset of superconductivity. b Debye temperature @p deduced from . Note that @p is almost independent of Al content

results are compatible with the BCS theory (see solid line), the
only available theory at present for comparison with the
experiment, although the base temperature of the experiment is
not low enough to confirm the exponential tail of C.(t) at very
low temperatures. The agreement with the theory signifies the
onset of long-range order of Cooper pairs with opening of a full
gap A characterized by the relation 2A = 3.5k T, (where kg is
the Boltzmann constant).

Superconducting critical field. The magnetic field dependence of
the electrical resistivity p(H) is demonstrated in Fig. 9. The zero
resistivity defines the upper critical field H., shown in the inset of
Fig. 10. Note that the 1/1AC_F has a several times larger H., than
Al metal, while it has a several times lower T.. This excludes the
possibility that the superconductivity might arise from Al-derived
impurity phase. Combining the relations, k = H(0)/v/2H,(0)
and H.(0) = T.1/5.94y (where « is the so-called GL parameter,
H,(0) and H.(0) are the upper and the thermodynamic critical
fields extrapolated to zero temperature, respectively), we evaluate
k as 136, 128, and 337 for the QC, the 2/1AC, and the 1/1AC_F,
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respectively. These values confirm that the present system is a
type-II superconductor, in which the magnetic field penetrates
the sample. The coherence length £(0) was also evaluated from
the relation He, (0) = ¢ /27£(0)* (where ¢, is the flux quantum)
as £(0) ~139, 143, and 83 nm for the QC, the 2/1AC, and the
1/1AC_F, respectively.

The reduced upper critical field is defined as
h = —Hy/(TcdH,/dT|;_r ), and is plotted in Fig. 10 as a
function of the reduced temperature (t = T/T.). We compare
h(t) with Werthamer-Helfand—-Hohenberg (WHH) theory??,
which takes into account of electron mean free path (I),
spin—orbit scattering, and spin paramagnetism. The experimental
results are in good agreement with the theory (solid line) for the
case of no spin paramagnetic or spin—orbit effects and in the dirty
limit (£(0) > 1), in which scattering from physical and chemical
impurities is large compared with the superconducting energy
gap. This dirty-limit superconductivity seems compatible with the
large coherence length estimated above and the large residual
resistivity (i.e., small mean path) shown in Fig. 4. On the other
hand, the present system is distinguished from some dirty
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Fig. 8 Specific heat around superconducting transition. Normalized specific
heat divided by temperature as a function of the reduced temperature

t =T/T. for the QC (with T, ~ 0.05 K) and the 1/1AC_A (T, =~ 0.8 K).
Here, C. is the electronic part of the specific heat. The solid line denotes the
weak-coupling BCS theory. Note that both results of the QC and 1/1AC
samples are compatible with the weak-coupling theory

systems>* in which h(t) was enhanced over the WHH theory as a
result of the field-induced suppression of localization.

Discussion
In general, superconductivity needs the attractive interaction
among electrons and the finite density of states at the Fermi
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Fig. 9 Magnetoresistance at a constant temperature. Magnetic field
dependence of normalized electrical resistivity of the 1/1AC_F sample (a),
the 2/1AC sample (b), and the QC sample (c). p, denotes the normal state
resistivity

energy, i.e., VD(Eg)>0 in Eq. (5). For the present QC case, two
points are to be noted. First, D(Ef) is reduced presumably due to
the pseudogap formation, and T, is much smaller than that of the
ACs but remains finite. (The very low T, due to the pseudogap
may explain why superconductivity was hardly observed in QCs.)
This situation resembles that in superconductors in which
charge-density-wave (CDW) states coexist; the Cooper pairing
and the CDW instabilities compete for the Fermi surface and so
the presence of the CDW depresses T.2. Second, the fact that V
remains intact in the QC leads to the following discussion: The
electron—electron interaction is expressed as V = V, — V¢, where
V, is the attractive pairing interaction (mediated by phonons in
conventional BCS superconductors) and V¢ is the effective
Coulomb repulsion. If the critical eigenstates of QCs would lead
to the localization effect and, as a result, cause slow diffusion of
electrons, then Vc could be enhanced and V would be
reduced®®?’. The absence of such the reduction in V implies that
the critical eigenstates would not have a dominant role in the
superconductivity of the present QC.

In this study, we found no difference between the Al-Zn-Mg
QC and other weak-coupling superconductors. According to a
theoretical study by Sakai et al.?%, however, the Cooper pairs in
the Penrose lattice are unconventional because the lack of the
translational symmetry does not allow the conventional Cooper
pairing formed at the opposite Fermi momenta, k and —k. It
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Fig. 10 Superconducting upper critical field. The superconducting upper
critical fields H¢ o of the QC, the 2/1AC, the 1/1AC_F are plotted in the form
of h=—Hq/(TcdHe/dT|_r ) vs t = T/T.. The solid curve denotes the
Werthamer-Helfand-Hohenberg theory in the dirty limit. The inset shows
He2(T) of the same samples as in the main frame. Note that the upper
critical field in the limit of zero temperature of the 1/1AC_F (H¢2(0) =2 500
Oe) substantially exceeds that of metal Al (~ 100 Oe), excluding the
possibility that the superconductivity would arise from Al-derived impurity
phase

would be challenging to detect the fractal superconducting order
parameter as predicted by the theory. We hope that the present
study stimulates a further work to reveal this new type of
superconductivity.

Methods

Sample preparation. The 1/1AC samples were prepared by induction melting of
appropriate amounts of constituent elements, 99.99% Al, 99.9% Mg, and 99.99%
Zn, in a boron-nitride crucible under Ar atmospherels. Some of them were
annealed at 300 °C for 6 h or at 360 °C for 5h. The mother alloys of the QC

(Al 49Mgy41Zn4; o) and the 2/1AC (Aly49Mgy30Zny4, 1) were first prepared by
induction melting of the constituent elements. Then, by melt spinning of each
mother alloy!®, the ribbon specimens were fabricated. Finally, the QC samples were
obtained by sintering the ribbons at 300 °C and at 50 MPa for 1h using a spark
plasma sintering apparatus, whereas the 2/1AC samples were obtained by sintering
the ribbons at the same conditions as the above and subsequently annealing the
sintered ribbons at 300 °C for 5 h. Some of the QC samples were annealed at 360 °C
for 5h, whose structure was confirmed to be kept in the QC.

Sample characterization. The composition of the obtained samples was analyzed
by using inductively coupled plasma (ICP) spectroscopy and scanning electron
microscope (SEM). For the ICP, the analyzed composition agreed well with the
nominal one within the error <2%, and no segregation was detected for the SEM
within the experimental accuracy (Supplementary Figure 1).

Selected-area electron diffraction patterns were observed using a JEOL JEM-
200CS microscope with a double tilting stage at the acceleration voltage 200 kV.
The alloy specimens were crushed into fragments using an agate mortar and pestle,
and transferred on a micro-grid mesh for the electron microscopic observation.

X-ray diffraction patterns were obtained using a RIGAKU IIB diffractometer.
Lattice parameters of the QC and the ACs were determined from angles of Bragg
reflections, 6, using the extrapolation method: Least square fitting and
extrapolation to § = 90° were carried out by assuming linear relationship between
calculated lattice parameters and the following equation values,

cos?6 n cos?6
sin @ [
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Correlation length, L (nm), was determined using the following relation,

A
L= 2A0cosf)’

Here, 2 (nm) and A@ (rad) denote wave length of X-rays and peak width (full

width at half maxima), respectively. In this study, the following three reflections,
332002, 8 13 5, and 583 reflections, located approximately at 26 = 64.8°, were used
for the QC, the 2/1 and 1/1ACs, respectively. To estimate A#, the peaks were

decomposed into two parts originating from Cu-Ka; (4 = 0.15405 nm) and Ko, by

assuming pseudo-Voigt function for each peak shape.

Physical properties measurements. The physical properties were measured using

one *He refrigerator and four *He/*He dilution refrigerators (each having a dif-
ferent base temperature) installed at Nagoya and Tohoku Universities. Different
measurement techniques were taken depending on the temperature region mea-

sured: for the electrical resistivity, a four-terminal dc or ac method was taken; for

the ac magnetic susceptibility, the mutual inductance method or a SQUID mag-
netometer; for the heat capacity, the quasi-adiabatic heat-pulse, or relaxation

method. The dc magnetization measurement was done using a SQUID
magnetometer.

Data availability. The data that support the findings of this study are available
from the corresponding author (kensho@cc.nagoya-u.ac.jp) upon request.
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High-performance Si—Ge-based thermoelectric materials were prepared simultaneously using nano-structuring and electronic structure
modifications. Density functional theory calculations predicted that Fe atoms in the Si-Ge alloy would constructively modify the electronic
structure to significantly increase the Seebeck coefficient, experimentally confirmed as |S| > 517 + 20 uV K" at 673 K. Dense bulk samples made
of nano-grains possessed very small thermal conductivity, x < 0.80 + 0.10 Wm~" K=" at T < 873 K. Very large ZT values exceeding 1.00 were
obtained in the temperature range 710 K < T < 873 K, with a maximal value of 1.88 at 873 K. © 2019 The Japan Society of Applied Physics

erating electrical power from waste heat, are consid-

ered to be among the most promising technologies for
the construction of a sustainable society. The efficiency of
energy conversion in these devices is generally measured by
the dimensionless figure of merit ZT = S?Tp~ (ke + Kiar) ™!
of their constituent materials, hereafter called thermoelectric
materials. Here S, p, ke, and ky, represent the Seebeck
coefficient, electrical resistivity, electron and lattice thermal
conductivity, respectively. Typical examples of practical
thermoelectric materials, such as BizTeg—based') and
PbTe-based” alloys, exhibit large ZT values exceeding 1.86
at 320K and 2.20 at 915 K,” respectively. However, these
materials contain rare, expensive, and toxic elements that
prohibit the wide use of thermoelectric generators for various
applications. Therefore, the development of new, cheap,
nontoxic, and high-performance thermoelectric materials is
strongly desired.

The silicon—germanium alloys, Si; ,Ge,, are some of the
cheapest and nontoxic thermoelectric materials working at high
temperatures. They had been used as radioisotope thermo-
electric generators (RTGs) for NASA space missions in the
1960s. Unfortunately, their ZT' values were limited by their
relatively large thermal conductivity, x>5.0Wm 'K, to
less than 0.50 (p-type) and 0.90 (n-type).” Recently,
nano-structuring™ and nano-inclusion”® approaches have
been employed to reduce the thermal conductivity, and
relatively low values of k <23 Wm™ K™ were reported for
Sig.80Geo 20 alloys without significant degradation of the power
factor PF = S2/ p. As a result, the ZT values were increased
up to 0.95” and 1.30'” for p-type and n-type materials,
respectively.

More recently, a significantly reduced k= 1.35Wm ' K™'
over a wide temperature range from 300K to 700K was
reported for bulk nano-structured SijgsGegss prepared by
means of ball milling and pulse-current sintering (PCS).'"
Unfortunately, however, the power factor of the samples was
lower than 0.03 Wm ™' K2, limiting the magnitude of ZT to
less than 0.012.

In order to improve the power factor while retaining the
small «,, of Si-Ge alloys, we consider a constructive
modification of the electronic structure near the chemical
potential (Fermi level)'>'® to be one of the most effective

T hermoelectric generators, which are capable of gen-
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methods. Reference 14 proposed the use of resonance states
to modify the density of states N(¢), and reported that the ZT
value of PbTe-based thermoelectric materials was raised
considerably, from 0.7 (Na-PbTe) to 1.5 (Tly ,PbgogTe) at
800 K, using a tiny amount of Tl which was supposed to
produce some resonant states near the chemical potential.

Notably, this method has not been applied specifically for
Si—Ge alloys, but previous results have reported its efficiency.
As a typical example, Ref. 15 reported extremely large
magnitudes of both Seebeck coefficient, S > 4.8 mV K!, and
power factor, PF >2.4 x 1072 Wm™! K‘z, at 700K for a
p-type Sigps50Geg.soAug oz thin film. We speculate that these
values were brought about by impurity states in association
with the 5d orbitals of Au formed near the chemical potential,
despite the fact that neither these huge values nor the presence
of these impurity states have been confirmed by any other
groups.'®

In this study, therefore, we attempt to greatly increase the
ZT value of Si—-Ge-based alloys using a nano-grained
structure and by constructively modifying the electronic
structure. The former condition was realized by high-energy
ball milling and low-temperature sintering, and the latter by
introducing transition metal (TM) elements that produce
impurity states near the chemical potential in the electronic
density of states.

The electronic structure was calculated using the projected
augmented wave method included in the software package
VASP.'” An energy cutoff of 400eV together with a
6 X 9 x 6 k-point mesh was used in the irreducible edge of
the first Brillouin zone. The correlation energy was calculated
using the generalized gradient approximation functional
developed in Ref. 18. A 3 x 2 x 3 supercell of diamond
structure, containing 143 Si atoms and one TM element
substituted in a Si site, was employed as a model structure to
estimate the eigenvalue energy of impurity states. In this
model, the TM concentration corresponded to 0.7 at%. The
density of states was calculated after a structure optimization
so as to obtain the lowest total ground-state energy of the
supercell. From calculations with all the 3d, 4d, and 5d TMs
used as the impurity element, we found that Fe is one of the
most plausible elements for improving the electron transport
properties for n-type Si—Ge-based materials because it
produces intense, sharp peaks at the bottom of conduction

© 2019 The Japan Society of Applied Physics
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Fig. 1.

(a) Electronic density of states N(¢) of a 3 x 2 x 3 supercell of diamond structure Si consisting of 143 Si and 1 Fe calculated by VASP (Ref. 17).

(b) Spectral conductivity o(e, T) = Ay X N(¢) , with Ay as constant, used to calculate the thermoelectric properties (c)—(f), k.(T), p(T), S(T), and the

consequently obtained ZT.

Table I. Chemical composition, density, carrier concentration, and carrier mobility measured at 300 K of Sig 55Ge 35(Po.10F€0.01)-
Sintered Density Rel. density Carrier conc. Carrier mobility
conditions Chemical composition dlg cm™ dldy, (%) nem > pem 2V sl
873K, 4h Sio.517/G€0.317Po.0s9Fe0.009) 3.40 95.74 1.24 x 10" 1.2
1173 K, 5 min Sio.5200G€0.332)(Po.0ssyFe0.005(8) 3.44 96.86 3.51 x 10" 27.5

band, mainly consisting of 3d-t,, orbitals of Fe, as illustrated
in Fig. 1(a).

In order to confirm the impact of impurity states on
thermoelectric properties, we calculated the electron transport
properties of Si with and without the impurity states of Fe
using the semi-classical Boltzmann transport equation and
assuming diffusive electron conduction, where Ay X N(¢) was
used as a representative of spectral conductivity, o (e, T). Ag is
a constant selected to obtain a similar electrical resistivity to
amorphous Si. A Gaussian peak of 200 meV in full width at
half maximum was artificially added as the Fe impurity states
at the bottom of the conduction band of Si. The temperature
dependence of electron thermal conductivity x.(7), electrical
resistivity p(T), and Seebeck coefficient S(7) were calculated
by setting the Fermi energy at Er =0.89 eV and considering
the temperature dependence of the chemical potential; the
results are plotted in Figs. 1(c)-1(e). By additionally assuming

045507-2

K = 1 Wm ™K™' over the whole temperature range, we also
calculated the temperature dependence of Z7T, plotted in
Fig. 1(f). Clearly, the magnitude of both x.(7) and S(7)
increased simultaneously with the presence of impurity states,
while p(T) decreased over the whole temperature range. As a
result, ZT increased to 1.7 times larger than the value
calculated without the impurity states. This result clearly
proves that electronic structure modification using impurity
states is one of the most useful methods for effectively
increasing ZT.

To confirm the prediction, we prepared Si—Ge-Fe—P
samples containing less than 1 at% Fe. A high-energy ball
milling process was employed to make homogeneous nano-
crystalline powders. Stainless steel balls and mill pods were
specifically employed to introduce Fe-contamination into the
sample during the milling process. The shortage of Fe was
initially planned to be compensated for by additionally

© 2019 The Japan Society of Applied Physics
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Fig. 2.

(a) Powder XRD pattern of Sij s5Geg 35Po.10Fe0.01 as-milled sample and bulk samples, Si—Geg73x and Si—Gey73k. (b, ¢) Secondary electron images

obtained by scanning electron microscopy of Si-Geg;3x and Si—Ge;;73k respectively. Arrows indicate the precipitated FeSisPy.

introduced Fe but, fortunately, the preparation process
provided the sample with a sufficient concentration of Fe,
~0.9 at%. The chemical composition of the bulks was
estimated using energy dispersive X-ray (EDX) spectroscopy
analyses, and the results are summarized in Table I. Since the
composition of samples was selected so as to obtain n-type
materials, the chemical potential was controlled by partial
substitution of the pentavalent P for the tetravalent Si. Several
samples of different P concentrations were prepared, but in
this paper we concentrate solely on 10at% P samples for
reasons of space. The thermoelectric properties of Si—Ge
alloys for different P concentrations will be reported else-
where in the near future.

A powder of pure Si (99.99%), Ge (99.99%), and P
(99.9999%) were weighed in the stoichiometric ratio of
Sig.55Gep3s5Po.10 so as to be 1lg in total weight, and
thoroughly mixed with a mortar and pestle under 1 atm Ar
gas in a glove box. The powder was subsequently sealed in a
40 ml stainless steel mill pod made of SUS304 with 6 mm
stainless steel balls at a ball-to-powder weight ratio of 20:1.
To prevent oxidation of the powder during milling, the mill
pod was vacuumed and filled with 1 atm mixed gas of 60
vol% Ar and 40 vol% H every two hours. The powder was
first milled at 600 rpm for six hours continuously without any
interruption to synthesize a homogeneously alloyed Si—-Ge-P
powder. Then, to further reduce the size of the nano-grains,
the powder was gently milled at 300 rpm for 50 hours with a
15 minute pause after every 30 minutes of milling.

The synthesized powder was carefully taken from the mill
pod under 1atm Ar in the glove box and placed into a
cylindrical hardened stainless-steel die of 10 mm in diameter.
The powder was sintered into bulk using PCS. A low
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sintering temperature (7, P =873 K, 400 MPa) was used
with a very long duration of four hours to maintain the
nanoparticle sizes in the densified bulk. For comparison, a
high sintering temperature allowing grain growth with a
relatively low pressure (7, P =1173 K, 100 MPa) was also
employed with a very short sintering duration (five minutes).
The samples made by low- and high-temperature sintering
are referred to as Si—Geg73x and Si—Geq 73, respectively.

The density of the bulk samples was determined by
Archimedes’ method with ethanol as the working liquid, and
the results are summarized in Table I. Both samples possessed
a rather high density of d,, >3.40 g cm >, corresponding to
95% of the theoretical density of Sip 65Ge0 35 crystal estimated
from the empirical formula:'®

dsi, Ge, = 2.39 + 3.493x — 0.499x2. (1)

The phases involved in each sample were analyzed by
conventional powder X-ray diffraction (XRD) using Cu—Ka
radiation (A=0.15418 nm) in Bruker D8 Advance. The
chemical composition was investigated by EDX spectrometry
using a JEOL JED-2140GS equipped with a scanning
electron microscope (SEM) JEOL JSM-6330F with an
accelerating voltage of 15kV. The Hall concentration of
the bulk samples was measured at 300 K using the Quantum
Design Inc. Physical Property Measurement System. The
thermal conductivity, kx, was measured using a laser flash
method in Netzsch LFA457 over the temperature range from
300K to 873 K. The thermal diffusivity, o, was obtained
using the method described in Ref. 20 The specific heat
capacity, Cp, of the sample was measured using differential
laser flash calorimetry using a standard pyroceram pellet.”"
Additionally, using the sample density d, we calculated the

© 2019 The Japan Society of Applied Physics
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Fig. 3.

(a) Heat capacity Cp(T), (b) thermal diffusivity a(7), and (c) thermal conductivity x(7) of Si—-Geg,3k and Si-Ge;73k. Electrical resistivity (7) of

Si—Gegrzkand Si—Gej;73x is plotted in (d) and (e), respectively. The Seebeck coefficient S(7) of both samples is plotted in (f). S(T) and p(T) were measured
simultaneously under the same experimental conditions. Small arrows on the lines indicate heating or cooling conditions. S(7) and p(T) values were measured
twice under the heating process for the Si-Ge; 73k samples. Si-Geg73x had a smaller electrical resistivity after the first heating, but it stabilized, showing almost
the same values in the first cooling curve, the second heating curve, and the second cooling curve.

thermal conductivity « according to
k=CpxdX . 2)

Electrical resistivity and the Seebeck coefficient were
measured using a standard four-probe technique and steady
state method, respectively, in the same temperature range
under a vacuum atmosphere lower than 107> Pa.

The powder XRD patterns of the prepared samples are
shown in Fig. 2(a). The XRD pattern of the ball-milled powder
shows the homogeneous Si—Ge alloy consisting solely of a
single phase of the diamond structure. In the low-temperature
sintering sample, Si—Geg73k, the phase in the as-milled powder
remained without showing any precipitation of secondary
phases. The average size of the crystalline nano-grains was
roughly estimated from the XRD peaks using the Debye—
Scherrer formula D = KM/ cos (6), in which K, \, 8, and 0
represent the Debye constant (K =0.94), X-ray wavelength
(A=0.15418 nm), line broadening, and Bragg angle, respec-
tively. Nano-grains of D =10+ 1 nm were calculated for the
milled powder, whereas a slightly larger grain size of
D =13+1nm was determined for Si—Geg73k. This indicates
that the small nano-grain size was maintained in the bulk
samples, provided low-temperature sintering was employed. In
sharp contrast to Si—-Gegy3k, Si—Ge;173x showed a significant
grain growth to D = 53 + 1 nm. Precipitation of FeSi,P4*” was
confirmed from the XRD peak at 2 ~ 31°. Rietveld analysis
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revealed that the volume fraction of FeSi,P, was limited to
values of less than 5.64%.

SEM-EDX measurements were also performed, and the
secondary electron (SE) images are displayed in Figs. 2(b)
and 2(c). The SE image of Si—Gegs3x definitely showed a
large variation in grain size from a few tens to a few hundreds
of nanometers in diameter. The presence of voids at the grain
boundary of less than 20 nm was also confirmed in the highly
densified bulk. The crystalline nanoparticles of average size
13 nm deduced by the Debye—Scherrer method indicates that
the grains observed in the SE image were agglomerates of
such nanocrystals. Despite the fact that P concentration far
exceeded its solubility limit in Si,>” no evidence of a
secondary phase was confirmed the from SE image, showing
good consistency with the XRD measurement. Furthermore,
the chemical composition of Si—Geg;3k determined by EDX
showed a P concentration of 8.9 at%, close to nominal
composition. This confirms the complete dissolution of P
inside the amorphous Si—Ge phase. Also, EDX analysis
showed the presence of 0.98 at% Fe, but no other impurity
elements within the analysis sensitivity.

The SE image of Si—Ge, 73k, on the other hand, showed a
relatively homogeneous structure without any clear evidence
of a wide distribution of grain size. A small amount of
FeSisP4, approximately 20-100nm in diameter, was con-
firmed in the SE image, in good agreement with XRD.

© 2019 The Japan Society of Applied Physics
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Fig. 4.

(a) Power factor and (b) ZT of Si—Geg;3k and Si-Ge, 73k bulk samples. Small arrows on the lines indicate heating or cooling conditions. Si-Geg73k

has different values between the heating and cooling curves because of the variation in electrical resistivity. A maximal Z7T value of 1.88 was observed for

Si—GCg73K at 873 K.

Unfortunately, the larger size of the electron beam in our
SEM-EDX apparatus prevented us from precisely deter-
mining the composition of those nano-precipitates. The main
portion of Si—Ge;73x, Where no precipitates were observed,
possessed smaller amounts of Fe and P. This certainly lends
great support to the precipitation scenario of FeSisP, for
Si-Ge 73k

The heat capacity Cp(T), thermal diffusivity a(7), and
thermal conductivity x(7) are plotted as functions of tem-
perature in Figs. 3(a)-3(c).

The heat capacity of Si—Gegy3x showed a slightly higher value,
Cp=0525Jg ' K" at 873K, than Cp=0.496Tg ' K" of
Si-Ge;j73x. We measured a smaller thermal diffusivity for
Si-Gegix of v =0493 mm?® s~ at 873 K. This low thermal
diffusivity led to an extremely low thermal conductivity,
k<0.88+0.10Wm 'K ' over the whole temperature range,
much lower than k=1.35Wm 'K previously reported for
the nanostructured bulk Siy ssGess.'” This significant reduction
of thermal conductivity was presumably caused by the various
sizes of aggregates consisting of crystalline nanoparticles as
observed in the SEM images, and by the slightly lower density
associated with the voids.

In sharp contrast to the extremely small « of Si—Geg73k,
Si—Ge; 73k showed a relatively large value: x=2.25+
0.10Wm "K' at 300K. This large value is caused by
the large a = 1.569 mm” s~ ' at 300 K, presumably induced
by the presence of larger crystal grains.

The Seebeck coefficient S(T), and electrical resistivity p(7)
of Si—Geg73x and Si—Ge; 73 are plotted as functions of
temperature in Figs. 3(d)-3(f). All the prepared samples
showed a negative sign of S(7). Si-Geg;3x showed a high
value of S(7) over the whole measured temperature range
with a maximal value of 51720 xV K™' at 673 K. This
value of S(7) is more than double those of Si-Ge in RTGs,”
for which |S| >213 uV K™ was observed at 673 K. As
expected from our theoretical calculations, the enhancement
of S(T) is supposed to be brought about by the impurity states
of Fe at the bottom of the conduction band. Si—-Ge;;73k, on
the other hand, possessed rather a smaller S(7) with a
maximum value of |S|=411%20 pV K~ at 873 K. This
slightly reduced S(7) would be related to the reduced amount
of Fe in the Si—Ge matrix of Si—Ge;73k in close accord with
the precipitation of FeSi4P, during the high-temperature
sintering process.

045507-5

The electrical resistivity of as-sintered Si-Geg;3x unfortu-
nately was larger at room temperature, p =407 £41 mQ cm,
but it drastically decreased with increasing temperature. The
temperature dependence of S(T) suggests that this reduction
of p(7) is not caused by electron—hole excitations, but by the
delocalization of conduction electrons and/or the boundary
resistance between nanocrystal agglomerates. At 873 K, it
turns out to be small, less than p < 12.4 + 1.2 m{) cm.

It should be also mentioned that (7) of Si—Geg73k, in the
cooling process always had a smaller value than that in the
first heating process. However, a second measurement of
the sample showed the same values over the whole heating
and cooling process, in good agreement with that of the first
cooling process. This means that the microstructure of
Si—Geg73k, presumably at the grain boundaries, slightly
varied in the first heating process, but became stable after
reaching the highest temperature at 900 K.

The electrical resistivity of Si—Ge 73k, on the other hand,
had a less significant temperature dependence than that in
disordered metals,”® and its average magnitude over the whole
temperature range was p=7.50+0.75 mQ cm. It showed no
hysteresis during the heating and cooling processes.

Using the measured values of the thermoelectric proper-
ties, the power factor PF and the figure of merit ZT were
calculated and are plotted in Figs. 4(a) and 4(b). The
maximum power factors, PF =1.89+0.20 Wm 'K 2 and
2261020Wm71 K72 for Si—Geg73K and Si—GeU73K, re-
spectively, were observed at the highest temperature, 873 K.
Because of their large electrical resistivity, these values are
definitely smaller than the 2.96 Wm ' K2 previously re-
ported for Sip.80Ge0 20." However, the much smaller thermal
conductivity of our samples led to a superior value of ZT,
exceeding unity at 7> 700K, and eventually a maximum
value of ZT, 1.88 +£0.20, was obtained for Si-Gegy3k.

Notably, ZT = 1.88 £0.20 is the largest ever reported for
Si—Ge-based materials. The wide temperature range from
710K to 873K where ZT exceeds unity is definitely
important for practical applications. Strongly supported by
cheap, environmentally friendly constituent elements, our
new attainment of large ZT values should have a strong
impact in the field of thermoelectricity, not only for devel-
oping a high-performance thermoelectric material but also
proving the validity of the strategy to drastically improve the
performance of any thermoelectric material.

© 2019 The Japan Society of Applied Physics
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The difference in Seebeck coefficient between Si—Gej173x
and Si-Gegs;3x i1s caused by the difference in carrier
concentration and electronic structure associated with P and
Fe: both P and Fe concentrations in the matrix were larger in
Si—Geg73x than in Si—Geq;73x because of the absence of
FeSi4P4 in Si—Gegy3k. The precipitation of FeSisP4 naturally
led us to expect a smaller amount of P in the main phase to
reduce its carrier concentration in Si—Gej;73k, but this was
not the case. The carrier concentration estimated from the
Hall coefficient was n = 3.51 x 10 cm~3 for Si-Ge 73k,
definitely larger than n = 1.24 x 10" cm™3 in Si-Gegy3k.
The unexpected smaller carrier concentration in Si—-Gegy3k,
which contains more P in the matrix, would be brought about
by the presence of impurity states of Fe 3d near the chemical
potential. Therefore, we consider that the lower magnitude of
S(T) in Si—-Geqq73k is attributed partly to the larger carrier
concentration and partly to the modified electronic structure
near the chemical potential associated with the impurity states
from Fe. We also consider that the effect of the precipitated
FeSi P, particles themselves on the transport properties
would be negligibly small, because their volume fraction
was very small and each tiny particle was isolated.

Despite the fact that the smaller electrical resistivity of
Si—-Ge;;73x made its power factor larger than that of
Si-Geg73k, the simultaneously obtained larger magnitude
of thermal conductivity led to smaller values of ZT, especially
at high temperature, where the electrical resistivity of
Si—Ge;173x becomes comparable to that of Si-Geg73k. This
means that the o/k ratio is larger in Si—Gegy3;k than in
Si-Ge;173x, especially at temperatures above 673 K.
Strongly supported by the larger value of both the o/« ratio
and S, the ZT value of Si—Geg;3x became much larger than
that of Si—Ge] 173K+

In conclusion, we succeeded in improving the dimension-
less figure of merit ZT of a Si—-Ge-based material,
Sig 55Gep.35P0.10Fe0.01, by constructive modification of the
electronic structure, and effectively reducing the lattice
thermal conductivity by means of nano-structuring. Large
power factors of PF=1.89 Wm 'K 2and 226 Wm™ ' K2
were observed at the highest temperature, 873K, for
Si—Geg73k and Si—Gey 73k, respectively, presumably due to
the formation of 3d-,, orbitals of Fe as impurity states near

045507-6

the bottom of the conduction band. The nano-structure,
composed of various grain sizes, led to the low
k<0.88+0.05Wm 'K ' within the whole temperature
range for Si—Geg73k. As a result, a very high figure of merit,
ZT > 1.88, was observed for Si—Geg;3k at 873 K.
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This study presents an evaluation of the effects of pore diameter and porosity on the mechanical
properties and biocompatibility of Ti6Al4V ELI periodic lattice structures, fabricated using SLM tech-
nology. Lattice structures of titanium alloys are in high demand for biomedical applications and are
particularly useful as bone substitutes. A series of lattice structures with pore diameters of 500, 600, and
700 um and porosities of 60% and 70% were designed by repeating an octahedral unit cell. Based on SEM
and micro-CT observations, good morphological agreement was detected between the original designs
and the SLM-produced structures. Microstructural analysis using TEM showed that the typically acicular
o/ martensitic microstructure was obtained in the strut, which contributes to the brittle behavior of the
lattice structure. Uniaxial compression tests were conducted, and the deformation behavior was recor-
ded using a digital camera. Finite element analysis (FEA) of compression process was also conducted to
enhance the understanding of the deformation mechanism. The surface chemistry of the lattice structure
was analyzed using XPS methodology. The cytocompatibility of the lattice was also investigated with an
in vitro test. The results show that the lattice structures with biocompatible surfaces have a comparable

compressive strength (71—190 MPa) and elastic modulus (2.1—4.7 GPa) to trabecular bone.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metallic biomaterials play an essential role in assisting the
repair or replacement of diseased or damaged bones in orthopae-
dics [1]. Among the commonly used metallic biomaterials such as
Ti, Ta, Cr, Co, and stainless steel, Ti6Al4V ELI alloy has drawn
increasing attention owing to its excellent mechanical and biolog-
ical performance [2]. For metal implants, the elastic modulus is one
of the most important mechanical properties. Although the elastic
modulus of Ti6AI4V ELI alloy (100—140 GPa) [3,4] is lower than that
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E-mail addresses: cchen1@shu.edu.cn (C. Chen), liumin@gdas.gd.cn (M. Liu).

of other metals such as Co-based alloys (210—253 GPa) [5] and
stainless steel (190—210 GPa) [6], it is still much higher than that of
bone tissues (4—30 GPa) [7]. The elastic modulus mismatch be-
tween the Ti implant and bone tissue may cause stress shielding
around the orthopaedic replacement, which can lead to bone at-
rophy and even implant loosening. Lattice structures have been
recognized as an effective solution to narrow the elastic modulus
difference and provide low density, high-surface-area ratio, and
high energy absorption efficiency. Furthermore, the lattice struc-
ture can improve the ability of bone tissue in-growth and increase
the rate of osteoblast differentiation [8—10]. Previous studies re-
ported that the desirable pore diameter and porosity of a lattice
structure for promoting bone tissue in-growth were 400—800 pm
and 60—90%, respectively [8,11,12].

SLM is a novel powder bed additive manufacturing (AM) and 3D
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printing technology which has been used for the manufacture of
custom implants. During this process, the metallic powder bed is
selectively fused by a high-energy laser beam layer by layer. The
resultant molten pool experiences rapid solidification (103—108 K/s)
[12], offering tailored and ultrafine microstructure of the SLM parts.
In contrast to traditional subtractive manufacturing techniques,
SLM has the ability to directly fabricate the metallic cellular and
lattice sample with complex interior structures without mold. With
the direct fabrication from model, this technique can accelerate the
procedure from model design, fabrication to sample test. The
quality of the SLM lattice structures can be maximized by opti-
mizing the laser power, laser scan speed, geometric design, and
post-process treatment using parametric control. Thus, SLM is
becoming an effective technique for the fabrication of customized
human implants [2,13].

Currently, the studies of SLM lattice structures have mainly
focused on their mechanical properties, with most of these lattice
structures being employed in aeronautics and automobile in-
dustries. Lattice structures for biomedical applications such as the
bone substitutes are complex, requiring different preferential di-
mensions of porosity and pore diameter. The characteristics of the
unit cell that constitutes the lattice structure directly determine the
mechanical and biological properties, such as the elastic modulus
and tissue regeneration performance of the lattice structure [14,15].
So far, a relatively comprehensive unit cell library has been devel-
oped through numerical [16—18] and experimental analysis [10,19].
Unit cells with different shapes such as cube [11,20], dodecahedron
[21,22], diamond [23], pyramidal [24], and tetrakaidecahedron
[25,26] have been reported. Among all these unite cells, the octa-
hedral unit cell is one of the most commonly used [27,28] owing to
its spatial symmetry. The octahedral unit cell can be regarded as a
body-centered cube (BCC) structure when the unit cell is extracted
with the nodes. Very few studies have focused on the SLM BCC
lattice structures. Smith et al. [20] studied the compressive
response of the 316L stainless steel BCC and BCC-Z (BCC with ver-
tical pillars) lattice structures produced by SLM. The results showed
that the initial stiffness, yield strength, and energy absorption can
be improved drastically by reducing the unit cell aspect ratio. Mines
et al. [29] investigated the drop weight impact behavior of SLM
Ti6Al4V sandwich-structured panels with BCC lattice cores. The
authors found that the mechanical properties of the BCC Ti6Al4V
structure was comparable to the aluminum honeycomb structure.
Xiao et al. [28] used topology optimization technology to study the
mechanical behavior and energy absorption properties of various
SLM lattice structures including the face center cube (FCC), vertex
cube (VC), and edge center cube (ECC). In addition, Sun et al. [30]
found an exponential relationship between fracture load and
porosity of SLM Ti6Al4V lattice, using the simplified octahedral
model. Yan et al. [19] reported a good agreement in the geometry
and mechanical properties of AlSi10 Mg diamond lattice structures
between designed structures and real structures manufactured
using direct metal laser sintering (DMLS) method. Sun et al. [31]
and Yang et al. [32] studied a simplified version of the octahedral
unit cell where the horizontal struts were not considered. In
addition, the horizontal struts of the octahedral can improve the
isotropy of the lattice structure, which is helpful to the homoge-
neity mechanical behavior and can enhance the safety of bone
implants. Hedayati et al. [15] studied the mechanical properties of
the octahedral lattice structure with horizontal struts; however, an
in-depth study on the effect of pore size and porosity was not
included.

Although some studies have explored SLM lattice structures, the
effect of pore size and porosity on the mechanical properties of the
octahedral lattice structure and the corresponding biomedical
performance are still not well understood. Moreover, most of

above-mentioned studies mainly focused on the mechanical per-
formance of the lattice structure with varying geometry. Regarding
the biomedical applications, few of them investigated the cell
response for the lattice structure. Hence, it is necessary to investi-
gate the effects of pore size and porosity on both the mechanical
and biological properties of SLM lattice structure. Previous studies
have demonstrated that optimum pore diameter and porosity are
beneficial to the in-growth of bones and vessels [33]. Therefore,
systematical investigation from the mechanical characteristics to
biomedical properties of the SLM Ti6Al4V lattice structure has been
conducted in this work. The octahedral lattice structures were
fabricated using SLM with Ti6Al4V as feedstock material. The ef-
fects of pore size and porosity on the mechanical and biomedical
properties were studied on the SLM Ti6Al4V lattice structure.
Considering the biomedical application, a unit cell with pore sizes
of 500, 600, and 700 um and porosities of 60% and 70% were
designed and manufactured with SLM [34—38].

2. Experimental details
2.1. Design and fabrication of Ti6AI4V lattice structures

Gas atomized spherical Ti Grade23 powder, also known as
Ti6Al4V ELI (EOS GmbH, Germany), was used as the feedstock
material. The surface morphology of the Ti6Al4V ELI powder is
provided in Fig. 1a and b with different magnifications, and the
cross-sectional view is shown in Fig. 1c where typically fine needle-
like martensite can be observed. The highly spherical shape of the
feedstock particles can facilitate the SLM process and help to pro-
duce dense Ti6Al4V samples. The powder size distribution
(do1=2197um, do5=33.77um and dpg9=5143pum) was
measured using a laser diffraction particle analyzer (Mastersizer
2000, Malvern Instruments Ltd., UK) and is shown in Fig. 1d.

The chemical composition of the Ti6Al4V ELI is listed in Table 1.
According to supplier's information, the oxygen content of the
Ti6Al4V powder is less than 0.13 wt%, which is below the minimum
requirement in the biological industry (0.20 wt%). The Ti6Al4V
samples were produced using a commercial EOS M290 system (EOS
GmbH Germany) equipped with an Yb-Fiber laser (1070 nm), hav-
ing a maximum power of 400 W. Due to the high reactivity of
Ti6Al4V to interstitial elements, the oxygen content in the build
chamber was maintained below 0.1% by using Ar gas as the pro-
tective atmosphere. Optimized SLM processing parameters were
used in the experiments with a laser power of 240 W, scanning
speed of 240 mm/s, layer thickness of 30 um, laser spot size of
100 um and hatch distance of 50 pm.

Various unit cells with different porosities (P), pore diameters
(Dp), and strut thicknesses (St) were designed using a CAD software
UG NX 10 (Siemens PLM, Germany). Fig. 2 shows the schematic and
photo of the lattice structures manufactured in this work. As shown
in Fig. 2a, a regular octahedron unit cell was used as the architec-
ture of these lattice structures. The overhanging cuboid strut has an
angle of 45° as shown in Fig. 2b. Six cubic lattice structures with
dimensions of 10 mm x 10 mm x 15 mm were designed using a
software of Magics (Materialise, Belgium). The pore diameter and
porosity of each cubic lattice structure are listed in Table 2. The
term of porosity (P) is defined as

P:< J;l>x100% )

S

where p; is the material density (4.43 g/cm?), pp is the density of the
porous structure which was measured based on the Archimedes
principle using the following formula:
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Fig. 1. SEM and particle size distribution of the feedstock used in this work. (a) overview and (b) high-magnification view of the spherical Ti6Al4V ELI powder, (c) cross-sectional

view after etching, (d) particle size distribution.

Table 1 Table 2

The chemical composition of the used Ti6AI4V ELI powder. Designation of the SLM-produced Ti6AI4V lattice structures.
Element Ti Al \ 0 N C H Fe Sample designation Al A2 A3 B1 B2 B3
wt% Balance 5.5-6.5 3.5-45 <0.13 <0.03 <008 <0.012 <025 Porosity (%) 60 60 60 70 70 70

& _ Pwater " Myp(air) 2)

Ps pg- (mp(air) - mp(water))

where myqir) is the weight of SLM lattice structure sample in air;
Mp(water) 1S the weight of a SLM lattice structure sample in water;
Pwater 1S the density of water. For the convenience of addressing,
each sample was given a designation as shown in Table 2. Fig. 2¢c
shows the photo of a lattice structure fabricated with SLM.

2.2. Microstructure, morphological and surface chemical
characterization

The surface morphologies and cross-sectional microstructure of

Pore diameter (um) 500 600 700 500 600 700

the lattice structure samples were characterized using a scanning
electron microscope (SEM, FEI Nova Nano SEM 450). As a prepa-
ration for the microstructure analysis, samples were polished using
standard metallographic procedures with the final polishing
applied using 0.05 pm alumina solution. The polished samples were
etched in a solution of 50 mlH,0, 25 ml HNO3; and 5 ml HF to
observe and study the grain structure. An optical microscope (OM,
Leica Dmi5000m) was used for the metallographic analysis. The
grain structure of the lattice structure sample was also character-
ized using Transmission Electron Microscopy (TEM, Titan Themis
200, FEI).

A randomly selected lattice structure sample was scanned using
an X-computer tomography system (X5000, North Star Imaging,
USA) with an acceleration voltage of 100 keV and a current of 90 pA

Fig. 2. Schematic and photograph of the lattice structures manufactured in this work. (a) cross-section of the B2 unit cell (P = 70% and D, = 600 um); (b) 3D view of the B2 unit cell
(left) and cubic lattice structure made using the B2 unit cell (right); (c) digital photo of the SLM B2 cubic lattice structure.
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to evaluate the pore diameter, porosity and strut thickness. A
2mm x 2 mm x 2 mm unit cell was studied with a precision of 4
umy/voxel. The 3D volume was then reconstructed using the Amira-
Avizo software (FEI Visualization Sciences Group, Software, Ger-
many) and the porosity was computed based on the mean value of
the entire volume.

X-ray photoelectron spectroscopy (XPS) Escalab 250Xi (Thermo
Fisher Ltd), equipped with an Al Ko (A = 1486.6 eV) X-ray source
was adopted to characterize the surface chemical composition. The
spectra were measured with an energy step of 0.05eV and
normalized to the binding energy of the Cls peak (284.8 eV).
Distilled water and ethanol were used to thoroughly clean the
porous sample before the XPS testing commenced.

2.3. Mechanical characterization

Static uniaxial compression tests were carried out using an
Instron 8872 instrument at room temperature following the I1SO
13314:2011 standard. A load of 50 kN was applied to each lattice
structure sample at a constant deformation rate of 0.5 mm/min.
Five samples of each lattice structure were tested. The load-
displacement data during compression process were recorded to
plot the stress-strain curve. In order to investigate the detailed
deformation behavior, a digital video recorder was used to monitor
the compression tests. Based on the ISO 13314:2011 standard, the
first maximum compressive strength (omax) corresponds to the first
local maximum stress value in the stress-strain curve. Plateau
stress (op;) was the arithmetical mean of the stresses between 20%
and 30% compressive strain. Plateau end stress (0130) was calculated
as 1.3 times the oy, The elastic gradient (Eo20.079) was determined
by the gradient of the elastic straight line between two stress values
of 679 and a2 (679 and a9 correspond to 70% and 20%, respectively,
of the plateau stress, ap) [39].

2.4. Finite element analysis

To better understand the mechanical properties of the lattice
structure samples, FEA was conducted to simulate the quasi-static
compression test. A 3D explicit model was established using a
commercial code (ABAQUS/explicit) by importing the CAD model of
the lattice structure. The compression process was performed by a
dynamic explicit procedure. In order to simplify the numerical
model and improve the calculation efficiency, a lattice structure
with a 5mm x 5 mm x 5 mm unit cell was modelled as an assem-
bled entity in the compression test. Such structural simplifications
have been frequently applied in numerical studies by other re-
searchers [40,41]. The geometry of the lattice structure was parti-
tioned and meshed by four-node linear tetrahedral elements
(C3D4). To develop the simulated compression process, two rigid
shell plates were placed on the top and bottom of the lattice
structure, and the interaction between the rigid plates with the
lattice was defined as tie constrained. The rigid upper plate was
gradually moved downwards at a vertical speed to crush the lattice
structure. The reference point of the rigid upper plate was used to
obtain the stress-strain curve of the numerical compression pro-
cess. The lower plate was defined as a fixed substrate. Both rigid
plates were meshed by bilinear rigid quadrilateral elements. The
interaction within the lattice structure during crushing deforma-
tion was assessed by the penalty contact algorithm.

The Johnson-Cook plasticity model [42] was used to describe the
plastic deformation and heat transfer, which accounts for the strain
hardening, strain-rate (viscosity), and thermal softening. The yield
stress can be expressed by the equation given below:

;pl

oy = [A—i—B(e‘e’)N]-[l +C1n(2—0)]-[1 - ("] 3)

where A, B, N, C and M are material-related constants based on the
flow stress data obtained from mechanical tests, ¢ is the effective

plastic strain, and & 'is the equivalent plastic strain rate and &g is
the reference strain rate. T* is a non-dimensional temperature
defined as:

0 for T <Tyransition

T* = (T - Ttransition ) / ( (Tmelt - Ttransition ) ) fOT Ttransition <T< Tmelt
0 for T>Thelt

(4)

A linear Mie—Griineisen equation of state (EOS) was employed
to account the material elasticity. The mechanical and thermal
properties of the materials are assumed to be isotropic. The ma-
terials properties for the Johnson-Cook model describing the
plasticity and fracture evolution of Ti6Al4V alloy are provided in
Table 3 [43].

The fracture initiation and damage evolution were considered in
this model by employing the fracture strain-based Johnson-Cook
damage model. By enabling the statues variable, the failure ele-
ments which exceed the limits can be deleted from the model. This
Johnson—Cook damage model can be expressed as follows:

7 = [dl +dy exp(dgg)] : [1 tdy ln(i)][l —dsT"] (5)

where d;, dy, ds, d4, and d5 are failure parameters in the Johnson-
Cook damage model. dj, d, and d3 are damage parameters related
to the relationships between failure strain and stress triaxiality, d4
and ds depend on strain rate and temperature, respectively. The
term of p/q is stress triaxiality parameter defined as the ratio be-
tween hydrostatic stress (p) and equivalent stress (q).

2.5. Cytocompatibility in vitro study

The SLM solid and porous plates with a dimension of
10 mm x 10 mm x 2 mm were used to assess the biocompatibility

Table 3
Johnson-Cook fracture model parameters for the Ti6Al4V alloy used
in the simulation.

Properties Value
Density, p (kg/m®) 4430
Shear modulus, E (GPa) 110
Yield strength, A (MPa) 862
Hardening coefficient, B (MPa) 331
Strain-hardening exponent, N 0.34
Softening exponent, M 1.1
Melting temperature, T, (°C) 1630
Reference temperature, Ty (°C) 25
Strain rate constant, C 0.012
Conductivity, A (W/(m x K)) 6.6
Specific heat, Cp, (J/(kg x K)) 670
Inelastic heat fraction 0.9
Sound velocity, Cp (m/s) 5.13
Slope in vs versus v, S 1.03
Griineisen coefficient, yo 1.23
dq —0.09
dy 0.25
ds -0.5
dg 0.014
ds 3.87




X. Yan et al. / Journal of Alloys and Compounds 782 (2019) 209—223 213

of the material. All the samples were thoroughly cleaned and
sterilized at 120°C for 20 min. In vitro studies were performed
using rat bone marrow mesenchymal stem cells (rBMSCs). The
rBMSCs were resuspended in culture media including o-MEM
(Gibco, USA) and 10% (v/v) fetal bovine serum (FBS, Gibco, USA).
5 x 104 cells were seeded directly onto the sterilized samples
placed in 24-well cultivating plates and incubated at 37°C in a
humidified atmosphere with 5% CO,. SEM observations were per-
formed after the cells were cultured for 24 h to visualize the mor-
phologies of cells attached to the surface of the samples. Three
samples of each group were fixed with Karnovsky's fixative (2%
formaldehyde, 2.5% glutaraldehyde and 2.5% sucrose in 0.2M
cacodylate buffer) for 1.5 h. Then, the samples were rinsed with
0.1 M cacodylate buffer and dehydrated in ethanol. Finally, these
samples were covered with hexamethyldisilazane (100%,
2 x 10 min) and dried at 28 °C overnight. After coating with gold
(10 nm), the samples were analyzed in the SEM. The Live/Dead
Assay Kit (Thermo Fisher Scientific) was used to qualitatively
evaluate the live and dead cells seeded on samples as per the
manufacturer's instructions. The fluorescence images were photo-
graphed by an inverted fluorescence microscope.

3. Results
3.1. General characteristics of the SLM lattice structure

The photographs of the front and side views of the SLM lattice
structure samples are shown in Fig. 3a and b, respectively. The SEM
images of the B2 lattice structure are shown in Fig. 3c and d. The
continuous geometric structure can be observed in Fig. 3c and the
surface of the struts are sintered with partially melted particles as
shown in Fig. 3d. A similar phenomenon was reported in previous
studies [2,44]. It is generally considered that the waviness on the
surface of the struts is caused by a combined effect of the 45° angle
of the struts and the staircase performance of the SLM process.
Besides, owing to the difference in the heat transfer process be-
tween the angled struts and other zones, particles tend to stick to
the strut surface [45,46]. This appearance can lead to the mismatch
between the original design and as-manufactured sample.

In order to assess the dimensional accuracy of the lattice
structure samples, porosity was measured using the Archimedes
method and micro-CT scanning. Table 4 lists nominal and measured
porosity. The porosity calculated by the Archimedes method is
about 0.8% lower than that of the nominal one for both group A and
B. This may be explained by unavoidable errors associated with the
Archimedes method due to the heterogenous wettability of water
into micro-sized pores within the lattice structure. Micro-CT
scanning was conducted to further analyze the geometrical prop-
erties of the lattice structures. However, slightly higher porosity
was detected by the micro-CT, with a deviation of ~1.3% for group A
and ~4.5% for group B. The dross adhering to the strut surface and
waviness are the reasons for the mismatch of the porosity between
nominal values and measured values. In order to estimate the
density of the lattice structure, the porosity value calculated by
micro-CT was adopted.

3.2. Microstructure and phase constitution

The microstructures of the struts and unit nodes observed using
SEM and TEM are shown in Fig. 4. The optimal processing param-
eters manufactured an intact strut without any defects as is shown
in Fig. 4a. In Fig. 4b, partially melted particles that sintered on the
edge of the strut were observed, which can increase the roughness
of the strut surface. It is very difficult to remove welded particles
using conventional methods without destroying the integrity of the
strut. There is limited literature on the polishing of the internal
lattice structure, and to the knowledge of the authors, there is no
accepted method which does not damage the structure of the lat-
tice. Fig. 4c shows the etched cross-sectional image of a node,
where needle-like microstructures can be observed. The needle-
like structure mainly consists of o’ martensites due to the rapid
solidification during the SLM process, which is a typical micro-
structure of the as-fabricated SLM Ti6Al4V alloy [47]. Moreover,
internal defects such as cracks can be detected on the cross-
sectional image, which can be caused by the lap joint of the
angular strut. Back-scattered electron (BSE) image illustrated in
Fig. 4d shows small residual pores within the strut. Although these
residual pores have a size of approximately 1pum, they are still

Fig. 3. Photographs and morphologies of the lattice structure samples. (a) side view, (b) front view, (c) overview morphology of B2 sample observed by SEM and (d) high-

magnification morphology of the B2 sample observed using SEM.
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Table 4

Porosity and density of the Ti6Al4V lattice structures (standard deviation in parentheses).
Series name Al A2 B1 B2 B3
P, nominal (%) 60 60 70 70 70
P, Archimedes (%) 59.6 (+3.7) 59.4 (+2.5) 59.0 (+3.3) 70.1 (+4.2) 69.1 (+1.7) 68.3 (+2.9)
P, micro CT (%) 62.3 (£1.3) 61.2 (+2.2) 60.5 (+1.7) 75.5 (£3.1) 74.7 (+£2.7) 733 (x2.3)
Pp (g/mm?>) 1.78 (+0.3) 1.79 (£1.3) 1.81 (x£1.3) 1.32 (£1.3) 1.37 (£1.3) 1.40 (+£1.3)

Fig. 4. Microstructure characterization of the SLM lattice structure: (a) Cross-sectional observations of a B1 strut; (b) welded powder on the strut surface; (c) the node image of the
B1 unit cell after etching; (d) BSE image of B1 strut to observe the micro-residual pores; (e) STEM image and (f) BFI with the corresponding SAED patterns of the microstructure.

detrimental to the mechanical properties, especially under cyclical
loading conditions. The scanning transmission electron microscopy
(STEM) image and elected area electron diffraction (SAED) pattern
shown in Fig. 4e and d further confirm the close-packed hexagonal
(hcp) o phase in the lattice structure. In addition, the TEM image in
Fig. 4f also shows dense dislocations in the martensitic plates. This
phenomenon can result in brittleness of the lattice structure during
the compressive test. To further study the element composition of
the lattice structure, EDS mapping of B1 sample is shown in Fig. 5
with the lattice structure containing only Ti, Al, and V.

3.3. Morphological characterization

Fig. 6a and b shows the initial design and CT-reconstructed 3D
profile of a 2mm x 2 mm x 2 mm array unit cell selected from
sample A2. The CT-reconstructed 3D profile of the SLM sample
matches well with the original drawing. In addition, no fractured
unit cells but rough surfaces are observed on the CT-reconstructed

3D profile. Fig. 6¢ shows the CT detected residual pores within the
selected A2 in Fig. 6b. The residual pores are uniformly distributed
in the strut without any observable accumulation in any one area.
This relatively even distribution is beneficial to the prevention of
stress concentration, which can lead to premature failure during
loading. Fig. 6d shows the size distribution of the residual pores
within the strut. The equivalent diameter of the residual pores in
the strut is approximately 6.5 pm. It should be noted that the res-
olution of the CT reconstruction is 4 um; hence the quantitative
analysis cannot account for the ultra-fine residual pores whose
diameter is less than this value. Fig. 7 compares the pore diameter
and strut thickness between the nominal values and experimental
measurements of group A and B. In general, the measured values
have no significant difference from the nominal values in both pore
diameter and strut thickness. The measured pore diameters are
slightly lower than those of the nominal ones, while the reverse is
observed in the case of strut thickness.
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Fig. 5. EDS mapping of B1 sample showing the Ti, Al and V elements in the lattice structure.

Fig. 6. Morphological characterization of the lattice structure: (a) A designed 2 x 2 x 2 array of the A2 lattice structure, (b) 3D reconstruction of the micro-CT volumes of (a), (c)

segmented residual pore within the struts, and (d) residual pore size distribution.

3.4. Mechanical properties

Fig. 8 shows the compressive stress-strain curves of all SLM
lattice structure samples. The stress-strain curves can be catego-
rized into three regions. Region I is an elastic region where the
stress rises to the first peak. Region Il shows an initial sharp decline
in stress, followed by stress fluctuations. Finally, Region III shows a
rapid stress increase due to densification effect. The stress

variations are in agreement with previous studies [27,31,48,49]. It is
worth noting that the plateau region (Region II) with fluctuations is
similar to that occurring in metallic foams, as reported previously
[11].

The data on the mechanical properties related to the strain-
stress curves are summarized in Table 5. Group A has relatively
higher compressive and yield strength than Group B, which is in
agreement with the observations of cellular materials previously
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Fig. 7. Comparison of pore diameter and strut thickness between nominal and measured values.

Fig. 8. Stress-strain curves for (a) group A samples and (b) group B samples.

Table 5

Summarization of the mechanical properties of the lattice Ti6Al4V specimens, where E is elastic modulus, oy, the yield strength, 6max the maximum strength (standard
deviations in parentheses).

Al A2 A3 B1 B2 B3
Omax (Mpa) 182 (+3) 197 (£5) 207 (+10) 73 (£3) 105 (+9) 117 (+4)
Gy0.2 (MPa) 174 (£2) 187 (£7) 192 (+3) 71.8 (+2) 92 (£3) 102 (+5)
E (Gpa) 42 (+0.1) 4.7 (£0.3) 46 (+0.1) 2.1 (+0.2) 3.2 (+0.3) 2.9 (+0.1)
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reported [19]. The elastic modulus was determined as the gradient
of the elastic straight line between two values of 679 and G,¢. The
elastic modulus values for both Group A and B fall in the range of
human bone.

3.5. Energy absorption efficiency

During the compression process, the energy absorption effi-
ciency (W) of the lattice structure can be described by the
following equation [50]:

J" ode
We =20 x 100% (6)

Onén

where ¢, is the stress value at the &, strain in the strain-stress
compression diagram. In order to understand the energy absorp-
tion property of the lattice structure, the curves of the energy ab-
sorption efficiency versus compressive strain are plotted using Eq.
(6) in Fig. 9. The samples of Group A and B show similar changes.
Energy absorption efficiency experiences three different stages
during the compressive response of the lattice structures. Regime I:
elastic energy absorption regime. The energy absorption efficiency
drastically decreases after primarily increasing to a peak at a strain
of up to ~0.5%. The energy absorbed in this regime can be partially
recovered, and then the efficiency increases steadily until ~ e = 7.5%.
Regime II: energy absorption plateau. With the increase in the
strain from ~7.5% to ~25.0%, significant fluctuations occur owing to
the local collapse of brittle struts. In Regime III, the energy ab-
sorption decrease regime. With increasing strain in this regime,
struts of each unit cell begin to interact with each other and the
pores become gradually enclosed. Consequently, the energy ab-
sorption efficiency of the system decreases significantly as the
densification process gradually eliminates the pores. Moreover, on
comparing the energy absorption efficiency of Group A and B, it can
be seen that Group B has better energy absorption efficiency than
Group A. However, the fluctuation in energy absorption efficiency is
more prominent in Group B than in Group A.

3.6. Finite element analysis

Fig. 10 shows the compressive stress-strain curves of the Bl
sample obtained by simulation and experimental measurements,

with the inserted images showing the deformed lattice structures.
In order to investigate the deformation behavior of the octahedron
lattice structure, the compressive test of the B1 sample was recor-
ded using a digital camera. Characteristic images from deformation
process are also shown in Fig. 10. In Region I in the stress-strain
curve (see Fig. 8), the samples deform uniformly without obvious
fracture or collapse of lattice struts (see Fig. 10b). The simulation
results are consistent with the experimental observation in the
elastic regime and initial strength. In Region II, with increasing
strain, the fracture initiates at the top surface of the specimen due
to the failure of struts (see Fig. 10c and d). In this plastic regime, the
simulation results demonstrate stress variations which are lower in
amplitude than the experimental results. In Region III, a shear band
is developed at an angle of around 45° to the compressive axis from
the top to the side face of the sample (see Fig. 10e), resulting in the
fracture of the lattice structure into two parts. The compression
observation (Fig. 10) is in good agreement with the brittle charac-
teristics of the lattice structure samples as indicated in the stress-
strain curves (see Fig. 8). Based on the strain-stress curve, the
simplified lattice structure of 5mm x 5mm x 5mm unit can be
successfully used to simulate the compression process of full
structure. Finally, it can be seen that the numerical simulation
predicts a similar deformation and collapse process as the experi-
ments. Therefore, it can be concluded that FEA simulation can be
used to analyze the failure mode and provide the guidance for
structural optimization.

3.7. Chemical composition

The surface composition is crucial to the tissues as the biological
environment interacts with the porous scaffold at the implant-
tissue interface. Therefore, it is important to investigate the sur-
face chemical composition of the SLM lattice structure. Fig. 11a il-
lustrates the survey spectra of lattice structure A1 obtained by XPS
analysis. The main element signals of titanium (Ti), oxygen (O), and
carbon (C) can be detected. This indicates that the surface oxide
forming on the lattice structure was mainly composed of Ti and O.
In addition, it should be noted that the adsorption of organic
molecules from the ambient atmosphere could be the reason
behind the detection of C [51]. A signal for Al with weak intensity
was also identified.

Detailed spectra of the main elements present on the surface of

Fig. 9. Energy absorption efficiency as a function of the compressive strain for samples of (a) Group A and (b) Group B.
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Fig. 10. Compressive stress-strain curves of the B1 sample obtained using simulations and experimental measurements, with the inserted images showing the deformed lattice

structures.

the porous sample A1 are shown in Fig. 11b—c, where the Ti 2p, O
1s, and C 1s peaks of the sample are illustrated, respectively. The Ti
2p peak in Fig. 11b indicates the existence of titanium and its di-
oxide (mainly TiO;) on the surface. On decomposing the O 1s peak
in Fig. 11¢, TiO; and H,0 were identified. Hence, the surfaces of SLM
porous samples are mainly composed of TiO; [8]. The existence of a
surficial TiO, layer on the SLM porous structure is believed to be
favorable for its biological properties. In Fig. 11d, XPS detected
carbon (like C—C and C=0 bonds), which could have been intro-
duced by atmospheric contamination or residual ethanol used for
cleaning purposes.

3.8. Cytocompatibility

In order to evaluate the cytocompatibility of the SLM sample,
rBMSCs were cultured on SLM solid (as the control group) and the
porous plate B1 for 24 h. Fig. 12 shows the cell morphology results
of SEM. In Fig. 12a, black arrows in the images refer to visible cells.
As can be seen, cells seeded on the surface of the SLM samples were
distributed with healthy cell morphology. The adhering powder
particles on the surface are of approximately a 30-um diameter,
which can influence the preferential adsorption of cells. In Fig. 12b,
the magnified view of the region in Fig. 124, the cells are distributed
with a polygonal shape. The preferential growth of the cells is
obvious given the wavy surface, which means large adherent par-
ticles could hinder cell attachment [52]. Fig. 12c illustrates rBMSCs
seeded on the porous sample B1. It should be noted that the cells
can attach in the inner region of the structure. Fig. 12d shows the
magnified view of the region in Fig. 12b where the cells grew
among small particles (~10 pm).

Fig. 13 shows the fluorescence images of rBMSCs seeded on SLM
solid plate and porous B1 sample after 24 h cultivation. Green
fluorescence indicates live cells, while red color denotes dead cells.
Very few dead cells can be detected on the samples, while the
prevalence of live cells could be seen on the sample surfaces of all
groups. In Fig. 133, the live cells distributed on the SLM plate tend to

avoid the adherent particles (black region) on the surface. In
Fig.13b, the live cells remained along the strut surface and migrated
to the inner space. Given its spatial 3D porous structure, the cells
can also spread to the back of the strut, which cannot be directly
observed. Note: due to the inclination of the strut and depth of field
of the digital camera, the image becomes blurred at the intersection
location.

4. Discussion
4.1. Morphology and microstructure analysis

In this study, SLM technology was used to prepare Ti6Al4V ELI
periodic lattice structures. This type of lattice structure is suitable
for bone implants or bone-grafting materials. In contrast to tradi-
tional methods, the pore size and porosity of the lattice structure
can be accurately controlled using SLM technology, which can
provide geometric space for the ingrowth of bone tissue. On the
other hand, by using customized pore parameters, the lattice
structures can have an elastic modulus similar to the replaced bone,
which is important for the elimination of the stress-shielding effect.

Owing to the staircase and balling effect, powder adhesion is an
inevitable side effect in the SLM fabrication process, which is unsafe
due to the possibility of powders becoming dislodged after im-
plantation. On the other hand, surface treatment both on the edges
and within the lattice structure is complicated. Traditional grinding
or sandblasting method have been adopted to remove the sintering
surface particles [53,54]. Although, there are still numerous chal-
lenges associated with the polishing of SLM-produced parts which
have difficult-to-access and complex internal geometries. In order
to reduce the risk of the adhesive powders detaching, several re-
searchers attempted to develop an internal structure polishing
method. Xuan et al. [55] employed the abrasive flow machining
(AFM) technique that offers better accuracy and efficiency for parts
with complex structures. In the AFM polishing process, the abrasive
media acts as the continuously deforming cutting tool which is
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Fig. 11. (a) XPS survey spectra for the sample A1; (b) Ti 2p peak; (c) O 1s peak and (d) C 1s peak.

Fig.12. SEM images of rBMSCs seeded on (a) SLM solid plate; (b) magnification view of the region marked in (a) by yellow dotted line; (c) porous sample B1; (d) magnification view
of the region marked in (c) by red dotted line. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 13. Fluorescence images of rBMSCs seeded on (a) SLM solid plate and (b) SLM porous B1 sample after 24 h cultivation (Green and red represent live cells and dead cells,
respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

composed of a polymer and abrasive grit. When abrasive media are
extruded across the workpiece surface, the active abrasive grits
scratch the surface and micro-chips are produced, leading to ma-
terial removal. However, the grille workpiece (with open pores as
the flow channel) manufactured using SLM in their work is a
simpler geometric design than a lattice structure. Additionally, a
special fixture must be tailored to the nonstandard samples, which
leads to additional costs for an industrial application. Kim et al. [44]
investigated the effect of a jet blasting process. The samples were
cleaned through vigorous jet blasting using pellets that sublimate
on impact. Once cleaned, the porous structures were subjected to a
sintering process in high vacuum. The author concluded that jet
blasting and sintering of the structures produced by SLM leads to
localized removal of partially adhered Ti powder and weak lattice
struts. However, unintended effects of the cleaning procedure were
observed in the form of strut bending. The impact on mechanical
performance after jet blasting and sintering is still unclear. Pyka
et al. [56] developed a combination of chemical etching (CHE) and
electrochemical polishing (ECP) using HF-based solutions for sur-
face modification of 3D titanium alloyed-based open porous sam-
ples since the acid-based solutions can penetrate porous structures
through interconnected pores. By applying this method, the het-
erogeneity of the surface roughness of the strut throughout the 3D
structure is effectively removed. However, this kind of surface
modification has advantages and drawbacks. The roughness of the
strut decreases due to the reduction in average strut size after
etching and polishing; meanwhile, the porous structure unit cell
dimensions change significantly. Hence, the compressive strength
of the surface-modified porous structures decreased by 50% as
compared to the as-built samples. Until now, none studies in the
literature have presented polishing methods for the entire lattice
structure without hindering the mechanical properties.

The difference between the designed and experimental mea-
surements (e.g., Dp, P and S, see Fig. 7a and b) can be attributed to
two reasons. The first reason is the partially melted metal particles
that adhered to the strut surfaces as shown in Fig. 2. The other
reason is the scan vectors that describe the boundaries of a strut are
much higher than the laser spot size although they are usually
shifted half the size of laser spot inwards for compensation [46].
The internal defects (e.g., residual pores, see Fig. 4a—d) during the
fabrication can influence the long-term service of the lattice
structure. Compared to optical microscopy, micro-CT enables the
evaluation of the spatial details of the entire lattice structure.
However, the measurement accuracy is restricted by the resolution
of the micro-CT as features smaller than the resolution (4 um)
cannot be measured using this method. Therefore, the resolution
must be taken into account when analyzing these results.

4.2. Compressive properties

The main deformation mechanism in the initial region I in Fig. 8
is the elastic bending of the strut. The external compressive force is
converted into elastic deformation energy of the lattice structure
sample. When the elastic strain increases to a certain value in re-
gion II, the stress-strain curve reaches the collapse-deformation
stage. In this stage, the main processes are crack initiation and
propagation of deformed struts where the stress variations are
much lower. The horizontally distributed struts improve the spatial
isotropy of the lattice structure and prevent unexpected shear
failure [15]. With a further increase in compressive strain, the struts
in the upper and lower layers of collapsed part approach each other,
destroying the remainder structure. Owing to the slight change in
the stress-strain curve in this stage, the struts are almost in the
bending or yield stage when the collapse occurs [11,28]. In region
III, the struts around the pores are in contact with each other and
almost all pores in the lattice structure are crushed; hence the
compression process enters the stage of densification. Therefore,
the compressive stress greatly rises with the increase in strain. The
above analysis shows that the compression properties of the SLM
lattice structure produced in this study follow the classical theory
of foam metals. In other words, there is a stable stress platform
which acts as a cushion resisting the external shocks and pre-
venting fracture.

In the restricted volume, more material means better
compressive resistance. Thus, in Fig. 8a, the compressive and yield
strength of Group A are higher than those of Group B. However, the
elastic modulus is determined by the porosity of the structure [57].
Hence in b, the elastic modulus maintains a relatively stable value
for both Group A and B samples. In addition, both groups have
mechanical properties similar to those of human bone. Considering
the typical range of elastic modulus and compressive strength of
human bone being 1-27 GPa and ~107 MPa [58], respectively,
Group A shows better mechanical strength than Group B.

It is known that the plastic deformation capacity of brittle metal
materials is very low, despite the effects of friction and ballooning
not being obvious (see Fig. 10) during the compression processing.
Due to lower shear strength than compressive strength of a brittle
material, shear fracture occurs in the direction of about 45—55° to
the compression axis (see Fig. 10d). Hence, a post-process heat
treatment should be introduced to improve ductility. In the nu-
merical model, the layer-by-layer collapse and failure of the lattice
structure propagates from top to bottom. By applying damage
revolution and element removal in the FEA simulation, the failed
parts and resultant fragments are removed from the model to
comply with the actual compression test in the experiment. Since
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the broken parts and fragments are removed from the simulation
the stress will be lower, which accounts for the difference between
the simulation and experimental measurements. Differences be-
tween the simulation and experiment cannot be completely avoi-
ded. The discrepancies can be attributed to the manufacturing
deviation in SLM parts; this is evident in the 3D reconstruction by
micro-CT shown in Fig. 6. Furthermore, the adhered particles on the
strut surface can also affect the mechanical behavior of the SLM
lattice structure during the compression test. Thus, the author's
plan is to conduct the FEA with the CT-constructed lattice structure
in a future study, which can significantly improve the simulation
accuracy.

The diagram of energy absorption efficiency can help designers
select the correct structure, which provides the most appropriate
configuration for a given application. In this work, the energy ab-
sorption efficiency of the SLM lattice structures provides useful
information for practical biomedical applications. Generally, during
compression processing, the lattice structures exhibit excellent
energy absorption performance. Huge amounts of energy were
absorbed in the initial stage of the compressive processing by the
lattice structure. Then, the collapse of the structure occurred due to
the diagonal 45—55° shear band failure, and the fracture was
accompanied by fluctuation at the plateau region. The plateau re-
gion continues until the onset of densification at around 27% strain.
Notably, Group A had improved mechanical properties but lower
energy absorption efficiency than Group B. Within the safety strain
rate (i.e., less than 10%), the strut can provide enough resistance
against the catastrophic collapse of the lattice structure and the
energy absorption efficiency implies the applicability of the lattice
structure for the loading without deterioration.

4.3. Comparison with the classical model

The Gibson—Ashby model is widely applied to metallic lattice
structures and was adopted to estimate the mechanical properties
of the SLM Ti6Al4V lattice structures [57]. According to this model,
the mechanical properties have the following relationship with the
lattice structure parameters:
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where Ej, and E; are the elastic modulus of the lattice structure and
bulk material, respectively, p, and p; are the lattice and dense
material density, respectively, oy is the plateau stress during the
compression test, and o is the yield strength of the fully dense
Ti6Al4V material. Based on data from a previous study [14], the
elastic modulus (E;), yield strength (o5), and density (ps) of the SLM
Ti6Al4V are 120 GPa, 1064 MPa, and 4.43 g/cm?, respectively. C;, Ca,
ny, and ny can be calculated by fitting the test results into Eq. (7) and
Eq. (8) [59].

In this work, n; and ny equaling to 1.81 and 2.51, respectively, are
related to the unit cell of the as-built lattice structure [10]. The C;
and C, of the SLM lattice samples produced in this work were
computed as 0.2 and 1.66. The relative elastic modulus and
compressive strength achieved through experimental measure-
ment and the Gibson-Ashby model are shown in Fig. 14. A
discrepancy between experimentally tested and the Gibson-Ashby
model estimated elastic modulus (obtained by Eq. (7)) can be
observed. Moreover, the elastic modulus of Group A is more
dispersive than that of Group B (see Fig. 14a). However, a good
agreement between compressive strength and fitting curve (ob-
tained by Eq. (8)) is achieved (see Fig. 14b) in Group A and B. This is
because the samples with higher porosity are not as strong as those
with lower porosity.

The difference between the measured value and predicted value
is mainly attributed to the following reasons. (i) Negative effect of
residual pores within the struts (see Fig. 4d), (ii) the unreasonable
assumption that the struts are uniform (see Fig. 4), (iii)
manufacturing defects at the connecting nodes of the lattice
structure (see Fig. 4c), and (iv) residual stress in the SLM lattice
structure.

In summary, owing to the stair-stepping effect, the deformation
behavior of the irregular strut cannot be assumed to be uniform in
shape. Moreover, at the surface of the connecting nodes, the par-
ticles tend to bond, causing parts of the neighbor struts to be
aggregated. Therefore, the space of free deformation of the strut is
reduced. The resistance deformation ability of unit cell increases,
which leads to an increase in the elastic modulus of the lattice
structure. Finally, residual stress caused during the SLM processing

Fig.14. Compression of experimental results and Gibson-Ashby model fittings for the lattice structure: (a) relative elastic modulus (E,/Es) and (b) relative compressive strength (oy/

as).
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on the lattice structure may lead to difference of compression
behavior between theoretical and experimental measurements.

4.4. Cytocompatibility

Based on the result of XPS shown in Fig. 11, it should be noted
that although the SLM process was conducted under the Ar atmo-
sphere with oxygen concentrations lower than 0.1%, levels of
oxidation cannot completely be avoided due to Ti's high affinity for
oxygen. However, the appearance of superficial titanium oxide on
the porous structures is thought to be beneficial for biological
performances [60].

In Fig. 2, the rough strut surface is suggested to promote the
attachment of osteoblasts and the function of cell osteogenesis,
accelerating the healing of the defective tissue [8,35]. Firstly, the
rough surface can increase the adhesion surface area of bone cells
as well as the surface energy of the materials, which benefits the
adsorption of macromolecules and the attachment of cells. Sec-
ondly, the rough interface has a similar curvature as bone cells,
which helps the physical/chemical combination of the cells or
macromolecules. Thirdly, the rough surface can improve the fric-
tion coefficient to a value higher than that of the traditional implant
materials, which strengthens the initial fixation effect and amal-
gamation of implants and human tissues. Therefore, it is reasonable
to consider that the rough surface is beneficial to the biological
activity of the implant. However, on the other hand, large powders
adhering to the strut surfaces can hinder cell attachment and may
cause health risks to the human body due to the high possibility of
peeling off from the surface after implantation.

The cytocompatibility of SLM porous structures was qualita-
tively assessed by in vitro studies. The cells on porous samples were
a well-distributed and migrated to the inner space as the inter-
connected pore structure contributed to nutrient-waste exchange
with the cultured cells. In addition, as can be observed in Fig. 13b,
the cells on the porous structure can modify their morphology to
match the topography of the space as opposed to those on the solid
plate. Similar to the previous report, a porous structure with a large
surface area and average curvature help induce tissue amplification
in vitro [61,62]. In the future research, quantitative evaluation of cell
proliferation and in vivo tests should be carried out to fully inves-
tigate the biocompatibility of SLM porous structures.

5. Conclusions

In this work, isotropic Ti6Al4V ELI octahedral lattice structures
were primarily designed and then fabricated by SLM technology for
application as human bone substitutes. The following conclusions
can be drawn:

1. Based on micro-CT observation, the as-built lattice structures
well with the original design. According to the morphology
observation, such fabrication deviation is mainly caused by the
adhered particle on struts and the staircase effect during laser
melting process.

2. The SLM structure samples mainly consisted of acicular HCP o’
martensite microstructure. Residual pores found within the
struts are detrimental to long-term load bearing. This means
post-treatments such as HIP treatment should be considered to
control the microstructure and reduce the prevalence of the
defects.

3. The effect of pore size doesn't seem to be a significant difference
for the range that was studied. The mechanical properties of
Group A are highly compatible with those of human bone; this
means the stress-shielding effect can be reduced, ensuring
longevity after implantation.

4. Titanium oxide appeared on the surface of the porous struc-
tures. Cells on porous samples were well distributed across the
outer surface and also migrated to the inner surfaces of the
lattice structure.

5. The Gibson-Ashby model could consistently predict the
measured elastic modulus and yield strength of the as-built
lattice structure.
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Current driven magnetic domain wall (DW) motions of ferri-magnetic TbFeCo wires have been in-
vestigated. In the case of a Si substrate, the critical current density (Jc) of DW motion was successfully
reduced to 3 x 108 Ajcm?. Moreover, by using a polycarbonate (PC) substrate with a molding groove of
600 nm width, the Jc was decreased to 6 x 10° A/cm?. In order to fabricate a logic in memory, a current
driven spin logics (AND, OR, NOT) have been proposed and successfully demonstrated under the con-
dition of low Jc. These results indicate that TbFeCo nanowire is an excellent candidate for next generation
power saving memory and logic.

© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Current driven domain wall (DW) motion has attracted much
attention for new applications, such as low-power, high-speed,
logic devices. Particularly, long-term preservation of data is pos-
sible because it does not have mechanical operation parts. DW
displacement by spin polarized current was predicted by Berger
[1]. Then, a lot of experimental results with in-plane magnetized
FeNi magnetic wires have been reported [2-5]. The critical current
density (Jc) of FeNi nanowire required large value of over
1 x 108 AJcm?, and the Jc reduction was a big issue. Using FeNi
nanowire, racetrack memory has been proposed [6] and demon-
strated the accurate operation. Then several experiments have
been conducted, Jc value was successfully reduced to
3 x 107 A/cm? by using a perpendicular magnetized Co/Ni nano-
wire [7-9]. As a reason of Jc reduction, it was considered that DW
motion of Co/Ni nanowire is due to only intrinsic pinning effect
[10,11]. It was very attractive to explain every experimental result

http://dx.doi.org/10.1016/j.jmmm.2014.12.081

by theoretical analysis. Therefore, the wall pinning force of Co/Ni
nanowire has a very low value, it is considered that Co/Ni nano-
wire is not suitable for external data storage. Because external
storage material such as HDD and computer tape requires large
DW pinning force to save data with high reliability. However, it
was considered that Jc is proportional to DW pinning force [12]; it
seems that coexistence of low Jc and large DW pinning force is
difficult.

On the other hand, Jc of perpendicular magnetized TbFeCo has
been reported [13-18] as 3 x 10® A/cm? which is lower than that of
Co/Ni. The DW pinning force was over 1 kOe and it can be easily
controlled by Tb composition. It seems that coexistence of low ]c
and large DW pinning force is possible in the TbFeCo nanowire.
Moreover, in the TbFeCo nanowire, there are high density and
relatively uniform pinning sites. Therefore, arbitrary shape domain
can be recorded. In the case of Co/Ni nanowire, it requires a lot of
artificially fabricated notches at the wire edge to keep position of
recorded domains [7]. From these results, it seems that rear earth

0304-8853/© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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transition metal alloy such as TbFeCo is an attractive material for
magnetic wire memory.

By the way, memory and logic are placed separately in the
current computer, the memory and logic are connected by a data
bus. Therefore, operation speed is rate-limiting in the commu-
nication speed between memory and logic. If memory and logic
are prepared in the same area and directly connected each other,
the operation speed would be improved. However, in the most
spin logic reports [19-22], FeNi in-plane magnetized nanowires
were used and most logics were operated by a rotational magnetic
field from outside of the device. Therefore, current driven spin
logic has been proposed. In this article, drastic Jc reduction of
TbFeCo nanowire with PC substrate is reported, and low current
driven AND, OR, and NOT operations with TbFeCo nanowire are
presented.

2. Experimental procedure

The 0.3-1.5 pm-wide and 100-pm-length wire patterns were
fabricated using electron beam lithography for a lift-off process as
shown in Fig. 1(a). In this case, it is considered that the lift off
process damages the magnetic film. Therefore, a new fabrication
method with nanoimprint technique is proposed in Fig. 1(b). This
method is similar to the optical disk fabrication and the substrate
cost is very low compared with that of the Si substrate. When a
magnetic film is deposited onto the grooved PC substrate, mag-
netic nanowire can be prepared without any damage. The 20-nm-
thick TbygFegs gCo7> film was directly grown on SiO,/Si substrate
by RF magnetron sputtering. A Pt film with a thickness of 2 nm
was subsequently capped on the film. The ultimate vacuum was
less than 2 x 108 Torr and Ar sputtering gas pressure of 1 mTorr
was kept during grown films. Ti/Al contacts were defined by op-
tical lithography on top of each TbFeCo electrode. A scanning
electron microscopy (SEM) image of the fabricated sample is
shown in Fig. 2. The magnetic properties of the films and wires
were measured using an alternating gradient force magnetometer

Sample B
New fabrication method
of magnetic wire

Sample A
Conventional fabrication
method of magnetic wire

EB Lithography Nano-imprint

resist
Mold of wire pattern

Si0, / Si substrate Plastic substrate

Sputtering memory material Sputtering memory material

SiO, / Si substrate Plastic substrate

Lift off

SEM image

Si0O, / Si substrate Smooth edge

SEM image
Rough edge

Fig. 1. Sample A: general fabrication process of magnetic nanowire. Sample B:
proposed new fabrication process of magnetic nanowire. The feature is similar to
the optical disk fabrication process. Therefore, the new fabrication process is at-
tractive for low cost magnetic wire preparation and low Jc sample.

Fig. 2. SEM image of the Sample A set up for magnetic spin memory.

(AGFM) and anomalous Hall voltage measurement. When a do-
main wall motion of the sample is observed, magnetically initialize
process is performed to the sample using larger external magnetic
field over the coercive force (Hc). Then, the magnetic DWs were
cleated in the wires by using an Oersted field which is generated
by current flow from the electrode A to B in Fig. 3. The motion of
DWs was driven by current flow from the electrode C to B. Pulse
voltage duration was 100 ns. The DWs dynamics in the wires were
directly observed using polar Kerr microscopy as shown in Fig. 4.
Hysteresis loop measurement on the films using AGFM (data not
shown) confirmed that the films had a good perpendicular mag-
netic anisotropy with a saturation magnetization of M;
=110 emu/cm?.

3. Results and discussion
3.1. Very low current driven DW motion in ThFeCo wire

Using the sample of Fig. 2, current driven DW motions in

Fig. 3. Polar Kerr optical microscope image of TbFeCo magnetic nanowires on
Si0,/Si substrate. (a) After initialize process, (b) in each magnetic wire, one domain
is recorded, then 1st pulse current is applied, each domain is displaced to the right
hand side. (c) 2nd Domain is recorded at the left hand side, then injected 2nd pulse
current drive both the 1st and 2nd recorded domains.
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Fig. 4. Current density dependence of DW velocity in the TbFeCo wire.

TbFeCo wire were observed with Polar Kerr optical microscope.
The observation results are shown in Fig. 3. The reason of utilizing
two TbFeCo wires is to confirm the possibility of parallel data
processing used by high-speed data transmission. After initializa-
tion of the ThFeCo was performed, there is no domain as shown in
Fig. 3(a). Next, one domain is recorded on the left hand side of the
TbFeCo wire, then one pulse current is applied to the wire from
the electrode C to B. The recorded domain is displaced to the right
hand side as shown in Fig. 3(b). The length of the displaced do-
main length is almost same as initial one. Moreover, one more
domain is recorded to the TbFeCo wire, then the recorded 2 do-
mains are shifted to the right hand side by applying 2nd current
pulse as shown in Fig. 3(c). Two domain lengths and the interval
length between them did not change even when 2nd current pulse
is applied. This result indicates that current driven domain wall
motion can be used as a memory device. The direction of the
domain wall displacement is opposite to that of the current.
Therefore, it is considered that the domain wall motion is caused
by spin torque transfer effect [23].

Current density dependence of DW velocity is shown in Fig. 4.
It indicates the DW motion of the flow regime. The critical current
density (Jc) of the domain wall motion in ThFeCo wire was
5 x 10° A/cm?. The value is relatively small compared with another
magnetic material. The saturation magnetization (M;) of the
TbFeCo is 110 emu/cm?, it is very low compared with another
current driven magnetic materials, because TbFeCo is ferri-mag-
netic material. Fig. 5 shows M; dependence of Jc in several mag-
netic nanowires. It shows that Jc is proportional to M.
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0 200 400 600 800

Saturation magnetization (emu/cm?)

Fig. 5. Saturation magnetization (M;) dependence of critical current density (Jc) on
SiO,/Si substrate for several kinds of magnetic nanowire.

Fig. 6. External magnetic field dependence of Jc for Sample A (Si substrate) and
Sample B (PC substrate).

3.2. Future potential estimation of low current driven TbFeCo spin
memory with plastic low cost substrate

Thus, a rare-earth transition metal such as TbFeCo is very at-
tractive material for low current driven memory device. For ex-
ample, ThFeCo was used as a magneto-optical memory and the
high durability and reliability of MO products has been demon-
strated. The minimum recording domain length in the TbFeCo
narrow track was around 40 nm. Also, narrow track pitch for the
current driven spin memory can be produced with electron beam
lithography technique. In the case of wire memory fabrication of
Sample A in Fig. 1(a), both substrate cost and process cost are very
high. However, in the case of Sample B in Fig. 1(b), both costs can
be drastically reduced. Fig. 6 shows external magnetic field de-
pendence of Jc for Sample A and B. In the case of the sample B with
grooved PC substrate, Jc can be reduced to 6 x 10° A/cm?. This
result is also very attractive for spin memory. It seems that ex-
trinsic pinning effect of PC substrate is much smaller than that of
Si substrate. In the case of nanoimprint, thinner PC substrate also
can be used. Moreover, nano-imprint can be pressed for both
surfaces of the PC substrate. This means both side can be used for
spin memory. In one side surface area of PC substrate (65 mm in
width x 90 mm in length) which is similar area of SSD and 2.5”
HDD form factor, data capacity of 40 nm bit and track pitch can be
calculated as 450 GB. If both side spin memory with thinner PC
substrate of 0.05 mm thickness can be adopted in the form factor,
the data capacity would become to 100 TB. This is very attractive
value. Thus, nano-imprint magnetic nanowire memory system
should be investigated.

3.3. Proposal of low current driven spin logic

If memory and logic devices are designed with smart ar-
rangement in a circuit, problem of interconnection delay can be
reduced, it is very attractive for higher performance. Therefore,
current driven spin memory and logic (AND, OR, NOT) should be
proposed. If these 3 kinds of logic operation can be demonstrated,
NAND, NOR, XOR could be also realized. Here, current driven AND,
OR and NOT demonstrations with the same operating mechanism
due to spin torque transfer effect are discussed. The operating
mechanism of AND, OR, NOT are shown in Figs. 7-9, respectively.

In Fig. 7 current driven AND logic, 3 types of INPUT (1, 1), (1, 0),
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Fig. 7. Schematic figure of current driven AND type spin logic. Upper one is cor-
responding to the INPUT (1, 1), middle one INPUT (1,0), Lower one INPUT (0, 0).
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Fig. 8. Schematic figure of current driven OR type spin logic. Upper one is corre-
sponding to the INPUT (1, 1), middle one INPUT (1,0), Lower one INPUT (0, 0).
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Fig. 9. Schematic figure of current driven NAND and NOT GATE type spin logic.
Upper one is corresponding to the NAND process, lower one is corresponding to the
NOT GATE.

(0, 0) are shown. For example, in the case of input (1, 1) at t=ty,
one domain is recorded on the each input port. When a current is
applied from the output port to the input port, both recorded

domains in each input port are displaced to the confluence point.
Then two domains are united each other at the confluence point
(t=ty). Finally, the united domain is thorough out to the output
port (t=t,). Thus, the AND logic operating result of input (1, 1)
shows output (1).

On the other hand, in the case of input (1, 0), one domain is
recorded on the upper input port (t=tp). When current is flow
from the right to the left of the Y-shaped sample, the right domain
wall of the domain 1 gets trapped at the junction node, and as the
left domain wall of the domain 1 moves toward the right, both
domain walls are annihilated along with domain 1 (t=t;). There-
fore, output signal shows zero (t=t,). The opposite input case of
(0, 1) is also the same result as input (1, 0). It is clear that AND
operating result of input (0, 0) is output (0).

In the same way, OR operation can be performed as shown in
Fig. 8. The input (1, 1) operation is as same as that of the AND spin
logic. On the other hand, in the case of the input (1, 0) case, the
output signal should be (1). Therefore, the width of output port
should be narrow because the right domain wall of the domain
1 do not be trapped at the junction node (t=t;). In this case, the
domain 1 can be flow out to the output port (t=t,).

Finally, the schematic model of NOT function is shown in Fig. 9.
Please look at the top view (t=tg) of the NOT GATE and the cross
section view. The layer stack structure is substrate/1st TbFeCo/Rh/
2nd TbFeCo. In this case, spin direction in the 1st TbFeCo layer is
opposite to that of the 2nd TbFeCo layer. This phenomena can be
applied to the NOT function. In the figure upper area, current drive
NAND logic circuit is indicated and the one part of the output port
area works as a NOT GATE. In the figure lower part, a cross section
image is represented. The NOT GATE area is composed of 3 layers.
Both lower and upper layers are ThFeCo and the intermediate layer
is Rh.

Fig. 10 shows Rh layer thickness dependence of remanent polar
Kerr rotation angle. Total thickness of the 3 layers is less than
20 nm. The laser penetration depth into the film is about 100 nm.
Therefore, the Kerr rotation signal involves magnetic properties of
both ThFeCo layers. When the Rh layer is zero, both TbFeCo layers
are coupled ferro-magnetically, therefore, the remanent Kerr ro-
tation value is large.

However, when the Rh layer thickness is 0.4 nm, both ThFeCo
layers are coupled ferri-magnetically, the remanent Kerr rotation
shows very low because magnetization direction of the upper
TbFeCo is opposite to that of lower TbFeCo layer. Here, to obtain a

0.3/ M

0.25

»
z

0.2

0.15

0.1

0.05

Remanent Polar Kerr rotation [deg.]

INRPIE 2 -
) E d

0 1
Rh intermediate layer thickness [nm]

\S]

Fig. 10. Rh layer thickness dependence of remanent polar Kerr rotation angle in
TbFeCo/Rh/TbFeCo multilayers. When Rh thickness is 0.4 nm, both TbFeCo layers
coupled anti ferro-magnetically.
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Fig. 11. Schematic figure of current driven AND type spin logic.

strong ferri-magnetic coupling in both TbFeCo layers, Rh layer of
0.4 nm in thickness is used for the NOT GATE sample. When the
recorded domain is displaced to the right hand side by current
flow as shown in Fig. 11 cross section view of the NOT GATE, the
domain at the NOT GATE is copied to the upper TbFeCo layer. In
the case, the copied magnetization can be reversed to that of the
original domain, because of Rh thickness of 0.4 nm. Thus, the NOT
function can be confirmed.

Fig. 11 is an image of current driven AND circuit. When current
is applied between the electrode A and B, a domain at the INPUT
1 area of TbFeCo wire can be generated. In the same way, at the
INPUT 2 area, a domain recording can be done. When current is
applied from electrode I to E and F, the recorded domains at INPUT
1 and 2 area can be displaced to output area. The output signal can
be reproduced by detecting anomalous Hall effect between the
electrode G and H. The SEM image of AND spin logic experimental
setup is shown in Fig. 12. Here, Input 1 and 2 signals are produced
at the same time by applying Oersted field current from the
electrode B to A. In the case of INPUT (1, 1) operation, If domain
wall velocity at the INPUT 1 area is faster than 2 times compared
with that of INPUT 2 area, it is difficult to become one output
domain at the confluence point. In this case, there is no OUTPUT
signal for any INPUT signals.

In order to confirm the current driven AND operation, AND
demonstration circuit was prepared as shown in Fig. 13. Here, to
simplify the experiment, simple electrode A to B is fabricated.
Therefore, it is impossible to create domain corresponding to the
INPUT (1, 0). However, In the case of INPUT (1, 1), when the current
is applied from the electrode I to E, only one domain at the INPUT

Pulse current
for domain wall motion

Recording
pulse
Ti/Al
Electrode TbFeCo wire Anomalous
Hall Voltage

Pulse current
for domain wall motion

Fig. 12. SEM image of AND sample on SiO,/Si substrate and experimental setup.

a

INPUT (1, 1) = OUTPUT (1), INPUT(0,0) = OUTPUT (0)

w1 0 1 0 1 0 1 0 1 0

:=op L) L L L |

1 0 1 0 1 0 1 0 1 0

S wn

= L L) LJ L |

T = 1 0 1 0 1 0 1 0 1 0
3w

0.0 0.‘2 O.;l 0“6 0“8 1.0

b Time [sec]

INPUT (1, 0) = OUTPUT (0), INPUT (0, 0) = OUTPUT (0)

_ nl 1 0 1 0 1 0 1 0 1 0

5 H St B v

~ Bl [ 0 0 0 0 0 0 0 0 0 0

=

g =,

g o 0 0 0 0 0 0 0 0 0 0
55 E° MWMWWMWI}WWMWWM
3 "l . . . .

=}
o
o
[N}
o
IS
=}
o
=}
©
=}

Time [sec]

Fig. 13. Experimental result of current driven AND spin logic. (a) When INPUT
signal is (1, 1), the operated OUTPUT result is (1). In case of INPUT (0O, 0), the
OUTPUT result is (0).(b) When INPUT signal is (1. 0), the operated OUTPUT result is
(0).

1 area is displaced to the confluence point and collapsed.

Thus, the OUTPUT signal of the INPUT (1, 0) can be confirmed.
The experimental result of the current driven AND circuit is shown
in Fig. 13(a) INPUT (1, 1) and (0, 0), and (b) (1, 0), and (0, 0). In the
case of Fig. 13(a), the upper one and middle one are corresponding
to the signals of INPUT 1 and 2, the lower one is corresponding to
the OUTPUT signal of Hall voltage. Form those figures, it is found
that the current driven AND circuit works exactly. In the case of OR
circuit, it is more easy, because a domain collapse condition of
INPUT (1, 0) at the confliction point can be easily fabricated. Thus,
current driven DW memory and logic would be realized.

4. Conclusion

Current driven DW motions in TbFeCo magnetic nanowire were
investigated. A critical current density (Jc) of TbFeCo which is
prepared with lift off process and the substrate is Si was about
4 % 10° AJcm?. It is considered that lower saturation magnetization
(Ms) of the ferri-magnetic TbFeCo causes the decrease Jc. On the
other hand, Jc of TbFeCo nanowire without any chemical process
on PC substrate was 6 x 10° A/cm?. This value is quite small
compare to that of another magnetic nanowire. It is considered
that in the Sample B preparation process named as nano-imprint
method, extrinsic pinning sites can be reduced compared with
that of the Sample A process named as etching method.

In order to realize current driven memory and logic, new spin
logic of AND, OR, NOT have been proposed. These experimental
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circuits were made and demonstrated. In these spin logic circuit, Jc
was 1 x 10% Ajcm?. Thus, current driven spin memory and logic is
very attractive for future memory and logic devices.
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Weinvestigate the current-induced domain wall motion in perpendicular magnetized Th/Co wireswith structure
inversion asymmetry and different layered structures. We find that the critical current density to drive domain
wall motion strongly depends on the layered structure. The lowest critical current density ~15MA /cm? and
the highest slope of domain wall velocity curve are obtained for the wire having thin Co sublayers and more
inner Th/Co interfaces, while the largest critical current density ~26 MA /cm? required to drive domain walls
is observed in the Th-Co aloy magnetic wire. It is found that the Co/Tb interface contributes negligibly to
Dzyaloshinskii-Moriya interaction, while the effective spin-orbit torque strongly depends on the number of
Th/Co inner interfaces (n). An enhancement of the antidamping torques by extrinsic spin Hall effect due to Tb
rare-earth impurity-induced skew scattering is suggested to explain the high efficiency of current-induced domain

wall mation.

DOI: 10.1103/PhysRevB.93.174424

I. INTRODUCTION

The current-induced domain wall motion (CIDM) in thin
perpendicular magnetized ferromagnetic wires sandwiched
between a heavy metal and an oxide has been shown to be
very efficient, yielding a high domain wall (DW) velocity at
low current density enabling the development of spintronic
devices[1-12]. Intheseasymmetricwires, inversion symmetry
breaking together with strong spin-orbit interaction (SOI) has
two major implications. First, it induces spin-orbit torques
(SQTs) due to, on the one hand, the interfacial Rasba effect
and, on the other hand, the spin Hall effect (SHE) present in
the bulk heavy metal [13-17]. Both effects produce fieldlike
and antidampinglike torques [18-20]. Second, it is aso
responsible for the emergence of interfacial Dzyal oshinskii-
Moriya interaction (DMI), which promotes chiral magnetic
textures. The concurrence of antidamping SOT and DMI-
induced chiral textures results in fast DW motion in ultrathin
layer structures [21-28].

Recently, a transition in the mechanism responsible for
current-driven DW motion from bulk (spin-transfer) to inter-
facial (spin-orhit) torque has been confirmed as a change in
the DW motion direction when reducing the layer thickness of
Co/Ni multilayer down to 2.1 nm [29]. It isfound that the adi-
abatic spin-transfer torque (STT) dominatesthe DW motionin
the thick regime, while the antidamping SOT controlsthe DW
motion in thethin regime. In an earlier study [30], on the other
hand, SOTs-induced DW motion was observed up to a thick-
ness of ~10 nm for the asymmetric interfacial wire with the
layered structure of SiO,/[Th(3. 2A)/Co(2 6A)]n/Pt(20A)
The high efficiency of SOTsin the wire can be attributed to an
enhancement of antidamping SOT by inner Th/Co interfaces.
However, such an enhancement in thick multilayers has not
yet been fully understood.

In this study, we present the current-induced DW motion
in the Th/Co wires with different layered structures. The

2469-9950/2016/93(17)/174424(7)
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magnitude of the antidamping SOT by inner Co/Tb interfaces
is tuned by changing the thickness of Co ultrathin sublayers,
number of inner Co/Th interfaces, and formation of Th-Co
alloy magnetic layer. Our results show that the efficiency of
SOTsis highest for the samples with alarger number of inner
Co/Tb interfaces and lowest for the one with Th-Co alloy
magnetic wire. DMI is found to be small in our samples. We
suggest that the high efficiency of SOTsin our multilayers can
beassociated with extrinsic SHE dueto Thrare-earthimpurity-
induced skew scattering at inner Co/Tb interfaces [31,32].

Il. SAMPLE PREPARATION AND MAGNETIC
PROPERTIES

For this work, experiments are performed on three
asymmetric magnetic wires with different layer structures
[Fig. 1(a)], in which the tota magnetic layer thickness
is kept to be ~ 6 nm. Layers of A stack: [Th(3. 4A)/
Co(3. 2A)]9/Pt(20A) B stack: [Th(3. 4A)/Co(6 5A)] /
Pt(20A) and C stack: [ThssCoss dloy (60 A)] /Pt(20 A)
are deposited on the thermally oxidized silicon substrates
by dc and rf magnetron sputtering using high-quality Th
and Co targets. The base pressure of the growth chamber is
~5 x 10~8mbar. The Ar (99.99%) gas pressure is kept at
~3 x 10~2mbar during sputteri ng. The growth ratesof Tb and
Co sublayersare 0.56 and 0.53 A /S, respectively. Therefore, it
is expected that only a part of thefirst Th sublayer is oxidized
due to the minimal residual oxidation contamination from the
SiO,/Si substrate. The patterned wireshaveawidth of 1.1 um
and are fabricated by using electron-beam lithography and
lift-off technique. The motion of DWsin thewiresisdriven by
pulses of voltage between two Al/Ti electrodes, labeled as (1)
and (2) in Fig. 1(b), and directly observed using polar Kerr
microscopy [33]. All measurements shown in this work are
performed at room temperature. Figure 1(b) shows the image
of a scanning electron microscope (SEM) with the schematic

©2016 American Physical Society
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FIG. 1. () Schematic illustration of multilayered Th/Co films
with structural inversion asymmetry. (b) Scanning electron mi-
croscopy image of multilayered Th/Co wire with Ti/Al electrodes
for magnetotransport measurements.

electrical measurement setup. Both the film and patterned
wires exhibit perpendicular magnetic anisotropy (PMA),
which is confirmed by using an alternative gradient force
magnetometer (AGFM) and anomalous Hall effect (AHE)
measurements.

Figure 2(a) showsthe hysteresisloops of thethree magnetic
filmswith different layered structureswhen thefield isapplied
normal to the film plane, indicating that the films have per-
pendicular magnetic anisotropy. However, the magnetic films
show different values of the coercivity (H;) and saturation
magnetization (Ms). The uniaxial anisotropy constant (K ) is
determined to be 1.44 x 10°, 2.8 x 10°, and 1.6 x 10° J/m?
from the My and saturation field (H) of in-plane (hard axis)
hysteresis loops (not shown) for the A-, B-, and C-stack
films, respectively. These different magnetic properties can
be attributed to the different Th-Co compositions, where the
A stack hasarare-earth (RE)-rich composition, while B and C
stacks have transition-metal (TM)-rich compositions, which
can be qualitatively determined from the polarity of Kerr
rotation angle from these films. In multilayers, Tb and Co
moments are seen to bein the homogeneous antiferromagnetic
state [34,35]. Therefore, the direction of the total magnetic
moment in the whole stack depends on the moments of the Th
and Co sublattices: in a stack with Th-rich composition, the
moment of Th sublatticeislarger than that of the Co sublattice,
while in astack with Co-rich composition, the moment of Co
sublattice is larger than that of the Tb sublattice. When the
composition of the whole stack changes from Co rich to Tb
rich, thedirection of thetotal magnetic moment can be detected
by a polarity change in the Kerr rotation angle.

Typical results for DW depinning field measurements for
the three magnetic wires are shown in Fig. 2(b). As the
out-of plane magnetic field changes from 0 to —2.5 kOe, the
normalized Hall voltage (V) changesfrom 1 to —1 indicating
that the magnetization is reversed in the Hall cross and the
DW passes through the Hall cross region. Here, we define
the DW depinning field (Hyep) as the magnetic field where
Vu starts reducing from 1. Furthermore, it is found that Hyep
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FIG. 2. (a) Magnetization curves of multilayered Th/Co films.
(b) Normalized anomalous Hall voltage as a function of the
perpendicular field measured after the creation of a DW for different
stack structures: A, B, and C stacks.

increases as the wire width of the A stack is reduced as
shown in the inset of Fig. 3(a). The error bas was determined
from five repeated measurements. It is clear that Hye, Shows
a linear dependence on l/width. Similar to the study of
Co/Ni nanowireswith perpendicul ar magnetic anisotropy [36],
this size dependence of Hgyep indicates that extrinsic pinning
dominates field-induced DW motion in the wire.

I11. CURRENT-DRIVEN DOMAIN WALL MOTION

A. Critical current density

We next investigate current-induced DW motion by ap-
plying voltage pulses of 100-ns duration between (1) and (2)
electrodes. Figure 3(a) showsthecritical current density (J.) as
afunction of Hye, for the A-stack wire. Here, J. is determined
as the minimum current density required to drive DW with
adepinning field of Hyep. The experiment was aso repested
fivetimesfor each datapoint. Similar to a previous study [30],
the DW moves along the direction of current flow (+J) in
our asymmetric interfacial wires. This reversed DW motion
with respect to electrons is explained by the concurrence of
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FIG. 3. (&) Critical current density (J¢) asafunction of depinning
field (Huep) for the different widths of the A-stack wire. The inset
shows the wire width dependence of depinning field. Solid lines
are the linear fits. (b) Current density dependence of DW velocity
for different magnetic wires (1.1-um width) of A-, B-, and C-stack
structures. (c) Measured DW velocity versus in-plane field (Hy) for
A-stack wire. Red and blue symbols represent |1 and 1] DWSs,
respectively. Solid and open symbols correspond to positive and
negative current directions, respectively. Lines are linear fits to the
data to estimate crossing fields.

antidamping torque and DMI. It is clear that J. is linearly
proportional to Hgep. This observation suggests that current-

PHYSICAL REVIEW B 93, 174424 (2016)

induced antidamping SOT can be regarded as an effective de-
pinning field [9,15,25,37,38]. The contribution of antidamping
SOT has been added to the Landau-Lifshitz-Gilbert equation
to describe the time evol ution of the magnetization by Haazen
et al. [37]. Their results indicate that the Hyep can be tuned
as alinear function of the current. Moreover, Emori et al. [9]
also has showed that the current generates an effective field
associated with a Slonczewski-like torque. The magnitude of
the effective field induced by the current is estimated to be
~500 and ~2000 Oe per 10*2 A.m~2 for the Pt/CoFe/MgO
and Ta/CoFe/MgO nanowires, respectively.

In order to study the effect of the layered structure on
the current-induced DW motion, we have measured the DW
velocity (v) as a function of the injected current density (J)
for A, B, and C stacks, as sketched in Fig. 1(a). The results
are shownin Fig. 3(b) for awirewidth of 1.1 um. J; strongly
increases for the wires of the B stack and C stack. In addition,
the slope of v versus J curves gradually reducesin these wires.
The highest slope was obtained for A-stack wire where there
are moreinterfaces between Tb and Co, while thelowest slope
was seen for the C-stack wire with a thick ThysCoss alloy
magnetic layer.

B. Dzyaloshinkii-Moriyainteraction

The effect of a longitudina field (Hx) on the DW
velocity is shown in Fig. 3(c) for A-stack wire (measured at
15.2MA/cm?). Red and blue symbols represent |1 and 1
DWs, and solid and open symbols correspond to positive and
negative current directions, respectively. One can see that DW
velocity for both |4 and 1] DWs vanishes at a certain value
of Hy(Hy ~ +£2650e€), which is associated with the DMI
field [25].

To evauate the effect of the number of inner Th/Co
interfaces on the DMI, we have measured the DMI constant
and DM effectivefield for the A stack with different repetition
numbers (n = 5 and 6). The field-induced asymmetric DW
expansion was investigated using a polar Kerr microscope,
and the measurement schematic is presented in Fig. 4(a). The
magnetic field was applied in plane with a small out-of-plane
tilting (¢ = 5°) to move the DW. As shown in Fig. 4(b), the
DWs on the left edge of the circular domain moves faster
than that on the right edge, indicating aleft-handed Néel wall,
which is stabilized by the presence of the DMI field [37,39].
Weinvestigated systematically the DW velocitiesasafunction
of external field strength (not shown) then extracted DMI field
as discussed in Ref. [40]. The extracted DMI constants (D)
are shown at the bottom of each picture in Fig. 4(b), with
the Co/Tb bilayer repetition numbers (). We found that the
extracted DM fieldiscomparablewiththecrossing field (H),
which is estimated from Fig. 3(c). One can see in Fig. 4(b)
that the strength of DMI reduces with increasing » (i.e., with
increasing the overall film thickness). Thisindicates that DMI
in these filmsis controlled largely by the Co/Pt top interface.

C. Spin-orbit torque measurement

Using Hall voltage and lock-in measurements [41,43],
both longitudinal (H_) and transverse (Ht) SOT effective
fields were estimated for the A-stack sample as shown in
Fig. 4(c). It is reported in previous works [17,41,42] that
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FIG. 4. (a) The lateral view of the DMI measurement schematic
in the Kerr microscope. The blue horizontal box indicates the
film and the red arrow presents the direction of the externa field.
(b) Anisotropic domainwall displacement under anin-planemagnetic
field with a small out-of-plane angle for the A stack with repetition
number n =5 and 6. The magnetic field direction is indicated at
the top of each picture. The initial domain position is indicated by
thewhitearea. (c) Thedependenceof longitudinal (H ) andtransverse
(Hr) SOT effective fields on the number of repetitions n for the
A-stack sample. (d) The H. and Hr in A-, B-, and C-stack samples.
In (c),(d), the square symbols are for H_, and the circle symbols are
for Hs.

SOT is purely an interfacia effect, inversely proportional to
the film thickness. In our case, however, SOT increases with
the number of interfaces, which strongly suggests significant
contribution from the Co/Tb interfaces of the film. Our
large SOT may be compared to those of Jamali et al. [43]

PHYSICAL REVIEW B 93, 174424 (2016)

and Lee et al. [44], who found large effective fields with
a [Co/Pd],,; mutilayered system and a bulk perpendicular
magnetic anisotropy Pd/FePd/MgO system, respectively.

The SOT effective fields in A, B, and C stacks were also
investigated aspresentedin Fig. 4(d). Thelargest SOT effective
fields (H_ and Hrt) are found in the A stack, which has the
largest number of Co/Tbinterfaces(n = 9). The SOT effective
fields are found to be minimum in the C stack, which contains
no Co/Tb interface (n = 0). The increase of SOT effective
fields in Fig. 4(d) as well as the DW velocity in Fig. 3(b)
with respect to the Co/Tb interface strongly indicates the
contribution of SOTs from the inner Co/Tb interface. It is
noted that H+ is about one order of magnitude smaller than
H, . Thissuggeststhat the antidamping torque, possibly arising
from SHE, is dominant at Co/Th inner interfaces.

IV. INTERPRETATION AND DISCUSSION

A. Thickness dependence of DMI and SOT

In Sec. 111, we found that the DMI field decreases when
increasing the number of repetitioninthe A stack, whereasthe
SOT effective fields increase. We now propose a toy model
to interpret these behaviors. In magnetic multilayers, each
magnetic layer i is embedded between two interfaces (top
and bottom). Due to spin-orhit effects a current-driven SOT
effective field is created at these two interfaces,

REEO™ = p75 + S x i )

where h‘i’f” is the (out-of-plane and in-plane) SOT field at the

interface &, and we chose the orientation ¥ = 7 x j./|Z X j.
to comply with the symmetry of the system, without assuming
any specific mechanism (spin Hall or inverse spin galvanic
effects). Here, m; is the magnetization direction of layer i
and the minus sign “—" in Eq. (2) emphasizes the fact that in
the case layer i is embedded between symmetric interfaces,
the current-driven SOT fields on both interfaces are equal and
opposite. Hence, the torque on layer i reads

To=m; x [(WY" = h)y + (b)) = h")y xmi] . (3)

The same reasoning applies to the DMI field ﬁ,gM felt by
layer i (see, eg., Ref. [39]),

Hiy = 8(hiy — hig)imi x [G x V) xmi] . (4)
Here, § isthe domain wall width.

Let us now consider the stack SiO,/[Th/Co],/Pt,
composed of a repetition of n bilayers. We assume
that the magnetic layers composing the stack, Co
and Th, are antiferromagnetically aligned and can be
treated as macrospins, forming a perfect ferrimagnet, i.e,
mg, = —m', = m. The total magnetization is therefore,

Y Thyi =i Coj=i _ ap
M= Mk + > M&Inl, = M, (5)
i J

M, = (n - 1)(MYCO - M;rb) + Msc.$op - M;I,—gottom- (6)
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After some straightforward algebra, we obtain the Landau-
om = —ym x (H—i—AH [G x V) x m]) + agtm x dm +m x [Ay +h

PHYSICAL REVIEW B 93, 174424 (2016)

Lifshitz-Gilbert (LLG) equation of the multilayer stack

gt

eff =
I yXxXm

(")

In EqQ. (7), we have defined the following effective DMI field, magnetic damping, and SOT fields,

eff Tb Si0,/Th Tb/Co b
Hpy = [Ms Bottom(hDM2 —hp ) +(n 1)(MsT -
oett = ot (M, Bogtom + (1 = 1)MTb Msc'cl)'op

eff Tb Th/Co S|O /Tb C Tb/Co
h [ Ms Bottom(h ’ ) + Ms '?'Op(h
Th/C S|O Th Th/C
hEﬁ [MTBottom(h /e —hy 2/T0) 4 M?%op(h /co

Co/Th

M) 0™ — REIEE) + Mg (T — K",

+ (n — M) / M,

h|(|:0/Pt) + (I’l _ 1)(M;CO MTb)(th/Co hﬁO/Tb)]/Ms-

The experimental data obtained in Sec. |11 indicate that DMI decreases with the number of repetitions, which suggests that

DMI is solely due to the Pt/Co interface and absent at Co/Tb i

nterfaces (b2 ™°, hP/° ~ 0), so that

Co Co/ Pt
M? Toph

)2 U
M (- ) (M —

. 8)
S T (
M 7 MS Bottom

MsTb) + s, Top

We neglected the contribution of SiO,/Tb interfaces due to the weak SOC of SiO,. In contrast, SOT fields increase with the
number of repetitions, which suggests that SOT fields are present at al the interfaces. Assuming that SiO,/Tb interfaces do not

SiO,/Th

produce significant SOT field (h},,") |,

~ 0), the total SOT fields read

Th/C Co/Th Th/C Th/C Ci
e (1= DME = MY = 1) — MRt T + Mo — 1) ©
+ (n— 1)(Msco - M;rb) + Ms(:‘?'op MsTgottom ’
Th/C C Tb Th/Ci Th/Ci Co/P
et — (n— 1)(MCO + MTb)(h I~ )+ Ms Bottomh / °+ s Top(h - h ! l) (20
! (n — 1)(Msco MTb) + Mv Top M;r%ottom

This simple phenomenological model shows that the
thickness dependence of the SOT fieldsdependsontherelative
magnitude of thetorqueat Co/Th, Th/Co, and Co/Ptinterfaces.
If the SOT field is dominated by Th/Co and Co/Tb interfaces,
hﬁbico hﬁofb > 1", one can expect that the overall SOT
effective field mcreases W|th the number of repetitions, as
observed in Sec. I11.

B. DMI and SOT field at Co/Tb interfaces

The analysis provided above implies that DMI is weak
a Co/Tb interfaces while SOT fields are sizable at these
interfaces. This difference can be attributed to the nature of
the electron orbitalsinvolved in each mechanism.

DMI is the antisymmetric exchange between local spins
and, as such, involves mainly localized electrons. In Th, the
magnetism is carried by 4 f orbitals located far below Fermi
energy, and therefore hybridizing only weakly to 34 orbitals
of Coviabd orbitals[45]. Thisisin sharp contrast with Pt/Co
interfaceswhere 54 orbitals of Pt couple directly to 34 orbitals
of Co, thereby acquiring magnetism by proximity effect. The
magnetic coupling being much larger at Pt/Co interfaces than
at Th/Co interfaces, one can reasonably speculate that DMI
should be larger in the former than in the latter.

In contrast with DMI, SOT is a nonequilibrium phe-
nomenon that involves transport electrons at Fermi level. It
has been recently showed that the Rashba effect at the surface
of Thlayersanditsmonoxidesisquitelarge[46], which should
lead to sizable SOT fields. In addition, since Th/Co interfaces
are not sharp, Th-Co intermixing is expected. Tb could act
as an impurity in Co and one can envisage that it leads to the

(

emergenceof extrinsic SHE duetorare-earth impurity-induced
skew scattering in the ultrathin TM layer [31,32]. Such a
resonant skew scattering results in a giant spin Hall effect,
possibly an order of magnitude larger than in Pt [31,32]. In
contrast, the Co impurity in Tb does not induce extrinsic
SHE, which can beonly realized in very low resistivity metals.
Notice that this effect can only be significant as long as the
magnetic exchange between itinerant and local spins is not
too strong; otherwise, theitinerant spin remains aligned on the
local magnetization.

C. Compensation between SOT and STT

To complete our study, we finally discuss the critica
thickness where the DW stops moving under the SHE due to
the cancellation of the SOTs and bulk STT in the A-, B-, and
C-stack wires. Figure 5 shows the DW velocity as a function
of current density in the Th/Co multilayer of A stack and B
stack with various Th/Co repetition numbers (n). Seo et al. [8]
reported that the magnitude of antidamping SOT is inversely
proportional to the thickness of the ferromagnetic (FM) layer.
Therefore, the SOT is expected to be compensated by the bulk
STT at acritical thickness of the FM layer. We find that the
critical thicknessesare ~13.2, 9.9, and 8 nm for the A, B, and
C stack (not shown), respectively. The thickest magnetic layer
to observe the SOT-induced DW motion isthe A stack, which
has the smallest J;; as shown in Fig. 3(b). This result suggests
that the inner Th/Co interfaces play arole for the DW motion
in the A stack. As discussed above, DMI is negligible with
increasing n as well as the thickness [Fig. 4(b)]. Therefore,
DMI should not be strong enough to stabilize the Nédl wall
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FIG. 5. (a) DW velocity asafunction of current density in Co/Tb
multilayer of (a) A stack and (b) B stack for various Co/Tb repetition
number (n).

PHYSICAL REVIEW B 93, 174424 (2016)

structureinthicker samples. Inthat case, the Bloch DWswould
be moved in the direction of conduction electrons dueto STT
[n > 20 in Fig. 5(a)]. A high efficiency of current-induced
SOTshas a so been reported in 20 nm-thick Co/Pd multilayers
with perpendicular magnetic anisotropy [43]. The authors
concluded that the observed effect could not be explained only
by SHE-induced torque at the outer interfaces.

V. CONCLUSION

In conclusion, we have studied the current-induced DW
motion in the perpendicular magnetized Th/Co wires with
different layered structures. The critical current density was
found to strongly depend on the layered structures. The lowest
critical current density ~1.5 x 10A /m? and highest slope of
DW velocity were obtained for the A-stack wire having thin
Co sublayers and more Th/Co interfaces, which suggests that
(antidamping) SOT-induced DW moation is enhanced due to
contributions from Th/Co interfaces. We suggest that such
an enhanced antidamping arises from skew scattering on
Tb rare-earth impurities present in Co sublayers. Our study
indicates an efficient way to reduce the critical current density
for DW motion through inner interface engineering.
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Tenpaku-ku, Nagoya Aichi 468-8511, Japan
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published online 28 February 2017)

Nanoimprint lithography (NIL) is an effective method to fabricate nanowire because
it does not need expensive systems and this process is easier than conventional pro-
cesses. In this letter, we report the Current Induced Magnetization Switching (CIMS)
in perpendicularly magnetized Tb-Co alloy nanowire fabricated by NIL. The CIMS
in Tb-Co alloy wire was observed by using current pulse under in-plane external
magnetic field (H1). We successfully observed the CIMS in Tb-Co wire fabricated
by NIL. Additionally, we found that the critical current density (J) for the CIMS
in the Tb-Co wire fabricated by NIL is 4 times smaller than that fabricated by con-
ventional lift-off process under Hy, = 2000e. These results indicate that the NIL is
effective method for the CIMS. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4977769]

I. INTRODUCTION

Nanoimprint lithography (NIL) process is easy to make the magnetic nanowire comparison
with Electron Beam (EB) lithography.'=> EB lithography process needs expensive lithography sys-
tems and complex process. On the other hand, NIL is new method which is required only few
processes and cheap stamper. It is required to reduce the bit-cost for the Internet of Things (IoT)
applications.

Recently, magnetic materials have been investigated as future logic devices and storage
devices.>™ Especially, the current induced-domain wall motion (CIDWM) and the current induced
magnetization switching (CIMS) in magnetic nanowire have attracted studies as a low power con-
sumption memory such as race track memory and Magnetic Random Access Memory (MRAM).5-!!
As a future MRAM, Spin Torque Transfer (STT)-MRAM is also investigated.

A continuous growing interest in SOTs driven magnetization dynamics with out-of-plane magne-
tized films.'>'# The origin of SOTs is based on heavy metal and inversion asymmetry structure.'>'6
In addition to that the pulse current injection in this structure, spin current is generated into the
nanowire from the heavy metal layer.'>'6

In this work, we demonstrate magnetization switching with new fabrication process of magnetic
nanowire by way of NIL with the pulse injection along the wire with substrate(SiO; or Plastic)/Al,O3
(10 nm)/Co-Tb (6 nm)/Pt (2 nm) wire.

Il. EXPERIMENTS

Figure 1(a) indicates the fabrication process of the conventional way to make the magnetic
nanowire, for example, EB lithography and lift-off procedures. The fabrication process of NIL is
shown in Figure 1(b). Figure 1(c) shows the schematic image of the sample B. In the samples A and
B, wire widths are 2 um, lengths are 20 um and pitches are 1um. The sample B has 200nm depth
shown in Fig. 1(c).

2158-3226/2017/7(5)/055930/5 7, 055930-1 © Author(s) 2017 E ]


http://dx.doi.org/10.1063/1.4977769
http://dx.doi.org/10.1063/1.4977769
http://dx.doi.org/10.1063/1.4977769
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1063/1.4977769
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4977769&domain=pdf&date_stamp=2017-02-28

055930-2 Asari, Shibata, and Awano AIP Advances 7, 055930 (2017)

FIG. 1. (a) Schematic diagram of fabrication process by way of EB lithography. (b) Schematic diagram of the fabrication
process by way of nanoimprint lithography and (c) the nanowires fabricated by the nanoimprint lithography.

The NIL was processed as follows. First, the mold was put on plastic substrate. Next, they
were pressed at temperature 7' = 453 K. After that, we could obtain nanoimprinted plastic substrate
after removing mold. Finally, Tb-Co alloy film was deposited on imprinted plastic substrate using
sputtering. The wire could be obtained by only using sputtering because imprinted substrate already
has wire pattern. On the other hand, we also fabricate wire on thermal oxide Si substrates using EB
lithography and lift-off process. The Tb-Co alloy layer and Pt capping layer are deposited by DC
magnetron sputtering. The buffer layer of Al,O3 was deposited by Atomic Layer Deposition (ALD).
The CIMS in the Pt/Tb-Co wire is observed by the Magneto Optical Kerr Effect Microscope with
the in-plane magnet (maximum field: + 1 kOe). The composition of Tb-Co alloy wire was measured
by Electron Prove Micro Analyzer (EPMA).

lll. RESULTS AND DISCUSSION

Figure 2 shows magnetic field dependence on Polar Kerr rotation angle of the Th3,Cogg alloy
films on Si and Plastic substrate as a function of perpendicular magnetic field. The sample structures
are indicated in the figure. Both the coercive forces are almost 1.5 kOe. As shown in Fig. 2, both of
loops are almost same. It indicates that magnetic properties of the wire on thermal oxide Si substrate
and plastic substrate are almost same.

The CIMS was measured as follows. First, we applied an out-of-plane magnetic field to initialize
the wire magnetization (-M). After that, the current pulses with lus duration were injected to wire
under longitudinal magnetic field (Hy,). Finally, we estimated switching probability by using switched
area.

Figure 3(a) shows experimental set up. As shown in Fig. 3(a), the electrodes contact with the
land areas and the current was applied to only these areas. Therefore, it is expected that there were no
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FIG. 2. Hysteresis loops of Tb-Co alloy films on Si and Plastic substrate measured by Magneto Optical Kerr Effect with Si
and Plastic substrate.

coupling effects between groove and land areas. Figures 3(b) and 3(c) show Kerr images of Tb-Co
alloy wire fabricated by NIL. The magnetization switching was induced by 1us-wide current pulses
under H1, =200 Oe (X direction). According to Figs. 3(b) and 3(c), the almost all wire of magnetization
is switched —-M (white) to +M (black). The magnetization switching directions strongly depend on
current and Hy_ direction. That phenomenon is the CIMS attributed to Spin Hall Effect.'%1® Therefore,

FIG. 3. (a) Schematic diagram of experimental set up. Kerr images of Tb-Co alloy wire on imprinted plastic substrate (b) before
applying pulse current, and (c) after applying pulse current for lus pulse current of 7.1 MA/cm? under 200 Oe (X direction).
Black area indicates the area which Tb-Co alloy film was not deposited.
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FIG. 4. Switching probabilities of the Tb-Co alloy wire on the Si substrate and imprinted plastic substrate as a function of
current density.

we succeeded in observing the CIMS with wire fabricated by NIL. Figure 4 indicates switching
probabilities as a function of current density. As shown in Fig. 4, the critical current density (J;)
for CIMS of Tb-Co wire on imprinted plastic and Si substrate are 24 MA/cm? and 5.5 MA/cm?,
respectively. The J. of the Tb-Co wire on imprinted plastic substrate is 4 times smaller than that
on Si substrate. That value of J. is also smaller than another material, for example, MgO/FeCoB/Ta
(Je =20 MA/cm?).'0 Therefore, this result indicates that the imprinted plastic substrate is effectively
induced CIMS.

One of the possibilities of reduction of the J, for CIMS is thermal effect. The large current pulses
usually generate Joule heating.!” The magnetic properties of rare-earth transition-metal magnetic
material are greatly changed by changing temperature because its Curie temperature is near room
temperature.'®!® Therefore, if the large current is applied to the wire the nucleation field (Hy) is
decreased by the joule heating. Magnetization switching is occurred when values of effective magnetic
field (Hsug) generated by SHE is over the Hy. The thermal conductivity of plastic substrate is usually
lower than Si substrate.’®?! It means the joule heating on the plastic substrate is more effective for
heating up the wire than that on Si substrate.”> Therefore, since the reduction of Hy of Tb-Co wire
on the plastic substrate is larger than that on Si substrate, the J. for CIMS in Tb-Co wire on imprinted
plastic substrate much lower than that on Si substrate.

IV. CONCLUSION

We investigated the current-induced magnetization switching with Tb-Co film. We succeeded
in observing the CIMS with wire fabricated by nanoimprint lithography. The critical current density
(/o) for CIMS of Tb-Co wire on imprinted plastic and Si substrate are 24 MA/cm? and 5.5 MA/cm?,
respectively. The J; of the Tb-Co wire on imprinted plastic substrate is 4 times smaller than that on
Si substrate. Therefore, this result indicates that the imprinted plastic substrate is effectively induced
CIMS.
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. coated with an oxide layer (SiOx). We find that the Kerr rotation angle and the ellipticity of ~1 nm thick

CoFeB thin films, almost transparent to visible light, show a strong dependence on the thickness of the
SiOx layer. The Kerr signal from the 1 nm CoFeB thin film can be larger than that of ~100 nm thick CoFeB
films for a given SiOx thickness and light wavelength. The enhancement of the Kerr signal occurs when
optical interference takes place within the SiOx layer. Interestingly, under such resonance condition,
the measured Kerr signal is in some cases larger than the estimation despite the good agreement of the
measured and calculated reflection amplitude. We infer the discrepancy originates from interface states
that are distinct from the bulk characteristics. These results show that optical interference effect can be
utilized to study the magneto-optical properties of ultrathin films.

Thin film heterostructures with ultrathin magnetic layer(s) are attracting great interest owing to the strong inter-
facial effects found recently?. The perpendicular magnetic anisotropy at the interface between a magnetic layer
and an oxide layer has allowed development of magnetic storage elements for the spin transfer torque-magnetic
random access memory (STT-MRAM) applications®. Layers with strong spin orbit interaction (e.g. 5d transition
metals) can generate spin current and/or spin accumulation, which allows current controlled magnetization of
the thin magnetic layer via spin orbit torques®~. Chiral magnetic structure emerges in similar heterostructures
due to the interface Dzyaloshinskii-Moriya interaction'®!’.

Magneto-optical Kerr effect provides a non-destructive approach to gaining information of the magnetiza-
tion direction of magnetic materials'?-1°. It has been widely used recently to probe the magnetic state of thin
film heterostructures to evaluate spin-orbit torques, chiral magnetism and related effects'®?>. More recently, the
Kerr effect has also been used to reveal the magnetization of two-dimensional (2D) monoatomic van der Waals
crystals?®?. As the magnetic layer in many of the thin film heterostructures is only a few atomic layers thick and
hardly reflects light, it is of interest to study how one can increase the Kerr signal from the heterostructures to
allow evaluation of the magnetic states.

Optical interference effect has been commonly used to increase the Kerr signal from magnetic materials?$->%,
Dielectric materials with designed thickness (for a given wavelength) have been placed above or beneath the
magnetic material so that multiple reflections occur at the top and bottom interfaces of the dielectric layer. If
many reflections take place at the dielectric/magnetic layer interface, the effective Kerr rotation angle can be
increased. Insertion of proper dielectric materials can boost the Kerr signal by more than a factor of ten?*** and
has been incorporated into magneto-optical storage technologies®. However, this effect has not been confirmed
for ultrathin magnetic layers which are almost transparent to visible light.

Here we study the magneto-optical Kerr spectrum of ultrathin magnetic films deposited on Si substrates
coated with silicon oxide (SiOx) to identify the origin of the large Kerr signals found in such heterostructures.
Even for films with magnetic layer of ~1 nm thickness, which is almost transparent to visible light, we find that
the Kerr rotation angle and its ellipticity can be significantly enhanced by using optimal thickness of the SiOx for
a given light wavelength. The Kerr signal of the ultrathin magnetic films is larger than that of the corresponding
bulk value under certain conditions. The increase in the Kerr rotation angle and the ellipticity can be described
with an analytical model that takes into account optical interference effect!**¢-3® within the SiOx layer. These
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Figure 1. (a) Kerr signal (A) vs. out of plane magnetic field (H,,) for a film stack (Sub./0.5 Ta/1 CoFeB/2 MgO/1 Ta)
deposited on Si substrates with different SiOx thicknesses. The curves are shifted vertically by 1 deg for clarity. (b) The
image shows a schematic illustration of the sample. The solid circles in the plot shows the Kerr rotation angle (6) as a
function of the SiOx thickness. The laser wavelength (\) is ~500 nm. The solid line represents calculation results using
Egs (5) and (6).

results show that the magnetic state of any ultrathin magnetic films, which hardly reflect light in the visible range,
can be evaluated using the Kerr effect by properly choosing the substrate and the light wavelength.

Results

Films are deposited using RF magnetron sputtering. The heterostructure used here to study the magneto-optical
Kerr effect is: Sub./0.5 Ta/1 CoFeB/2 MgO/1 Ta (thickness in nanometer). We use non-doped Si (100) substrates
coated with SiOx (thickness is fg;q,). The heterostructures are annealed at ~300 °C ex-situ in vacuum for 1 hour.
The light wavelength dependence of the Kerr rotation angle and ellipticity are measured using a homemade Kerr
spectroscopy. The refractive index of the substrate and the layers constituting the heterostructure are studied
using an ellipsometry. We measure the refractive index of ~100 nm thick single layer films which we assume rep-
resent the dielectric properties of the corresponding layer in the heterostructure. See the Methods section for the
details of the sample preparation and experimental setup.

Figure 1(a) shows the magnetization hysteresis loops obtained by sweeping the magnetic field directed along
the film normal while the polar Kerr signal (A) is measured. As schematically shown to the right of Fig. 1(a), the
light is incident from near film normal. The wavelength of the light is fixed to ~500 nm here. Clear Kerr signal
from the magnetization of the CoFeB layer is found except for the film without the SiOx layer (t50, =0nm). The
amplitude of the Kerr rotation (6) is defined as the difference in the signal when the magnetization (m,) is
reversed along its easy axis, i.e. 0y = A(m, = —1) — A(my, = 1). O is plotted as a function of tg,, in Fig. 1(b):
the amplitude varies with the thicknesses of the SiOx layer.

The wavelength dependence of the reflection amplitude is shown in Fig. 2(a-g) for the films with different
tsiox The refection amplitude shows an oscillatory dependence on the wavelength when tg, is non-zero. The
corresponding Kerr rotation angle (6x) and the ellipticity (1) are plotted in Fig. 3(a-g) with black squares and
red circles, respectively. The ellipticity is defined in units of angle. 6 and 7 exhibit symmetric and/or asymmetric
peak-like structures when the reflection amplitude takes a minimum. In order to account for the origin of the
Kerr spectra’s peaks, we calculate 0 and 7, using the effective refractive index approach®. Note that the matrix
approach!® returns the same results.

The refractive index of a double layer system 3/« (« is sitting on top of 3) can be modeled as a single layer
medium with an effective refractive index (ﬁﬂ o Eﬂ /o)» Which is defined as?:

1 - rﬂaexp[Zi(na — ika)h:“]

ﬁﬂ/a - ﬂ;@/a = (na - ika)

1+ rﬂaexp[Zi(na - ika)ZT)r\ta] i

Here A is the wavelength of the light incident from medium «. t, is the thickness of medium .. n;and k; (I=«,
) are, respectively, the real and imaginary components of the refractive index of medium . r, is the reflection
amplitude of the light at the 5/« interface and is defined as:

(n, — ik,) — (ng — ikg)

r/ia =
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Figure 2. (a-n) Experimentally measured (a-g) and analytically calculated (h-n) reflection amplitude vs. laser
wavelength for a film stack (Sub./0.5 Ta/1 CoFeB/2 MgO/1 Ta) deposited on Si substrates with different SiOx
thicknesses.

To calculate the Kerr spectrum, we need values of the refractive index for the relevant layers. Here we assume
that our system constitutes from three media, i.e., the Si substrate, the SiOx layer, and the thin film heterostruc-
ture. Although the thin film heterostructure includes four different layers, the dominant contribution to the
magneto-optical properties arises from the magnetic (CoFeB) layer. The other layers are thin enough, compared
to the light wavelength, such that interference effects within each layer can be neglected. In using Eqs (1) and (2)
one must know the refractive index of three media.

The real (ng) and imaginary (kg;) parts of the refractive index of the Si substrate without any SiOx layer
(tsi0x~0nm) is plotted in Fig. 4(a). A peak is found at low wavelength, a characteristic well known for Si (ref.*?).
For the SiOx layer, we take a value (1150, = 1.5, kg0, = 0) widely used in the literature and assume it is independent
of the wavelength within the range studied. Figure 4(b) shows the refractive index (#,, k;) of a ~100 nm thick
CoFeB film (Si/SiOx/0.5 Ta/100 CoFeB). Here the subscript “b” stands for bulk like CoFeB. The refractive index
increases with increasing wavelength, typical of metallic films*. As the refractive index of a magnetic material
typically depends on the polarization of light we compute the refractive index (nip.p> kcopep) for both polarities
(0*) using the refractive index (1, k;) and the Kerr rotation angle (8,) and ellipticity (1) of the thick CoFeB film.
ot and o~ correspond to right and left circularly polarized lights, respectively. 8, and 7, are plotted in Fig. 4(c). It
is interesting to note that some of the peak values of 6 and 7 obtained from ~1nm thick CoFeB layer shown in
Fig. 3(a-g) are larger than the corresponding bulk limit shown in Fig. 4(c). nd p.p and ko g are expressed as:
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Figure 3. (a-n) Experimentally measured (a-g) and analytically calculated (h-n) Kerr rotation angle 6 (black
squares) and Kerr ellipticity ny (red circles) vs. laser wavelength for a film stack (Sub./0.5 Ta/1 CoFeB/2 MgO/1 Ta)
deposited on Si substrates with different SiOx thicknesses.

né:oFeB = n, £ An, ké:oFeB =k, £ Ak
An = (kRelexy] — mImley])/(n,” + k%
Ak = (mRelegy] + kmlegy )/ (n,2 + k%)
[, (1 = my + 3Kk;)0, — k(1 — 3n; + k;)m,]
+ilky(1 = 3n; + k)0, + m(1 — ny + 3k;)n,] 3)

Exy
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Figure 4. (a) Light wavelength dependence of the real (ng) and imaginary (k) parts of the refractive index for
Si substrate without SiOx. (b,c) Real (n,) and imaginary (k;) parts of the refractive index (b), Kerr rotation angle
0, and ellipticity n, (c) of a ~100 nm thick CoFeB film (Sub./0.5 Ta/100 CoFeB) deposited on a Si substrate with
no SiOx. (d) Calculated real (n, ;) and imaginary (ki) parts of the refractive index of the thick CoFeB film
for different light polarization. Equation (3) is used to obtain these results.

The calculated refractive index ("cioFeB’ kCioFeB) is shown in Fig. 4(d). Although the difference of the refractive
index for both polarities is small, such small difference causes the magneto-optical Kerr effect.

We first compute the effective refractive index of the Si substrate and SiOx layer, i.e. (fig50. Ksi/siox)-
Substituting Nsiow Ksiow si» ksi into 11, k,, ng, kz of Eq. (1), respectively, the effective refractive index of Si/SiOx
(Figsion Ksijsiox) 1S obtained. Next we compute the effective refractive index of Si/SiOx and the thin film hetero-
structure (i.e. CoFeB layer). We substitute ¢ ep kiopem fisi/sioxs Ksi/siox IO Mg ko» 15, kg of Eq. (1) to obtain the
effective refractive index (7igt ;0 /corer Ksi/siox/coren) Of the entire structure. The polarization dependent reflection
amplitude of the sample is defined as:

, JUns ~
N (ny — iky) — (nSi/SiOXICoFeB - lkSi/SiOx/CoFeB)
r =

. Jons 7 E
(ng — iko) + (nSi/SiOX/CoFeB - lkSi/SiOX/COFeB) (4)

where n, and k, are the real and imaginary parts of the refractive index of air. Here we assume #y~ 1 and k,~ 0.
The calculated average reflection amplitude ('+ +7) is plotted as a function of light wavelength for different SiOx
layer thicknesses in Fig. 2(h-n). The calculated Curves resemble those of the corresponding experimental results.
To gain insight into the underlying physics of the model calculations, Eq. (4) is rewritten more explicitly as the
following:

+ + + + . . [
5i0x/CoFed  TCoken/air T Tsission(1 + rSiOx/CoFeBrCoFeB/Air)exp[47”(nSiOx + iksion) S

+
r =

+ + + + . . [
L+ 7i0x/CoFeB!CoFen/air T Tsisiox("siOx/CoFe T ”COFeB/Air)eXP[47r’(”SiOX + tksion) =\

®)

We made the following assumption to derive Eq. (5) from Eq. (4), i.e. ‘8 « 1: this is valid since the thickness of
the heterostructure is much smaller than the wavelength. Equation (5) indicates that the reflection amplitude, and
consequently the Kerr rotation angle and the ellipticity, will oscillate with the inverse of the light wavelength with
a periodicity defined by ! L InFig. 5(a), we replot the calculated reflection amplitude (Fig. 2(m)) as

fisioxtsiox  3lsiox
a function of the inverse of the light \S/\?avelength (A) for tgo, =500 nm. The blue solid line is a fit to the results
using a sinusoidal function with a linear background. The oscillation period of the reflection amplitude agrees
with ~1/3tg,.
The Kerr rotation angle and the ellipticity are defined using the reflection amplitude as the following:
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Figure 5. (a,b) Calculated reflection amplitude (a), Kerr rotation angle and ellipticity (b) plotted against the
inverse of the light wavelength (X\). The blue line in (a) shows fit to the data using a sinusoidal function. The
thickness of the SiOx layer is 500 nm.

O = %[arg(fr) — arg(r)]

] =]

1, = arctan| —
o ]+ I

(6)

The calculated 6y and 7 spectra for samples with various SiOx layer thicknesses are plotted in Fig. 3(h-n).
We find good agreement between the calculation and the experimental results. The wavelength at which peaks
in the 0y and ng occur coincides with that when the reflection amplitude takes a minimum. To shows this more
explicitly, we replot the results of Fig. 3(m) as a function of 1/ in Fig. 5(b). The correspondence between the
reflection amplitude and the Kerr signals are clear. These results suggest than when the light is confined within the
SiOx layer and undergoes multiple reflection, the Kerr signal increases, however, with a reduction in the reflection
amplitude.

Discussion

Finally we discuss the appropriate SiOx layer thickness for a given light wavelength to obtain the maximum Kerr
signal output. We calculate 0y as a function of tg;o, to compare with the experimental results. The blue solid line
in Fig. 1(b) shows the calculated results. Good agreement between the calculations and experiments are obtained
except for 5o, ~400nm (the deviation is also evident in Fig. 3(e) and (1) around A ~ 500 nm). From the calcula-
tions shown in Fig. 1(b), one finds that there are optimum thicknesses for the SiOx layer under a given light
wavelength. As the maximum Kerr signal occurs when the reflection amplitude takes a minimum, Eq. (5) indi-
cates that the optimum condition to observe large Kerr signals is 47, tsf" ~ m(2m — 1), where m is an integer.
This in turn gives the optimum SiOx thickness &, ~ —*—2"

2m—1 for a given wavelength. For a green light
nsiox
(A~500nm), tg, is ~80nm, 250 nm, 420 nm, 580 nm, which are in good agreement with the SiOx thicknesses at

which |6| takes a maximum in the calculations (see Fig. 1(b)). Such interference condition is also required to
visualize graphene sheets placed on Si/SiOx substrates using optical microscopes*!.

It should be noted that the enhancement of 0y is associated with a reduction in the reflected light amplitude.
This is because multiple reflections occur at the Si/SiOx and SiOx/heterostructure interfaces under the interfer-
ence condition, and as a result, there is a larger probability of the light being absorbed into the Si substrate and/
or the heterostructure, resulting in a reduction of the light amplitude that reflects off the sample. The correspond-
ence can be seen both in the experimental results and the simulated curves (see Figs 2 and 3). Significant effort
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was placed in the past to maximize the Kerr rotation angle while maintaining a reasonable amount of reflected
light amplitude to detect the magnetic state of the magneto-optic media®.

We note that the optical interference effect may provide a useful means to study the interface states with
magneto-optics. A common approach taken thus far is to use magnetic multilayers**~* in which a large number
of interfaces contribute to the overall signal and thereby increase the signal to noise ratio. Instead, one may use
the optical interference within the oxide layer of the substrate and probe, for example, a single interface within
the film many times via the multiple reflections associated with the interference. As we have shown here, even for
an ultrathin film almost transparent to visible light (~1.5 nm thick metallic film), one can use conventional mod-
els'*3 to calculate the expected magneto-optical signal. Thus, this will allow a straightforward way to evaluate
other contributions, if any, to the signal that may result from e.g. interface spin orbit coupling.

Experimentally, we find that the measured Kerr signals (rotation angle and ellipticity) at the resonance condi-
tion (when fg,q, ~1g,) are in some cases larger in magnitude that those from the calculations. For example, the
measured Kerr ellipticity at t5, ~ 100nm and A~ 630 nm (Fig. 3(b)) is nearly twice as large as that of the calcula-
tions (Fig. 3(i)). The reflection amplitude, in contrast, is better reproduced by the calculations. These results sug-
gest that the Kerr signal of the heterostructure with the ultrathin magnetic film is enhanced compared to what is
expected from the corresponding bulk properties. We infer that spin orbit coupling, magnetic moment, and/or
magneto-optical coupling at the interface(s)* may be enhanced in the heterostructure, leading to larger Kerr
signals.

In summary, we have studied conditions at which one can maximize the magneto-optical Kerr effect from an
ultrathin magnetic layer, almost transparent to visible light, deposited on Si substrate coated with a SiOx layer. For
a given light wavelength (), the thickness of the SiOx layer has to be set to one quarter of the effective wavelength
(Mngio,) times an odd integer to observe the maximum Kerr signal (0, is the real part of the SiOx refractive
index). Such condition fulfills the requirement to cause optical interference within the SiOx layer. Interestingly,
we find that the Kerr signals are, for certain resonance conditions, larger than the estimation despite the good
agreement of the measured and calculated reflection amplitude. The discrepancy may originate from interface
states that are distinct from the bulk characteristics. These results show that optical interference effect can be
utilized to study the magneto-optical properties of ultrathin films, including those of the interface states.

Methods

Sample preparation. RF magnetron sputtering is used for the film deposition. The substrate is non-doped
Si(001) substrates coated with SiOx. Wet oxidation is used for the formation of SiOx. The SiOx thickness is deter-
mined by ellipsometry and its accuracy is ~4+10%. For the growth of heterostructures, relatively thick (~20 nm)
calibration films are made to estimate the film deposition rate. Line profiling and x-ray resonant reflection are
used to measure the thickness of the calibration films. The variation of the measured deposition rate is typically
less than ~10%.

Ellipsometry. Ellipsometry from JASCO (model M-150) is used. The angle of incidence is ~45 degree. A
linearly polarized light is fed into a photo-elastic modulator (PEM) and the output from the PEM is irradiated on
the sample. No magnetic field is applied during the ellipsometry measurements. The magnetization direction of
the ~100 nm thick CoFeB film points along the film plane.

Kerr spectra. Magneto-optical Kerr spectrum is measured using a Xenon light source, a PEM and a photo-
multiplier detector. The angle of incidence is ~4 deg. Details of the setup are described in ref.**.
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Long spin coherence length and bulk-like
spin-orbit torque in ferrimagnetic multilayers

Jiawei Yu', Do Bang?*8, Rahul Mishra'®, Rajagopalan Ramaswamy’, Jung Hyun Oh#, Hyeon-Jong Park®,
Yunboo Jeong ©@¢, Pham Van Thach?3, Dong-Kyu Lee*, Gyungchoon Go* Seo-Won Lee*, YiWang®?,
Shuyuan Shi', Xuepeng Qiu®7, Hiroyuki Awano?, Kyung-JinLee ©®4>¢* and Hyunsoo Yang ®™*

Spintronics relies on magnetization switching through current-induced spin torques. However, because spin transfer torque
for ferromagnets is a surface torque, a large switching current is required for a thick, thermally stable ferromagnetic cell, and
this remains a fundamental obstacle for high-density non-volatile applications with ferromagnets. Here, we report a long spin
coherence length and associated bulk-like torque characteristics in an antiferromagnetically coupled ferrimagnetic multilayer.
We find that a transverse spin current can pass through >10-nm-thick ferrimagnetic Co/Tb multilayers, whereas it is entirely
absorbed by a 1-nm-thick ferromagnetic Co/Ni multilayer. We also find that the switching efficiency of Co/Tb multilayers par-
tially reflects a bulk-like torque characteristic, as it increases with ferrimagnet thickness up to 8 nm and then decreases, in
clear contrast to the 1/thickness dependence of ferromagnetic Co/Ni multilayers. Our results on antiferromagnetically coupled

systems will invigorate research towards the development of energy-efficient spintronics.

a surface torque based on the averaging effect of STT*°. We

note that the same averaging effect occurs regardless of the
spin current source, and the spin-orbit torque (SOT)"*, which we
use in our experiment, is also a surface torque for ferromagnets
(Supplementary Note 1). When a transverse spin current with a spin
orientation non-collinear with the magnetization is injected into a
ferromagnet, the electron spin precesses rapidly in real space because
the wavevectors of the majority (1) and minority (|) spins at the
Fermi surface are different (that is, k| # k). The precession wave-
lengths are different for different incident angles of electrons (that is,
the direction of wavevector k), leading to rapid spin dephasing when
summing over all current-carrying k states. As a result, the k-inte-
grated transverse spin current decays to zero within a distance from
the ferromagnet surface called the ferromagnetic coherence length
(spin coherence length, more generally), 1_=n/lk] — kI (ref. °).
As |k{—ki| becomes larger for larger exchange splitting, 4. is only a
few dngstroms in strong ferromagnets (for example, cobalt or iron)
for which the STT is almost a surface torque.

Theories have predicted that the spin coherence length is very
long in antiferromagnets (AFMs) because of the staggered spin
order on an atomic scale'"'. We use the term ‘bulk-like torque’ to
describe the characteristic of spin torque in AFMs (that is, spin-cur-
rent absorption for a larger thickness), in contrast with the surface
torque of ferromagnets. A semiclassical explanation of bulk-like
torque is that conduction electron spins see the moments with alter-
nating orientation on an atomic scale as exchange interactions with
alternating signs. As a result, an ideal AFM has zero net effective
exchange interaction when averaged over two sublattices and thus
has an infinitely long 4, yielding the bulk-like torque characteristic.

_|_he spin-transfer torque (STT)'™* acting on ferromagnets is

Several experiments have investigated STT/SOT effects in systems
including AFMs"*~* and more recently in ferrimagnetic alloys'*-",
but not on the long spin coherence length and associated bulk-like
torque characteristic.

We qualitatively illustrate the spin coherence length in ferromag-
nets and antiferromagnetically coupled ferrimagnets (FIMs), based
on the spin precession around the local exchange field. Neglecting
the spin relaxation, the dynamics of non-equilibrium spin density s
is described by ds/0t=—ys x H,,, where y is the gyromagnetic ratio
and H,, is the effective exchange field that is aligned along the local
spin moment S. Assuming s=(sin, cos6, 0) and H, =HzZ, this
equation of motion transforms to 00/0t=256/6t=—yH, where the
sign of the spin precession angle 86 follows the sign of H and thus
the sign of S (Fig. 1a,b). In a ferromagnet, an electron spin propa-
gating along the x direction continuously precesses in the same
sense because of the homogeneous exchange field (Fig. 1c). On the
other hand, in a FIM, an electron spin precesses anticlockwise on a
lattice corresponding to a positive exchange field, whereas it
precesses clockwise on the next lattice corresponding to a nega-
tive exchange field. As a result, the period (or wavelength) of spin
precession in FIMs is longer than that in ferromagnets, resulting in
much less spin dephasing.

To verify the theoretical prediction of long spin coherence
length, we performed experiments with a FIM, that is, Co/Tb mul-
tilayers where both the Co and Tb layers are atomically thin and
their moments are coupled antiferromagnetically. We chose a FIM
instead of an AFM for two reasons. First, the Co/Tb multilayers can
have alonger 4, than a ferromagnet because of the antiferromagnetic
alignment of the Co and Tb moments, thereby exhibiting a feature
of the bulk-like torque characteristic. As explained above, the STT
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Fig. 1| Semiclassical illustration of increased spin coherence length in
FIMs compared to ferromagnets. a,b, Local spin precession angle &6 of
a spin injected from a normal metal (NM) into a ferromagnet (FM) with
up magnetic moment (m//+Z2) and down magnetic moment (m//—2),
respectively. Note that m is antiparallel to the local spin moment S. Blue
dots (red crosses) indicate the directions of magnetic moments along
the +Z (=2) direction. ¢,d, Precession of an electron spin in the FM layer
(¢) and in the FIM layer (d). Blue and red curved arrows indicate 80> 0
and 86 < O, respectively.

efficiency of a ferromagnet is inversely proportional to the ferro-
magnet thickness®, whereas that of an ideal AFM is independent of
the AFM thickness. As the A, of a FIM is located between those for
a ferromagnet and an AFM, it is expected that the STT efficiency of
a FIM first increases and then decreases with FIM thickness. The
second reason to choose a FIM is that various measurement meth-
ods established for ferromagnets are applicable to FIMs because of
their non-zero net moment'®*". However, the choice of a FIM also
results in a difficulty. FIMs commonly show a thickness-dependent
variation of their magnetic properties?, as also observed in Co/Tb
multilayers (Supplementary Note 2), which makes a quantita-
tive analysis of spin transport difficult. Even with this difficulty,
our thickness-dependent SOT measurements combined with spin
pumping measurements support a long spin coherence length and
associated bulk-like torque characteristic in ferrimagnetic Co/Tb
multilayers, as we show in the following.

Multilayer structures and harmonic Hall measurements

We fabricated perpendicularly magnetized ferromagnetic [Co/Ni]
and ferrimagnetic [Co/Tb]y multilayers (Fig. 2a,b; see Methods for
details), where the total thickness varies with changing repetition
number N. Both Co/Ni and Co/Tb multilayers have an additional
Ptlayer, and an in-plane current generates SOTs. We used harmonic
Hall voltage measurements to quantify the strength of the SOT
effective fields=*. The longitudinal and transverse measurement
schematics are presented in Fig. 2c,d, respectively. Representative
results for the longitudinal (blue line) and transverse (red line) sec-
ond harmonic voltages (V) from Co/Ni (N=2) and Co/Tb (N=5)
devices are shown in Fig. 2e.f, respectively. The anomalous Nernst
effect is corrected in the V,; data?’. We observe a clear V,;in the lon-
gitudinal configuration (H//I), which is mostly determined by the
anti-damping SOT***. The opposite V signs in the H//I case for
Co/Ni and Co/Tb multilayers indicate that the Pt layer is the source
of spin currents, as it is placed on top of the Co/Tb multilayer, but
under the Co/Ni multilayer. To rule out the contribution from pure
bulk Co/Tb to SOTs, we conducted a control experiment without
and with the spin current source, Pt (Supplementary Note 3). We
find that there is no noticeable current-induced SOT without the Pt
layer, suggesting that the Co/Tb bulk itself cannot directly contrib-
ute to SOTs.
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Fig. 2 | SOTs in ferromagnetic versus ferrimagnetic film stacks.

a,b, lllustrations of ferromagnetic Co/Ni (a) and ferrimagnetic Co/

Tb (b) multilayers. The magnetizations of Co, Ni and Tb sublattices are
presented by yellow, blue and green arrows, respectively. ¢,d, Measurement
schematics for longitudinal (¢) and transverse (d) SOT effective fields.
V+/— represents the positive/negative port of a lock-in amplifier for
voltage measurements. H,,, and /,. are the external magnetic field and
applied a.c. current, respectively. e f, Second harmonic voltages (V,)
obtained from Co/Ni (e) and Co/Tb (f) multilayer devices, with the blue
curves representing the longitudinal signals and red curves representing
the transverse signals. Insets, first harmonic voltages (V}). The units of the
x axis are kOe.

SOT effective fields and spin Hall angles

We extracted the spin-orbit effective fields, H; and H,, by fitting
V¢ (refs *#*), where H; and H; correspond to the anti-damping
(longitudinal) and field-like (transverse) components of SOTs,
respectively. The planar Hall effect is considered for the fitting
(Supplementary Note 4). Devices with different N, corresponding to
different thicknesses of ferromagnetic Co/Ni (t;,) or ferromagnetic
Co/Tb (tg) were measured. Absolute SOT effective fields normal-
ized by the current density in the Pt layer (H,,/]) are presented in
Fig. 3a,b for the Co/Ni and Co/Tb systems, respectively. We find
that both H; and H; of Co/Ni multilayers decrease as ¢ increases,
consistent with the surface torque characteristic expected for fer-
romagnets. However, Co/Tb multilayers show an entirely different
trend, in which both H; and H; increase up to a ty,, of 7.9nm and
then decrease for thicker samples.

We  estimated the  effective  spin  Hall angle
Ougr = Hy, (2eMitgy kv /1) > Where e is the electron charge and 7
is the reduced PlancK’s constant, by considering the thickness-
dependent variation of the saturation magnetization Mg and
current density J in the Pt layer. The Co/Tb multilayer shows a sig-
nificant M variation, with the minimum at t,,,=6.6nm (inset of
Fig. 3d). We find that 6,4 of the Co/Ni multilayer is nearly constant
with t; (Fig. 3c). Similar to the trend for H,/], 8, of the Co/Tb
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Fig. 3 | SOT effective fields and switching efficiencies in ferromagnetic versus ferrimagnetic multilayers. a,b, Longitudinal (H,) and transverse (H;) SOT
effective fields as a function of ferromagnetic Co/Ni (a) or ferrimagnetic Co/Tb (b) thicknesses (tg, or tyy). H+/J represents the SOT effective fields
normalized by the current density in the heavy metal layer. ¢,d, Effective spin Hall angle (0,¢) as a function of Co/Ni (¢) or Co/Tb (d) thicknesses. Insets
(c,d), saturation magnetization (M) as a function of ferromagnet or ferrimagnet thickness. e f, Switching efficiencies (1) as a function of Co/Ni (e) or
Co/Tb () thicknesses. Insets (e, f), current-induced switching data, showing the Hall resistance (R,,) as a function of applied pulse current density (J).
Error bars are calculated from repeated measurements in four different devices.

multilayer increases up to fyy=9.9nm and then decreases for
thicker samples (Fig. 3d). Apart from the distinct thickness depen-
dence of g, another interesting observation is that the Co/Tb mul-
tilayer shows a larger 6, than the Co/Ni multilayer (6, of the Co/Tb
multilayer is 2.1 at ty,,=9.9nm and the average 0,4 of the Co/Ni
multilayer is 0.2+ 0.05). We note that a model calculation consid-
ering a thickness-dependent variation of the sd exchange in FIMs
shows trends that are qualitatively similar to the experimental ones
(Supplementary Fig. 2), even though the model is too simple to cap-
ture all the details of FIMs. Nevertheless, this qualitative agreement
between model and experimental results indicates that the distinct
behaviour of the 6, of the Co/Tb multilayer originates from a com-
bined effect of long spin coherence length and thickness-dependent
property variation, in which the thickness-dependent exchange
coupling may be a possible origin for the unusual thickness depen-
dence of the spin torque efficiency.

NATURE MATERIALS | VOL 18 | JANUARY 2019 | 29-34 | www.nature.com/naturematerials

SOT switching experiments

As an independent test, we performed SOT switching experi-
ments by applying an external field (H,,,) along the current direc-
tion (0=0°) to achieve deterministic magnetization switching. The
insets of Fig. 3e,f present representative current-induced switch-
ing data obtained from Co/Ni (N=2) and Co/Tb (N=5) samples,
respectively. As the switching is governed by domain nucleation and
propagation in large samples (that is, Hall bar width=10pm), we
estimate the STT efficiency to be n=H,/J, where H, is the domain
wall depinning field'*”. Figure 3e,f shows 7 as a function of t, and
teyy respectively. For the Co/Ni multilayers, 5 decreases with t,,
whereas for Co/Tb multilayers it increases and then decreases with
tr following similar trends to the SOT effective fields (Fig. 3a,b).
We note that the recently reported fast dynamics at the angular
momentum compensation condition in FIMs®' would affect the
switching data, but not the harmonic Hall data.
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Fig. 4 | Spin pumping measurements. a, Spin pumping sample structure.
The orange arrow represents the magnetization direction of the top Co
layer. N is the repetition number of Co/Tb or Co/Ni bilayer pairs.

b, Schematic of spin pumping measurements. Before making the copper
waveguide on top of the device, a thick SiO, layer (~30nm) is deposited
(the translucent square highlighted by the red dashed box) on top of the
multilayer stacks to isolate the waveguide. S and G indicate the signal and
ground connections for high-frequency measurements. An in-plane bias
field (H,) along the waveguide direction is applied. Voltage is recorded by
a lock-in amplifier. ¢, Spin pumping induced inverse spin Hall voltage
(Visue) with respect to H, in various structures. d, Inverse spin Hall

signal (Vs,e/R, where R is the channel resistance) as a function of
[Co/Tb] thickness (t¢,, 1) in Pt/[Co/Tb]l/Cu/Co structures at various
frequencies. Error bars are calculated from repeated measurements in
four different devices.

The fact that different approaches for the estimation of spin
torque efficiency show qualitatively similar trends indicates that
SOT for Co/Tb multilayers is not a surface torque. Moreover, the
observed thickness dependence of spin torque efficiency is qualita-
tively consistent with the model calculation for the bulk-like torque
characteristic in FIMs; it first increases and then decreases with FIM
thickness. However, because of the thickness-dependent property
variations in Co/Tb multilayers (inset of Fig. 3d and Supplementary
Note 2) this result is not yet conclusive, and it is still possible that
another unknown mechanism is responsible for the distinct thick-
ness dependence observed in these Co/Tb multilayers.

Spin pumping experiments

To resolve this ambiguity we performed additional spin pumping
experiments to estimate the spin coherence length A.. We measured
a spin-pumping-induced inverse spin Hall voltage (Vi) for sub-
strate/Pt(10)/[FIM or FM]/Cu(2.4)/Co(20) structures (numbers
are in nanometres; FIM = [C0(0.32)/Tb(0.34)], and FM = [Co0(0.3)/
Ni(0.6)]y, as shown in Fig. 4a). In these structures, the Co/Ni and
Co/Tb multilayers are perpendicularly magnetized, whereas the top
thick Co layer has an in-plane magnetization. In the spin pumping
set-up (Fig. 4b; see Methods for details), the top Co layer gener-
ates a spin-pumping-induced spin current with an in-plane spin
polarization (thus transverse to the Co/Ni or Co/Tb magnetization
direction), which passes through the Cu layer and enters the Co/Ni
or Co/Tb layer. If A, of the Co/Tb multilayer is long, it is expected
that a transverse spin current passes through the Co/Tb layer with-
out much spin dephasing and reaches the bottom spin sink, Pt, and
subsequently Vg, is generated by the inverse spin Hall effect of
Pt. On the other hand, Vg is expected to be negligible for a thick
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Co/Ni multilayer because a transverse spin current is almost
absorbed at the [Co/Ni]/Cu interface. Therefore, the measurement
of Vg versus FIM or FM thickness provides an estimate of 4.

We find that the experimental results are consistent with this
expectation. In Fig. 4c, black symbols are the data from a reference
Pt/Cu/Co sample, which shows the largest Vg, signal at an in-
plane bias field H,. For the Co/Ni-based structure, the Vg, signal
becomes negligible at a Co/Ni thickness of 0.9nm (blue symbols).
In contrast, the Vg signal for the Co/Tb-based structure is finite
for a much thicker Co/Tb (red symbols, Co/Tb thickness=5.3nm
as an example). The Vi, signal disappears when excluding the top
Co layer from the Co/Tb-based structure (green symbols), proving
that the perpendicularly magnetized Co/Tb itself does not generate
a Vigyg signal. In Fig. 4d, spin pumping results are summarized for
a wide thickness range of the Co/Tb multilayer. This shows that the
inverse spin Hall signal (Vig:/R, where R is the channel resistance)
is finite even for 13-nm-thick Co/Tb. This result is evidence of a
long spin coherence length in ferrimagnetic Co/Tb multilayers.

The spin pumping and spin torque are connected through the
Onsager reciprocity”. Therefore, the long spin coherence length
observed in spin pumping experiments suggests that the bulk-like
torque characteristic must be present in spin torque experiments,
at least partially. Given that the thickness-dependent change in the
spin torque efficiency follows the trend expected for the bulk-like
torque characteristic (Fig. 3), the spin pumping experiments com-
bined with the spin torque experiments allow us to conclude that
the antiferromagnetically coupled FIMs show a long spin coherence
length and associated bulk-like torque characteristic.

SOT and spin coherence length in CoTb alloys

We also carried out experiments on the thickness dependence of the
SOT efficiency and spin pumping signal for FIM alloys to find out
if the long spin coherence length is a unique property of FIM mul-
tilayers or if it is also observed in FIM alloys. CoTb alloy/Pt (4 nm)
samples with varying CoTb thicknesses were prepared. The Co and
Tb ratio was kept similar to that in the multilayers for a fair compar-
ison. Figure 5a shows saturation magnetization M as a function of
alloy thickness. The M; for the alloy samples shows minima for the
thickness range 7-10 nm. Figure 5b shows H; and H; for the alloy
as a function of thickness. While H; for the alloy is close to zero, H;
shows a ‘bulk-like torque’ characteristic (that is, H; does not follow
the 1/CoTb thickness trend). This behaviour is qualitatively simi-
lar to a ‘partially random’ FIM (Supplementary Fig. 2b), indicating
that the CoTb alloys have some ordering and thus would have a
spin coherence length longer than ferromagnets. We also performed
spin pumping experiments for CoTb alloys. The sample structure
was Pt(10)/CoTb alloy(tc,r,)/Cu(2.4)/Co(20) (numbers are in
nanometres), where the CoTb alloy was perpendicularly magne-
tized. Figure 5c shows that a transverse spin current originating
from the spin pumping from a Co(20nm) in-plane layer passes
through a thick CoTb alloy, just like CoTb multilayers. This result
provides evidence that the FIM alloy has a long spin coherence
length possibly due to some ordering in the alloy**. The results
were supported by a model calculation using a ferrimagnetic alloy
(Supplementary Fig. 2), where an ordered alloy shows a longer spin
coherence length than a random alloy.

We speculate that this unexpectedly long spin coherence length
in FIM alloys has the same origin as the perpendicular magnetic
anisotropy that FIM alloys preserve even at large thicknesses.
Previous X-ray studies on FeTb revealed a correlation between
the structural ordering along the thickness direction and the large
perpendicular magnetic anisotropy’**; more Tb-Fe ordering
appears in the thickness direction than in plane. As a long spin
coherence length is the only possible explanation for the spin
pumping experiment with FIM alloys, we conclude that the spin
coherence length of both the FIM multilayer and the FIM alloy
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Fig. 5 | Characterizations of CoTb alloy samples. a, Saturation magnetization (M) as a function of CoTb alloy thickness (t..r,). b, Longitudinal (H)
and transverse (H;) SOT effective fields as a function of t.,r,. €, Spin pumping signals in CoTb alloys with tc . Error bars are calculated from repeated

measurements in four different devices.

can be much longer than that of the ferromagnet. These salient
features make antiferromagnetically coupled FIMs attractive for
low-power non-volatile applications. We expect that the bulk-like
torque principle is also applicable to domain wall or skyrmion
devices’ operated by SOTs. In this respect, our findings will
motivate research activities to introduce FIMs as core elements in
spintronics devices, which have so far been dominated by ferro-
magnets. Therefore, our result provides an important step towards
‘ferrimagnetic spintronics.
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Methods

Sample preparation. Substrate/(Tb(0.34nm)/Co(0.32nm)),/Pt(4 nm) and
substrate/MgO(2 nm)/Pt(4 nm)/(Co(0.3 nm)/Ni(0.3 nm)),/SiO,(3 nm) multilayers
were fabricated on thermally oxidized silicon substrates using a radiofrequency
and d.c. magnetron sputtering system with a base pressure of ~1x 10~ torr. N is
the repetition number of the Tb/Co or Co/Ni bilayer pairs, and was varied

from 4 to 20 for Co/Tb systems and from 2 to 5 for Co/Ni systems. For Co/Tb
multilayers, a 4-nm-thick Pt layer was deposited on top as a spin current source,
which also protected the multilayer from being oxidized. For Co/Ni multilayers, a
bilayer of MgO(2 nm)/Pt(4nm) was deposited on the bottom as a buffer and spin
current source, and a SiO,(3 nm) layer was deposited as a capping layer to prevent
possible oxidation of the ferromagnet layer. Subsequent photolithography and ion
milling processes were performed to fabricate the films into Hall bar devices with a
width of 10 um.

Second harmonic and spin pumping measurements. For the second harmonic
measurements, an a.c. current I, with a frequency of 13.7Hz and a peak-to-peak
magnitude of 5mA was injected into the channel of the device®. An external
magnetic field H,,, was applied along (orthogonal to) the current direction with
a small out-of-plane tilting of =4° from the film plane in the longitudinal
(transverse) configuration. The first and second harmonic Hall voltages were

NATURE MATERIALS | www.nature.com/naturematerials

recorded simultaneously by using two lock-in amplifiers triggered at the same
frequency by the current source.

In the spin pumping measurements, a microwave with a magnitude of 17dBm
and frequencies of 7-9 GHz was applied to the asymmetric coplanar stripline
waveguide by a signal generator. Before making the copper waveguide on top of
the device, a thick SiO, layer (~30nm) was deposited on top of the multilayer
stacks to isolate the waveguide. An in-plane field (H,) along the waveguide
direction was swept around the resonance field (H,) given by the Kittel formula

f= ﬁ H, (H,+ 4nMs) , where y is the gyromagnetic ratio and M is the saturation
magnetization. The voltage (V) was recorded by a lock-in amplifier. V includes
the asymmetric component (V,,,,) from the anomalous Hall effect (AHE) and the
anisotropic magnetoresistance, as well as the symmetric components (V) from
the spin pumping induced inverse spin Hall voltage (V,g;). Thus, the measured
voltage was fitted by a sum of symmetric and asymmetric Lorentzian functions

v [H-H)
3YM 12 4 (H - Hg)?

=Vym— r 3 from which Vg, was extracted as V..
YW 24 (H- Hp)

Data availability

The data supporting the findings of this study are available within the paper and
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Dilute nitride INNP quantum dots: Growth and photoluminescence
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Self-assembled dilute nitride InNP quantum dots (QDs) in GaP matrix grown under the Stranski-
Krastanov mode by gas-source molecular beam epitaxy are studied. The N-related localized states
inside the InNP QDs provide a spatially direct recombination channel, in contrast to the spatially
indirect channel through the strained In(N)P QDs/GaP interface states. The N incorporation into
InP QDs therefore causes a blueshift and double-peak features in photoluminescence, which are
not observed in other dilute nitride materials. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4900960]

Plagued by its indirect bandgap, GaP is not commonly
used for traditional optoelectronics. However, recent devel-
opment in light emitting diodes (LEDs)' and water splitting,”
taking advantage of its transparency and band energy levels,
raised interests in materials based on the GaP platform. The
small difference in the lattice constants between GaP and Si
(5.451 A and 5.431 A, respectively) also provides a III-V-on-
Si integration opportunity.** Functional optoelectronic nano-
structures grown on GaP substrates are therefore attracting
attention.” The mismatch (7.7%) in lattice constant between
InP and GaP allows for fabrication of InP self-assembled
quantum dots (QDs) on GaP substrate by using the Stranski-
Krastanov growth mode. Photoluminescence (PL) with a
peak at about 2eV from InP QDs grown on GaP substrate
has been reported.® The band alignment of InP QD/GaP has
been found to be at the crossover of type I and type II
depending on the QD size and strain.” Such a band structure
can be further tailored if N is incorporated during the QD
assembling process to form dilute nitride INNP QDs.* The
wide freedom of bandgap engineering capability of N in
dilute III-V nitrides enabled by band anti-crossing (BAC)’
has also attracted great interest because of their potential
applications in telecommunications,'® thermoelectrics,'""!
intermediate band solar cells,'”'* defect engineering,
and infrared photodetectors,'” among others. Previously, it
was shown that the luminescence from N-incorporated
GalnNAs QDs may be extended to 1.3—-1.55 um (Ref. 18)
and these QDs have been fabricated into lasers.'® In contrast,
there has been no report on InNP QDs and, consequently, on
their optical properties.

In this letter, we report the study on the growth of InNP
QDs on GaP (001) by gas-source molecular beam epitaxy
(GSMBE) and their optical properties. In particular, the
uniqueness of the InNP QDs will be discussed in comparison
with InP QDs. Interestingly, in contrast to N-induced PL
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redshifts and intensity decrease seen in GaInNAs QDs,'® the
incorporation of N in InP QDs does not redshift the PL peaks
solely due to N-induced bandgap reduction. Instead,
N-related states inside QDs become effective recombination
centers. This changes the PL mechanisms in the materials
system and results in blueshift, emergence of double peaks,
and considerable enhancement in the PL intensity not previ-
ously seen in other dilute nitrides.

All samples studied in this paper were grown on GaP
(001) substrates in a Varian Gen-II MBE system modified to
thermally crack gas-phase PH3 to P, and H,. Elemental Ga
and In, and radio frequency (rf)-plasma activated radical N
were used as group-III and N sources, respectively. After
native oxide desorption under P, overpressure at ~580°C, a
200 nm-thick GaP buffer layer was grown at a growth rate of
1 um/h. Then growth was interrupted to lower the substrate
temperature to 440—480°C. The In flux was set to supply a
deposition rate of 0.1 monolayer/s (ML/s) calibrated by
reflection high energy electron diffraction (RHEED) oscilla-
tions.”” The PH; flow rate was set at 4-6 sccm during the
QD formation process. For the growth of InNP QDs, the N
plasma was ignited and various plasma powers (220-280 W)
and N, gas flow rates (0.6—1.2 sccm) were used. When the In
(N)P wetting layer exceeded the critical thickness, the In(N)
P QDs were formed under large compressive strain, and con-
firmed by the in situ RHEED pattern change from a streaky
to a chevron, as well as ex situ atomic force microscopy
(AFM) on the uncapped QD samples. A total of 2 MLs of In
(N)P were deposited for all samples in this study. Samples
for optical studies were all capped with a 20 nm-thick GaP
layer grown at the QD formation temperature and a subse-
quent 30 nm-thick GaP layer grown at 580 °C. In the rapid
thermal annealing (RTA) study, samples were annealed at
various temperatures (750-850 °C) for 30 s with a GaP wafer
placed on top for surface protection. For the PL studies, sam-
ples were cooled down to various temperatures in an evac-
uated cryostat. A 532nm continuous wave semiconductor

© 2014 AIP Publishing LLC
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FIG. 1. 1 x 1 ,umz AFM images of (a) InNP QDs and (b) InP QDs.

laser was used as an excitation source, and the power density
was adjusted to ~1 W/cm2 for all the measurements.

The 1x1um* AFM images of InNP and InP QDs are
shown in Figure 1. The QD densities for InNP and InP in
this scanned area are found to be 230+ 34 um > and
174 + 20 um 2, respectively. The heights for InNP and InP
QDs are 5.8 = 1.3nm and 4.5 = 1.1 nm, respectively. These
dimensions are comparable to those of InP QD dimensions
reported by Hatami et al. grown with a lower PH; flow rate
(1.7 sccm).” They have also reported that the size of InP
QDs depends significantly on PH; flow rate when it is below
1.7 sccm. As the PH; flow is increased, the higher density of
P adatom arrives at the surface and lowers the In mobility,
resulting in larger QDs. However, our present study per-
formed with various PH; flow rates shows that this is not
necessarily the case in the higher range (4—6 sccm) either for
InNP or InP QDs. The In surface mobility is inferred to
become extremely low and becomes almost constant beyond
a P flux threshold. Further increase in PH; flow rate therefore
will not change the QD morphology. In addition, growth
temperature variance from 440°C to 480°C, with other
growth conditions fixed, does not seem to affect the QD mor-
phology under a high PHj setting used in this experiment.
Furthermore, we do not see a significant influence on the QD
morphology from the presence of N plasma during the QD
assembling process, although aggregated large clusters with
diameter of ~100nm and height of ~30nm show up more
frequently on the InNP QDs samples. These clusters, which

Appl. Phys. Lett. 105, 173112 (2014)

TABLE I. Growth conditions of each QD sample.

Teub PH; flux N flux Plasma power
Sample “C) (sccm) (sccm) W)
InP 480 30
InNo.014Po.986 440 30 0.6 220
InNo.017Po.983 440 30 0.9 250
InNg 2P 08 440 30 1.2 280

are formed as a result of increased nucleation rate by the re-
active N plasma, are too large in size and do not contribute
to the confinement energy in PL spectra.

Figure 2(a) shows the 4 K PL spectra of InP QDs and
InNP QDs grown with various N conditions (0.6 sccm,
220 W; 0.9 sccm, 250 W; and 1.2 sccm, 280 W). The growth
conditions of each In(N)P sample are summarized in Table 1.
Based on the PL spectra, theoretical calculation?' and BAC
model,9 the N contents of the three samples are estimated to
be approximately 1.4%, 1.7%, and 2.0%. As more N atoms
are incorporated, the 2ML InP QDs PL peak around 1.98eV
blueshifts to about 2.08 eV (1.4% N), then splits into multi-
ple peaks with accompanying reduction in intensity (1.7%
N), and further reduced (2.0% N). However, all InNP QDs
showed higher PL intensity than InP, which is in clear con-
tradiction to the reports on N incorporation in other direct-
bandgap III-V materials. Generally speaking, introducing
isovalent impurity N in III-V materials leads to bandgap
reduction, which is well predicted by the BAC model.” A
large redshift is then expected for just a small amount of N
added, i.e., 100170 meV reduction for every percent of N
added. On the other hand, N incorporation reduces the com-
pressive strain endured by the InNP QDs due to the smaller
N atom size, where further redshift was expected. The differ-
ent PL features in peak position, intensity, and spectral
shapes of InNP from InP shown in Figure 2(a) suggest that
the radiative recombination mechanisms between the two are
different. Such a distinctive difference is unlikely caused by
QD size fluctuation nor strain variation because we observed
small variance in the QD size under high PH; flow rate, and
also because the results shown in Figure 2(a) are different

FIG. 2. (a) Low temperature (4 K) PL
spectra of InP QDs and InNP QDs with
various N, flow rate and N plasma
power conditions: InNg 014Po.986 QDs,
0.6 sccm, 220 W; InNg 017Pp.0s3 QDs,
0.9 scem, 250W; and InNg»Pgos
QDs, 1.2 sccm, 280 W. (b) Band dia-
grams of strained InP QDs and InNP
QDs both in a GaP matrix. Arrows 1
and 2 in (a) indicate the X-I" and I'-T"
transitions shown in (b), respectively.
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from the pressure-dependent PL study on InP QDs embedded
in GaP.’

A band diagram of a strained In(N)P QDs is depicted in
Figure 2(b) to explain the radiative mechanisms. The band
alignment is based on the theoretical framework by
Williamson et al., taking into account the quantum confine-
ment and strain effects.”’ It is predicted that InP/GaP inter-
face conduction (IC) states are formed in the strained InP/
GaP QD system. Depending on the QD size, the I'jc-derived
states inside the InP QDs can lie above the IC band edge or
below the IC band edge. When the I'jc-derived states lie
above the IC band edge, which is the case in Figure 2(b),
photo-excited electrons will diffuse to the lower IC states,
where electrons are localized and from where electrons
recombine with heavy holes in the highest lying I'ysy-
derived states in the InP QDs. This type-II indirect transition
is denoted as X-I" in Figure 2(b). The PL lifetime of ~10ns
observed with our InP QDs is much longer than <2ns
reported in Ref. 7, and suggests that the band alignment is
likely type-II.

When N is incorporated, however, three things change
this picture. First of all, dilute nitride alloy band, E/"?, is
formed via BAC.? Second, due to its much higher electrone-
gativity, N forms the highly localized states within InNP
QDs. The exponential N-related band tail states are also
denoted by the graded red region below the band edge in
Figure 2(b). Third, N incorporation is also known to intro-
duce N-related defects, such as DD1 non-radiative recombi-
nation centers,” which quench the PL intensity. These three
factors all contribute to the change in the PL mechanisms. In
InP QDs, the dipole transition matrix element between the
IC states and the I'-holes states is five orders of magnitude
smaller than that of a typical type-I system.”' In contrast in
InNP QDs, when electrons are excited into the conduction
band, they are now more likely localized in the QDs due to
the presence of N and then recombine with the heavy holes
due to the stronger coupling between the dilute nitride states
and the heavy hole states, within the QDs. This causes the
blueshift and the much higher intensity (~25 fold) in the PL
(InNg.014P0.036 QDs). Recombination of the electrons in the
IC states and the dilute nitride exponential band tail also con-
tribute to the InNg ¢;4Pp.03s QDs PL shoulder on the lower
energy side. When more nitrogen is added, the E/"F energy
level is further shifted down. This accounts for the redshift
of the peak positions of InNy 7P 953 QDs and InNg 2P o5
QDs (on the higher energy side marked by arrow 2), agreeing
with the BAC model. At the same time, the higher N density
generates more non-radiative defects, which reduces the
radiative recombination rate of the I'-I" transition and makes
it comparable to the recombination from the IC states (X-I"
transition). Therefore, a distinct peak is seen on the lower
energy side in both InNj ;7P 03 QDs and InNg 2P 0g QDs
(marked by arrow 1). When the I'-I'-like transition rate is
almost equal to that of the X-I'-like transition, the convo-
luted PL just exhibits a flat plateau in InNg,Poog QDs.
Although samples with higher N content than 2% are not
available in this study, it is expected that the higher N den-
sity within InNP QDs results in more non-radiative centers
and thus PL from the X-I'-like transition becoming dominat-
ing. Note that there is a relatively large peak shift in X-I"
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transition in the InP reference sample and InNP samples. We
attribute this peak shift to the variation of the strain and size
since InP reference sample was grown at a higher tempera-
ture of 480 °C than that for InNP samples. However, further
study needs to be done on this particular phenomenon.

To further confirm the origin of the two peaks in the PL,
two separate studies were performed. One is a temperature-
dependent PL study on an InN 917P.9g3 sample showing the
double peak feature. The evolution of the PL spectra
between 4K and 180K is shown in Figure 3. At 4K, the
peaks 1 and 2, associated with the X-I"- and I'-I"-transitions,
respectively, show comparable intensities. As the sample
temperature is elevated, the intensity of peak 2 (I'-T') is
reduced much quickly than peak 1 (X-I'). At 100K, peak 2
already becomes indiscernible. This can be explained with a
physical picture similar to that employed to explain the S
curve behavior in other dilute nitride materials.”® At temper-
ature lower than 20K, the photo-excited electrons do not
have enough thermal energy to escape the N-related local-
ized states within the InNP QDs (PL at 4K and 20K are
almost identical). When the temperature is elevated to above
20K, these localized electrons have enough thermal energy
to hop out and thermalize to the lower lying IC states, from
where most transitions occur. Recombination from the E/"NP
band hence decreases as observed in the peak 2 (I'-I)
intensity.

The other study is the low temperature PL on the RTA
samples. PL spectra of an InNP as-grown samples and sam-
ples annealed at 700, 750, 800, and 850°C (for 30s) are
shown in Figure 4. All PL spectra are normalized to the
X-TI'-like transition peak for relative intensity comparison.
RTA induced PL enhancement is expected on the QDs as
well as on dilute nitrides, and more drastically on dilute
nitrides, since RTA effectively removes the N-related non-
radiative defects. As shown in Figure 4, intensity of transi-
tion associated with the N-related states (peak 2) is enhanced
after RTA. For RTA at 700, 750, and 800 °C, the PL inten-
sities of peak 1 (X-I') and peak 2 (I'-I') are comparable.
When the RTA temperature is raised to 850°C, which is

FIG. 3. Temperature dependent PL spectra of an InNP QD sample with dou-
ble peak feature. The intensity of peak 2, associated with the I'-I" transition,
decreases more quickly than peak 1 that is associated with the X-I" transi-
tion, with rise in the temperature.
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FIG. 4. 25K PL spectra of an InNP QD as grown sample and a series sam-
ples annealed at 700, 750, 800, and 850 °C. Peak 1 and peak 2, associated
with the X-I" transition and the I'-I" transition, respectively, are also marked
in the figure.

close to the reported optimal annealing temperature for dilute
nitride optical quality enhancement,?* the intensity of peak 2
(I'-I') is noticeably higher than peak 1 (X-I'). The similar
response of PL intensity to RTA temperature as well as the
peak intensity evolution in temperature dependent PL
described above are strong evidences for the two transition
pictures described in Figure 2(b).

Note that the N-induced blueshift and peak splitting
observed in this study occur only under limited conditions.
First of all, the /2" band edge as well as the new InNP
alloy E/"™P band edge need to be above the IC band edge. If
the I/ band edge is lower than the IC band edge to start
with, or in other words, the system is a clear type-I band
alignment system, adding N in the QDs should result in PL
redshift similar to GaInNAs. Second, the bandgap reduction
induced by N in the InNP QDs should be smaller than the
band offset between the I/ band edge and the IC band
edge. If the new alloy band E”"N? is located well below the
IC band edge, the double peak features are expected to disap-
pear. For example, the FII"CNP band edge and the IC band
edge offset is calculated to be ~300meV for a QD with 6 nm
diameter.?! If the InNP QDs contain more than 3% N, E/"NP
is expected to lie below the IC band edge, neglecting the
strain condition. Then, the InNP QDs are not expected to
show PL behavior seen in this study. The enhanced transition
by N incorporation in InNP QDs can also enhance absorp-
tion. Since the transition matrix is symmetric, the signifi-
cantly higher intensity in PL suggests that the absorption in
InNP will be higher than in InP QDs. If InNP QDs are em-
bedded in GaP based device, such as solar cell or water slit-
ting cells, they are likely to perform much better than the
indirect bandgap GaP alone.

In conclusion, the unusual PL features, such as blueshift,
intensity increase, and double peaks in dilute nitride InNP

Appl. Phys. Lett. 105, 173112 (2014)

QDs are a result of the special band alignment and the N
enhanced transition and localization within the QDs. When
N is added into a type-II InP QD system, N changes the band
structure and provides an efficient I'-I'-like recombination
channel. If the IC states are located lower than the N induced
alloy states, InNP QDs PL peaks show uncommon blueshift,
intensity increase, and splitting behavior.
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Strain engineering of quantum dots for long wavelength emission:
Photoluminescence from self-assembled InAs quantum dots
grown on GaAs(001) at wavelengths over 1.55 um

K. Shimomura® and |. Kamiya®

Toyota Technological Institute 2-12-1 Hisakata, Tempaku, Nagoya 468-8511, Japan

(Received 1 November 2014; accepted 11 February 2015; published online 23 February 2015)

Photoluminescence (PL) at wavelengths over 1.55 um from self-assembled InAs quantum dots
(QDs) grown on GaAs(001) is observed at room temperature (RT) and 4 K using a bilayer struc-
ture with thin cap. The PL peak has been known to redshift with decreasing cap layer thickness,
although accompanying intensity decrease and peak broadening. With our strain-controlled
bilayer structure, the PL intensity can be comparable to the ordinary QDs while realizing peak
emission wavelength of 1.61 um at 4K and 1.73 um at RT. The key issue lies in the control of
strain not only in the QDs but also in the cap layer. By combining with underlying seed QD layer,
we realize strain-driven bandgap engineering through control of strain in the QD and cap layers.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913443]

Tuning the luminescence wavelength of self-assembled
(SA) InAs quantum dots (QDs) grown by molecular beam
epitaxy (MBE) to 1.3 um and 1.55 um has attracted great
attention for telecommunication applications. While 1.3 um
emission has been accomplished from SA InAs QDs on
GaAs(001),"? 1.55 um emission has only been realized with
use of InP substrates,>™ or capping by GaAsSb.® The emis-
sion wavelength of InAs QDs on GaAs(001) with GaAs cap
had remained typically between 1.0 and 1.2 um, and had been
attributed to the strain in the QD in surrounded by lattice mis-
matched matrix. To redshift the emission, capping the InAs
QDs with InGaAs layer instead of GaAs has been pro-
posed.”'® Two major effects of the InGaAs capping layer
have been considered. The first is “strain reduction.”’
Because InGaAs has larger lattice constant than GaAs, cap-
ping by InGaAs reduces the strain of the QDs. The second is
“mass transport.”'! Nonuniformity in the strain field is
induced within the InAs QDs, which leads to In migration
and aggregation at the QD-cap interface during InGaAs layer
growth. The In migration and aggregation increase the effec-
tive QD size and hence lowers the emission energy. Sun et al.
have attributed the main effect of the capping layer, using
InGaAs or InGaP of varied In contents, on the photolumines-
cence (PL) peak energy shift of InAs QDs to strain reduction
rather than mass transport.10 They pointed out that the red-
shift is induced not only by the lower barrier height but also
more due to the strain reduction of the QDs since InGaAs has
larger lattice constant than GaAs. PL emission at 1.5 um, at
room temperature (RT), has been reported using 30% In
InGaAs cap.12 However, by increasing the In content of the
capping layer, the lattice mismatch between the underlying
buffer layer and the capping layer becomes larger, resulting
in three dimensional (3D) growth of the capping layer.

According to former studies on the growth of InGaAs
thin film on GaAs(001), it was found that the strain in the
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InGaAs layer increases with increasing InGaAs thick-
ness.'>'* Therefore, we deduced that a thin InGaAs capping
layer should be effective in reducing the strain of InAs QDs
on GaAs(001), thereby inducing further redshift in the PL
emission wavelength of the QDs.

In addition, modifying the barrier layer with added fea-
tures has also been shown to be effective for tuning the emis-
sion wavelength from InAs QDs. For instance, Ozaki et al.
reported that the emission wavelength is redshifted by insert-
ing a layer with small QDs between the layer with large QDs
of concern, and the GaAs buffer layer grown on the sub-
strate.’> In the present work, we show PL at wavelengths
over 1.55 um, even under cryogenic temperatures, from InAs
QDs grown on GaAs(001) with modified barrier layers.

The samples were grown by MBE. After oxide removal
at 600 °C, a 100 nm-thick undoped (u.d.) GaAs buffer layer
is grown on semi-insulating (s.i.) GaAs(001) at a substrate
temperature of 590°C. Following 600°C annealing of the
u.d. GaAs buffer layer, the substrate temperature is lowered
to 500 °C, at which reflection high-energy electron diffrac-
tion (RHEED) pattern changes from (2 x 4) to c(4 x 4) under
As, flux (incorporation rate) of 1.0 ML/s. The InAs layer is
grown on buffer layer at substrate temperature of 480 °C.
Subsequently, the InAs QD layer is covered by GaAs with
various thickness: 4, 9, 20, and 30 nm. The InAs growth rate
is 0.021 ML/s and the As, flux is maintained at 1.0 ML/s.
The formation of QDs is observed in situ by RHEED. The
average height of the QDs observed by atomic force micros-
copy (AFM) is 6.2nm. PL measurements are carried out at
4K and RT using 780 nm light from a Ti:sapphire laser as
excitation source at a power density of 5 W/cm?.

To investigate the role of strain in the cap layer, InAs
QDs directly covered by cap layer with varied thickness
were grown. Figure 1 shows the PL spectra obtained from
single 2.5 ML InAs QD layer covered by GaAs cap with
thickness of 4, 9, 20, and 30nm. The PL peak is redshifted
with decreasing GaAs cap thickness. This result indicates
that strain in the QDs can be controlled not only by the

© 2015 AIP Publishing LLC
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FIG. 1. 4K PL spectra of single InAs QD layer grown on GaAs and capped
by GaAs with various capping thickness (4nm, 9nm, 20nm, and 30 nm)
(Jiex =780nm and 5 W/cm?).

lattice constant of the capping layer but also by the cap thick-
ness in the case of thin cap. In particular, a strong peak shift
is observed when the cap thickness is reduced from 9 nm to
4nm. This result indicates that the strain between the QDs
and cap layer relaxed. However, the PL intensity also
decreases and the full width at half maximum (FWHM)
increases with decreasing cap thickness. It has been reported
that during initial GaAs capping, InAs QDs are only partially
covered and intermixing of Ga and In takes place.'®"'®

We discuss the mechanisms of the peak shift with cap-
ping layer thickness by the following model. Without cap,
the lattices of the relatively large InAs QDs are relaxed. At
the early stage of capping, the lattices of the QDs are com-
pressed by the cap layer which has a smaller lattice constant,
and vice versa, the cap lattices are expanded by the QDs
with a larger lattice constant. The strain energy between the
QDs and the cap layer increases with the cap layer thickness.
When the cap layer exceeds the critical thickness, strain
relaxation of the cap layer, possibly accompanying Ga-In
intermixing between the QDs and the cap layer, occurs
thereby decreasing the strain energy. Both strain relaxation
and intermixing induces the blueshift of the QD PL emission.
This situation needs to be avoided for achieving 1.55 um
emission.

Another factor that needs to be considered is the unflat-
ness of the cap layer. Since the QDs are not completely cov-
ered by the cap layer in the case of thin cap, strain
distribution of the sample with thin cap is larger than that
with thick cap. Therefore, the PL peak is broader with thin-
ner cap. In addition, the carriers are likely to be captured by
the non-radiative recombination centers at the surface in the
case of the thin cap. Hence, the PL intensity from the 4 nm-
thick capped QDs is weak.

Since the PL intensity is decreased, although the peak is
redshifted, with decreasing cap thickness, we need to seek a
way out from this dilemma. To achieve longer PL wave-
length while increasing the intensity, we adopted a
bilayered-QD structure, in which the second QD layer is
grown on the cap, which also act as a spacer layer for cover-
ing the first (seed) QD layer. The QDs at the second layer are
formed on top of the seed layer QDs due to the strain
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induced in spacer layer by the seed QDs."” Therefore, the
first and second layer QDs are closely located allowing easy
carrier transfer from the first to the second layer QDs, result-
ing in increased PL intensity from the second layer QDs. It
has been reported that the QD height can be increased by
this bilayer structure, but we point out that strain in the sec-
ond layer can also be controlled by the seed layer in the
bilayer system.'” Hence, this structure also provides us with
the opportunity to further tune the emission wavelength on
the second layer.

Figure 2 shows the sample structure that exhibited PL at
peak wavelengths over 1.55 um both at 4 K and RT using the
bilayered-QD structure with thin cap. The first InAs layer is
grown on a GaAs buffer layer. Subsequently, a 10 nm-thick
GaAs spacer layer was deposited on the first InAs layer.
Note that the use of GaAs in the spacer layer is the key for
this bilayer system since the strain induced by the seed QDs
is more likely to be accumulated on top of the seed QDs
compared to InGaAs cap, and consequently, this enables the
second QDs to form right above the seed layer QDs. The sec-
ond InAs layer was grown followed by a 4nm-thick
Ing.19Gag g1 As cap for tuning the emission to longer wave-
lengths. The total amount of InAs deposited on the seed and
the second layers are 2.0 and 2.8 ML, respectively. Higher
size uniformity and longer emission wavelength have been
reported to occur with increased amount of InAs on the sec-
ond layer,'” in addition to larger QD heights.

Figure 3 shows the PL spectra obtained at 4K and RT
from the sample structure, as shown in Fig. 2. PL with an
emission peak exceeding 1.7 um is observed at RT. At 4K,
two peaks are observed. The peak at longer wavelength
(around 1.6 um) is attributed to the emission from the second
layer, while that at shorter wavelength (around 1.1 um) is
due to the seed layer. The FWHM of the PL peak at around
1.6 um from the second layer is broader than that at around
1.1 um from the seed layer in agreement with the cap layer
thickness dependence on the PL peak width, as shown in
Fig. 1. From these results, we observe that the strain in the
second layer QD is suppressed by the seed layer and cap
layer thickness without increasing the In content of the cap-
ping layer. The use of QD bilayer system was already shown
to allow control of the emission Wavelength,ls’20 but had not
able to achieve 1.55 um emission. Comparing these reports
with our present result, we recognize that the key to realize
emission at over 1.55 um is suppressing the strain in the QDs
by the cap layer.

FIG. 2. The sample structure that exhibited luminescence at wavelength
over 1.55 um.
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FIG. 3. 4K and room temperature PL spectra of sample as shown in Fig. 2.
PL with an emission peak exceeding 1.7 um is observed at RT, while two
peaks at around 1.1 and 1.6 um are observed at 4K (J.x=780nm and
5W/em?).

The emission from the seed layer is not observed at RT,
while the PL intensity from the second layer is weaker than
that from the seed layer at 4 K. This result indicates that car-
rier transfer from the seed layer to the second layer QD
involves thermal processes, although competing non-
radiative processes exist. We also point out that the PL inten-
sity at 1.61 um at 4K, shown in Fig. 3, is stronger than that
from the single InAs QD layer directly covered by thin GaAs
cap (4nm) without the seed layer and spacer layer which is
shown in Fig. 1. The PL intensity at such long wavelength is
also increased using the bilayer system.?' The results of our
temperature dependent PL measurement suggest that this is
mainly due to carrier transfer from the seed QDs to the sec-
ond QD layer. The details of this carrier transfer will be dis-
cussed in future publication. The increased carrier density in
the second layer QDs results not only in increased radiative
recombination but also possibly in reduced non-radiative
recombination by filling of surface/interface states.

Non-radiative recombination via surface states may be
further reduced by growing additional cap layer, while
retaining the strain in the QDs, by alienating the QDs from
the surface. The thickness of this extra cap layer needs to be
determined from several other aspects as well: it needs to be
thick enough that the QDs are thoroughly capped, but thin
enough to allow vertical current flow, particularly if the QDs
are to be applied to lasers operated by carrier injection. The
actual design of the extra cap layer based on these criteria is
underway.

We also point out that the fundamental concept of strain
control described here is not limited to quantum dots, and
can be applied to various structures and materials system.
Thus, we expect strain control to play an important role in
the preparation of advanced devices.

In conclusion, PL emission at wavelengths over 1.55 yum
has been obtained from our strain-controlled bilayer struc-
ture. We find that the crucial issue for realizing such long
wavelength emission is strain control, suppressing the strain
in the QDs by the cap layer, in particular, that can only be
achieved by simultaneously tuning the lattice constant of
the capping layer and the cap thickness. The PL peak is
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redshifted with decreasing cap thickness by the weaker strain
suffered by the QDs, although the PL intensity decreases and
the FWHM increases. PL emission at wavelengths over
1.55 um as well as enhanced PL intensity has been obtained
from our stacked InAs QD structure grown on GaAs(001).
PL with an emission peak exceeding 1.7 um is observed at
RT, while two peaks at around 1.1 and 1.6 um are observed
at 4 K. The emission from the seed layer is not observed at
RT, while the PL intensity from the seed layer is higher than
that from the second layer at 4 K. It is suggested that ther-
mally assisted carrier transfer from the seed layer to the sec-
ond layer is involved. By this carrier transfer, the intensity at
longer wavelength is increased. However, for further
improving the PL intensity and peak width, further studies
on strain control is underway. For instance, the cap needs to
be thin enough to allow current flow vertically and thick
enough that all QDs are thoroughly covered for laser struc-
ture that operates by current injection. From the present
study, it has been seen that while the PL intensity increases,
the emission wavelength is blueshifted with increasing thick-
ness of the cap layer. Therefore, it is necessary to compen-
sate the strain between the QDs and the cap layer using cap
layer which has large lattice constants, i.e., high In content,
for realizing long wavelength emission under increased cap
thickness.
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The carrier upconversion dynamics in InAs quantum nanostructures are studied for intermediate-
band solar-cell applications via ultrafast photoluminescence and photocurrent (PC) spectroscopy
based on femtosecond excitation correlation (FEC) techniques. Strong upconverted PC-FEC signals
are observed under resonant excitation of quantum well islands (QWIs), which are a few
monolayer-thick InAs quantum nanostructures. The PC-FEC signal typically decays within a few
hundred picoseconds at room temperature, which corresponds to the carrier lifetime in QWIs. The
photoexcited electron and hole lifetimes in InAs QWIs are evaluated as functions of temperature
and laser fluence. Our results provide solid evidence for electron—-hole—hole Auger process, domi-
nating the carrier upconversion in InAs QWIs at room temperature. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4926569]

The quantum confinement of electrons in nanostructures
enhances dynamical electron-electron interactions, thereby
leading to many-body processes such as quantized Auger
recombination (AR) and carrier multiplication (CM).I_6 In
AR process, the recombination energy of an electron—hole
(e—h) pair is transferred to a third electron or hole which
results in a carrier with large kinetic energy, i.e., a so-called
hot carrier.”® In CM process, a single high-energy photon
creates two or more e—h pairs.z_6 Unique solar-cell concepts
based on these AR and CM processes in nanostructures have
attracted considerable attention because of the high theoreti-
cal conversion-efficiency limit beyond that of conventional
single p—n junction solar cells. For instance, confined photo-
carriers in semiconductor nanostructures embedded in bulk
crystals can be efficiently extracted above the potential bar-
rier via upconversion through multi-carrier interactions,
which can assist in realizing efficient intermediate-band solar
cells (IBSCs).” 10

InAs quantum nanostructures such as quantum dots
(QDs) have tremendous potential for future SC applications.
In the case of IBSCs, low-energy infrared photons can be
absorbed by InAs nanostructures embedded in GaAs, and
two-step excitation of charge carriers to higher energy levels
enables enhanced photocurrent (PC).>™'2 While the effi-
ciency of this upconversion process is a core requirement for
IBSCs, the currently achieved efficiencies are far from that
needed for practical SC applications. We found that disk-like
InAs nanostructures embedded in AlGaAs, which are
referred to as quantum well islands (QWIs), exhibit efficient
upconverted PC, and that the large efficiency of the PC can-
not be explained by conventional thermal and two-step pho-
toabsorption processes.”'® Although it has been suggested
that the enhanced PC is caused by upconversion of photocar-
riers through the AR process, no direct evidence has been
presented experimentally,®® and the detailed mechanism
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remains unclear. It is necessary to clarify the physical mech-
anism of the efficient carrier upconversion in QWIs to realize
efficient IBSCs. In addition, an evaluation of electron and
hole lifetimes to gain a thorough understanding of the upcon-
version process in InAs nanostructures can aid in arriving at
the design principles required for the development of highly
efficient SCs based on quantum nanostructures. 12:13

Time-resolved spectroscopy is one of the most impor-
tant techniques to investigate the dynamical behaviors of
photocarriers that determine the photovoltaic characteristics
of SCs.'*'* Popular techniques based on femtosecond photo-
luminescence (PL) and transient absorption (TA) have been
used to investigate the ultrafast response of photocarriers in
various kinds of SC materials including nanostructures.'®!’
Further, time-resolved PC measurement is a powerful tool
for analyzing carrier dynamics.'®2! In particular, the PC
measurement directly probes the charge carriers extracted
from the nanostructures in IBSCs, and thus, we can obtain
essential information about the carrier generation and extrac-
tion processes. However, the ultrafast response of PC meas-
urements has not been fully investigated thus far when
compared with PL and TA spectroscopies because the fabri-
cation of complex device structures such as the Auston
switch is necessary for PC measurements.”>?

In this letter, we investigated the ultrafast upconverted
PC dynamics in InAs quantum nanostructures by femtosec-
ond excitation correlation (FEC) spectroscopy to unveil the
carrier upconversion processes. We observed efficient
upconverted PC and PC-FEC signals upon excitation of shal-
low InAs QWIs. The room-temperature PC-FEC decay time
was typically ~100 ps, depending on the excitation laser flu-
ence. We evaluated the photoexcited electron and hole life-
times based on PL- and PC-FEC measurements as functions
of temperature and laser fluence. The strong dependence of
the carrier lifetime on laser fluence provides solid evidence
that the three-carrier AR process dominates the carrier
upconversion process in InAs QWIs at room temperature.

© 2015 AIP Publishing LLC
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The sample was prepared by molecular beam epitaxy
under conditions similar to those described in our previous
publication.” A nominally undoped structure was grown on
top of a semi-insulating GaAs (001) substrate and a GaAs
buffer. The sample contains an AlGaAs layer with an InAs
layer nominally two monolayer (ML) thick. It was confirmed
that the PC signals from this layer are dominant and there-
fore this layer will be discussed in detail. It is known that
one ML wetting layers (WLs) and QDs are self-organized in
the thin InAs layer. In addition, disk-like InAs nanostructures
(QWIs) that are a few MLs high are also formed.®*** The
sample structure and the energy diagram are schematically
illustrated in Fig. 1(a).>> For this sample, we have deter-
mined the resonance energy of InAs QD, 2 ML-QWI, 3 ML-
QWI, and WL in AlGaAs barrier by means of conventional
PL and PC spectroscopy.®'® For instance, the resonance
energy for 2-ML QWTIs at room temperature is 1.37 eV, and
QD resonance energy widely ranges below 1.25eV.? (For
more details of this sample, see Ref. 25.)

For PC measurements, an open-rectangular-shaped gold
electrode was evaporated on the GaAs top layer and excita-
tion laser beam was focused on the sample surface sur-
rounded by the electrode [see Fig. 1(b)]. Indium metal was
attached on the GaAs substrate as a bottom electrode. For
ultrafast time-resolved PC measurements, we applied the
FEC technique, which is often used in PL spectroscopy.?®*’
A positive bias voltage of 0.2V was applied to the indium
electrode to gain sufficient PC. We confirmed that the FEC
profile is independent of the bias voltage. The excitation
laser source was a wavelength-tunable femtosecond laser
system (pulse duration: 250 fs and repetition rate: 200 kHz).
As shown in Fig. 1(b), two femtosecond pulses, modulated
at different frequencies (f; =391 Hz and f, =326 Hz), were
focused on the sample surface. The FEC signal was detected
by a lock-in amplifier with a differential frequency of |f; —
f,| as a function of the delay time between the two pulses, 7.
The FEC signal arises due to the temporal overlap of the PC

(a) (c)

In InAs Au

GaAs

A
’
pc
Conduction

Band opmL-Qwi first
QD 3ML-QWI pulse
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induced by the first and second pulses via a nonlinear
response, as schematically described in Fig. 1(c). For a car-
rier lifetime of 7. < 7, there is no temporal overlap between
the carriers induced by the first and second pulses, and thus,
the FEC signal intensity is zero. Conversely, when 7.~ 1, a
temporal overlap between carriers generated by the first and
second pulses occurs, and this overlap results in a variation
in the total PC intensity because of the nonlinear interaction
between the carriers. If we assume that the PC intensity is
proportional to the carrier density and shows weak nonli-
nearity on excitation intensity, the FEC signal intensity is
approximately written as®

FEC o n(N;,0)N,.  (forN; < N). (1)

Here, n(N,t) represents the carrier density at time ¢ after the
initial carrier density N induced by photoexcitation at time 0.
Ny and N, denote the initial photocarrier densities generated
by the first and second pulses. Note that the FEC signal in-
tensity is zero when n(V,f) depends linearly on N, and posi-
tive (negative) FEC signal corresponds to sublinear
(superlinear) excitation-intensity dependence, as schemati-
cally shown in the inset of Fig. 1(c). According to Eq. (1),
the FEC profile corresponds to the population dynamics of
carriers that contribute to the PC.

For the temperature dependence of the PC-FEC profile,
the excitation photon energy was tuned to the QWI resonance
energy at each temperature. PL signals were detected by an
InGaAs photodiode, and PL-FEC signals were obtained in a
similar manner with PC-FEC. The time-resolutions of PC-
and PL-FEC measurements were approximately 250 fs,
which is determined by the duration of the excitation laser
pulse.

Figure 2(a) shows the PC-FEC profiles at room tempera-
ture under different excitation photon energies. The PC-FEC
profiles are normalized and offset for clarity. The first and
second pulse fluences were 3.2 and 20 uJ/cm?, respectively.

1 << carrier lifetime

FIG. 1. (a) Schematic illustration of
sample structure and energy diagram.
Electrons and holes photoexcited in
QWTIs are upconverted to AlGaAs bar-
rier layers and contribute to PC. (b)
Experimental setup for PC-FEC meas-

second
pulse

0

Band A

first
pulse

T > carrier lifetime

urements. (c¢) Schematic of FEC signal
interpretation. Decay dynamics of car-
rier density under excitation by first
and second pulses are shown for 1 <
carrier lifetime and t> carrier lifetime.
The inset shows excitation-fluence de-
linear pendence of PC. The sign of FEC sig-
FEC=0 nal is determined whether PC
superlinearly or sublinearly depends
on excitation-fluence according to Eq.

(1).
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FIG. 2. (a) Excitation photon energy dependence of PC-FEC profiles.
(b) Magnitudes of slow and fast components as a function of excitation pho-
ton energy.

Above the excitation energy of the GaAs substrate (around
1.42 V), the FEC signal exhibits a positive slow-decay com-
ponent. The decay profile is non-exponential and well repro-
duced by a double exponential function, I;exp(—t/
Ts1) + Ipo exp(—t/t). The mean lifetime, (I;ts + Lo7s0)/
(Is1 + Is2), was ~700 ps and almost independent of the exci-
tation photon energy above 1.42eV. The positive FEC signal
indicates a sublinear excitation-fluence dependence of the
PC. We observed strong PC and PC-FEC signals under exci-
tation at 1.37 eV, which correspond to the 2 ML-QWTI reso-
nance.®’ Here, we remark that we observed considerably
smaller PC and PC-FEC signals under resonant excitation of
QDs (>1.25eV) compared with those of QWIs, thereby indi-
cating that efficient upconversion occurs in QWIs.
Therefore, we hereafter focus on the QWI.

Under QWI resonant excitation, a fast and negative
decay component appears. The fast decay time, 7; was on
the timescale of several tens of picoseconds, depending on
the laser fluence; this is discussed later. We fitted the experi-
mental data by a triple exponential function, I; exp(—t/
Ts1) + Lo exp(—t/t) + Irexp(—t/t;) for t>0, where I; <0,
I;; >0, and I, > 0. The magnitudes of the slow (Ig; + 1)
and fast (Iy) components are shown in Fig. 2(b). The positive
slow-decay component is mainly observed above the
bandgap energy of GaAs (1.42eV). Thus, the slow-decay
time corresponds to the photocarrier lifetime in GaAs. The
fast-decay component has a peak at 1.37eV, which corre-
sponds to the QWI resonance energy,’ thereby indicating
that the fast-decay time is the photocarrier lifetime in QWIs.
The negative FEC intensity appearing at the excitation
energy of the QWIs indicates a superlinear excitation-
fluence dependence of the PC, which can be caused by the
upconversion of carriers to GaAs through the AR process.

Since the AR rate is sensitive to the number of photoex-
cited carriers,l’s’6 we studied the excitation-fluence depend-
ence of the PC-FEC profiles under resonant excitation of
QWIs, as shown in Fig. 3(a). The PC-FEC profiles are normal-
ized and offset for clarity. Here, the excitation photon energy
was tuned to 1.37eV, which is the resonance energy of the
QWI. The second pulse fluence was fixed at 20 uJ/cm?. The
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FIG. 3. (a) Excitation-laser-fluence dependence of PC-FEC profiles. (b)
Relaxation time as a function of excitation laser fluence. The estimated car-
rier density per QWI is represented along the top x-axis.

time constant of the fast-decay component is plotted as a func-
tion of the first pulse fluence in Fig. 3(b). Here, we roughly
estimated the mean number of e-h pairs photogenerated in a
QWI, (N). We used a QWI with a diameter of 100 nm, and
we assumed that 1% of the excitation light was absorbed
(assuming almost bulk-like absorption). Below a laser fluence
of 500 nJ/cm?, the relaxation time is nearly constant at ~200
ps. This means that multi-carrier interactions are negligible
and indicates that the relaxation time at low excitation den-
sities represents the intrinsic carrier lifetime in QWIs. This is
consistent with the estimated number of (N) < 1. Above 500
nJ/cm?, the relaxation time decreases with increasing excita-
tion intensity. Under high-fluence excitation, a large number
of electrons and holes are photogenerated in a QWI, and the
AR process dominates the carrier recombination dynamics.
Such excitation-density dependent carrier dynamics cannot be
accounted for by two-step two-photon absorption process
because two-step two-photon absorption process occurs within
the pulse duration and never affect the carrier dynamics after
pulse excitation. It should be noted that the assessment of the
carrier lifetime in QWIs plays a key role for the design of
devices based on InAs nanostructures.

The PC can arise from both electrons and holes. Thus, it
is necessary to verify whether the observed lifetime corre-
sponds to that of electrons or holes. For this purpose, we
compared the PC-FEC results with the PL-FEC results. The
PL from the QWI was observed only at low temperatures
below 100K because of thermal quenching. The excitation
photon energy was 1.49eV, which is close to the QWI reso-
nance energy (1.46eV) at low temperatures below 100K.
The PL was monitored at 1.43eV. The normalized PL- and
PC-FEC profiles at 12K are plotted in Fig. 4(a). The excita-
tion fluences were 5 and 60 uJ/cm? for the first and second
pulses, respectively. The PL-FEC profile shows a single
decay component with a lifetime of ~100 ps. On the other
hand, the PC-FEC profile exhibits two components. The fast
PC component is similar to the PL decay profile and the
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FIG. 4. (a) PC- and PL-FEC profiles at 12K. (b) Temperature dependence
of the decay times (t;, 7, and PL lifetime). (c) Schematics of room-
temperature relaxation and upconversion processes involving photoexcited
electrons and holes. (i) An electron photoexcited by the first pulse is ther-
mally upconverted to the barrier and a photoexcited hole is left behind in the
QWL (ii) Via the second-pulse excitation, an electron—hole-hole state is
realized in the QWI. (iii) The hole is upconverted to the barrier via the
three-carrier Auger process.

slow decay is of the order of nanoseconds. Note that the
directions of the left and right axes in Fig. 4(a) are opposite,
i.e., the PL-FEC signal is plotted upside down. Hence, PL-
FEC has a positive decaying component, while PC-FEC
shows a negative component. This is because AR process
causes a reduction of the PL efficiency, and therefore, PL
shows the sublinear excitation-fluence dependence, which
results in the positive FEC signals.

The fast (7;) and slow (7,) PC lifetimes and the PL life-
time are plotted as a function of temperature in Fig. 4(b).
The fast PC lifetime t; increases monotonically with
decreasing temperature and reaches a value of 3ns at 12 K.
On the other hand, 7, is about 100 ps below 50K and
decreases at higher temperatures. The temperature depend-
ence of 7, shows good agreement with that of the PL life-
time. It is noteworthy that the FEC signal intensity is
strongly reduced at around 200 K because of the weak non-
linear response. At high temperatures, the upconverted PC
exhibits sublinear power dependence while a superlinear
power dependence appears below 200 K.*®

The PL lifetime reflects that of the minority (short-lived)
carriers in the radiative two-carrier (electron—hole) recombi-
nation process. We assume that 7, represents the lifetime of
photoexcited electrons in QWIs because the electron’s effec-
tive mass is less than that of the hole.”” The thermal activa-
tion energy derived from the temperature dependence of the
PL lifetime and t,, which is ~20 meV,30 is consistent with
the expected barrier height for electrons in QWIs,*'*?
thereby suggesting that t, is determined by the thermal
upconversion of electrons to the barrier at high temperatures
above 60K, in which temperature region t, decreases with
temperature. Consequently, t; is attributed to the hole
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lifetime in QWIs. Because of the very short electron lifetime
and the relatively long hole lifetime at high temperatures, we
consider that the photoexcited electron is extracted above the
potential barrier immediately after the e—h pair generation,
leaving behind a photoexcited hole in the QWI. When a sec-
ond e—h pair is excited in the QWI, an electron—-hole—hole
state is realized, which leads to the carrier upconversion
through the three-carrier AR process, as illustrated in Fig.
4(c).

Based on the above reasoning, we conclude that the
room-temperature upconversion rate is dominated by the
hole lifetime in InAs QWIs. The very small PL efficiency at
room temperature indicates that the radiative recombination
rate is negligibly small. We speculate that the long hole life-
time is due to it being trapped at nonradiative recombination
centers in QWIs or its migration into deep InAs QDs through
the WLs.>* The observed carrier lifetimes in QWIs are con-
siderably smaller than the reported carrier lifetimes in QDs
despite the relatively higher QWI upconversion efficien-
cies.”?*% This indicates that QWIs exhibit a large AR coef-
ficient, and thus, the upconversion -efficiency can be
improved by suppressing the nonradiative relaxation rate.
This suppression can be achieved by fabricating high-quality
InAs layers and ensuring the spatial separation of QWIs and
QDs.

Finally, it is worth mentioning the potential application
of QWIs into IBSCs. We have previously estimated the max-
imum conversion efficiency of the AlGaAs single junction
SC (28.2%) including ideal QWIs under 1-sun illumination
as 35.7% under assumption of 100% AR upconversion effi-
ciency in the QWIL.? However, an upconversion efficiency of
only 2% is currently achieved in our samples for moderate
continuous-wave excitation (1.37eV, 0.5 W/cmz, corre-
sponding to about 42 sun) at room temperature.” Since the
upconversion rate is dominated by the hole lifetime in QWIs,
IBSCs based on the QWI concept will become practical after
improvement of the hole lifetime by at least one order of
magnitude.

In conclusion, we investigated the ultrafast carrier
upconversion dynamics in InAs QWIs embedded in
Al Ga;_,As by PC-FEC. We estimated the hole lifetime at
room temperature in a QWI to be ~200 ps, which is reduced
under high-density excitation due to the AR process. The
large difference between the electron and hole lifetimes sug-
gests that the three-body upconversion process (electron—ho-
le-hole) plays a dominant role in carrier upconversion
through the AR process at room temperature. Our results
provide insights into the physics underlying the carrier dy-
namics in quantum nanostructures, which would enable us to
deduce suitable design principles for efficient IBSCs utili-
zing carrier upconversion processes.

This work was supported by the Sumitomo Electric
Industries Group CSR Foundation, JST-CREST, and
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Direct observation of strain in InAs quantum dots and cap layer during
molecular beam epitaxial growth using in situ X-ray diffraction

Kenichi Shimomura,' Hidetoshi Suzuki,? Takuo Sasaki,® Masamitu Takahasi,>

Yoshio Ohshita, and Itaru Kamiya'?

1Toyota Technological Institute, 2-12-1 Hisakata, Tempaku, Nagoya 468-8511, Japan

Faculty of Engineering, University of Miyazaki, 1-1 Gakuen Kibanadai-nishi, Miyazaki 889-2192, Japan
3Quantum Beam Science Center, Japan Atomic Energy Agency, Koto 1-1-1, Sayo-cho, Hyogo 679-5148, Japan

(Received 7 August 2015; accepted 28 October 2015; published online 12 November 2015)

Direct measurements on the growth of InAs quantum dots (QDs) and various cap layers during
molecular beam epitaxy are performed by in situ X-ray diffraction (XRD). The evolution of strain
induced both in the QDs and cap layers during capping is discussed based on the XRD intensity
transients obtained at various lattice constants. Transients with different features are observed from
those obtained during InGaAs and GaAs capping. The difference observed is attributed to In-Ga
intermixing between the QDs and the cap layer under limited supply of In. Photoluminescence
(PL) wavelength can be tuned by controlling the intermixing, which affects both the strain induced
in the QDs and the barrier heights. The PL wavelength also varies with the cap layer thickness. A
large redshift occurs by reducing the cap thickness. The in situ XRD observation reveals that this is
a result of reduced strain. We demonstrate how such information about strain can be applied for

designing and preparing novel device structures. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4935456]

I. INTRODUCTION

Application of quantum dots (QDs) to optoelectronic
devices has attracted great attention ever since the concept of
QDs was proposed.' One of the potential applications that uti-
lizes the unique electronic properties of QDs has been emit-
ter/detector of photons at the telecommunication wavelengths
of 1.3 or 1.55 um. Self-assembled (SA) InAs QDs grown epi-
taxially on GaAs by molecular beam epitaxy (MBE) or metal-
organic chemical vapor deposition (MOCVD) have been one
of the strongest candidates. Since the bandgaps of InAs and
GaAs are approximately 0.35 and 1.42eV, respectively, at
room temperature (RT), and from the reported ideal band
alignment,” it looks straightforward and easy to tune the lumi-
nescence/absorption wavelength to 1.5 um or even to 2 um by
bandgap engineering. However, it has been reported that the
strain induced at the InAs-GaAs interface alters both the band
alignment and the bandgap of these materials.” The lumines-
cence wavelength of InAs QDs on GaAs(001) with GaAs cap
had remained typically between 1.0 and 1.2 um even when
the size and the shape of the QDs were controlled. Studies
have been performed to quantitatively account for this limita-
tion in the wavelength tunability for the InAs QDs.*

The luminescence wavelength from SA InAs QDs has
been reported to redshift when capped by InGaAs instead of
GaAs.”™® In the case of InGaAs cap, the luminescence wave-
length is also varied by its In content,®*® and photolumines-
cence (PL) emission at 1.5 um at RT has been reported using
30% In InGaAs, i.e., Ing3Gag7As, cap.10 These results can
be understood by the lowering of the barrier height with
increasing In content in the InGaAs cap, leading to lower
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quantized energies. However, it has been reported that the lu-
minescence wavelength can be further redshifted by elimi-
nating the cap.'' According to bandgap engineering, if the
QDs are exposed directly to vacuum, the barrier height
should be higher than having any semiconductor materials,
and result in blueshift of the luminescence compared to hav-
ing GaAs as the cap. In fact, Sun et al., by comparing QDs
capped by InGaAs or InGaP of varied In contents, showed
that the main cause of the PL peak redshift of InAs QDs is
strain reduction rather than lowered barrier height of the cap
or exchange of materials.® They pointed out that while red-
shift can be induced by lowering the barrier height, strain
reduction of the QDs by changing the lattice constant of the
barrier plays a far more significant role. InGaAs has a lattice
constant larger than that of GaAs, therefore induces less
strain on InAs. These results have led the society to realize
the importance of strain control.

Although the strain in the QDs and consequently their
emission wavelengths have been discussed in connection to
the lattice constants of the cap layer, information about the
strain in the QDs and the cap layer during growth has been
limited since it is not easy to perform direct measurement on
buried structures. Reflection high-energy electron diffraction
(RHEED)'*"" has been one of the most popular techniques
for in situ MBE growth monitoring. With RHEED, the
atomic arrangements of the growth surfaces have been exten-
sively studied, but it is difficult, if not impossible, to gain in-
formation about the subsurface on an atomic scale. On the
other hand, our previous work using in situ X-ray diffraction
(XRD) revealed that strain in buried layers can evolve as
lattice-mismatched overlayers are grown.'®'” Hence, it is
imperative to follow and understand how the cap layer grows
and also what influence it has on the underlying layers for
controlling the emission wavelength from InAs QDs.

© 2015 AIP Publishing LLC
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FIG. 1. The fundamental structure of the samples used in the present XRD
studies. An InAs layer 2.2 ML in thickness is grown on a GaAs buffer, and
subsequently covered by a cap layer of GaAs, InGaAs, or a combination of
the two.

In situ monitoring by XRD is a powerful tool for study-
ing the growth mechanisms not only on the surface but also
on the subsurface layers.lg*21 Besides, XRD is one of the
very few techniques that can observe lattice strain on an
atomic scale. The structural properties, including internal
strain and chemical composition, which cannot be deter-
mined by electron diffraction nor scanning-probe micros-
copy, can be revealed by X-ray techniques.zz_25 In fact, in
situ XRD measurements have not only been successfully
employed for the study of strain during InAs growth'®*! but
also for GaAs capping on InAs QDs.'®*° We hence per-
formed in situ XRD measurements during GaAs and InGaAs
cap layer growth on InAs QDs for understanding the influ-
ence of the strain on the PL emission wavelength.

Il. EXPERIMENTS

The experiments were performed at SPring-8 (BL11XU),
Japan, using a MBE-X-ray diffractometer (MBE-XRD) sys-
tem. After oxide removal at 600 °C, a 100 nm-thick undoped
(u.d.) GaAs buffer layer was grown on semi-insulating (s.i.)
GaAs(001) at a substrate temperature of 550 °C. Following
570°C annealing of the u.d. GaAs buffer layer, the substrate
temperature was lowered to 480 °C, at which RHEED pattern
changes from (2 x 4) to c(4 x 4) under an As, beam equiva-
lent pressure of 3.0 x 10~ *Pa. The InAs layer was grown on
the buffer layer at a substrate temperature of 470°C at a
growth rate of 0.017 ML/s. The X-rays 10keV in energy with
an incident angle of 0.2° were reflected by the (220) planes
and monitored by a charge coupled device (CCD) detector
during the InAs QD and cap layer growth. The total amount
of InAs deposition for the growth of QDs was either 2.2 ML,
and the 30-nm thick GaAs or Ingg9GapoeiAs cap layers
were grown (Fig. 1). The cap layer growth rate was about
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0.05nm/s. A two-dimensional reciprocal space map (2D-
RSM) at the vicinity of 220 diffraction spot could be obtained
in about 8s. The average height of the surface QDs observed
by atomic force microscopy (AFM) is 3.6 nm.

lll. RESULTS AND DISCUSSIONS

Figure 2 shows typical XRD CCD images obtained from
InAs QDs with a total deposition of 2.2 ML InAs (a) before
and after capping by (b) 6 nm, (¢) 12nm, or (d) 30 nm GaAs.
The vertical axis represents the relative lattice constant,
defined as the in-plane lattice constant normalized by that of
bulk GaAs

dg[110] = w? (D
AGaAs[110]

where aj,gaas110] 18 the lattice constant of InAs QDs and the
(In)GaAs cap layer along [110] and aggas(119) is that of bulk
GaAs. The agyiig of the InAs bulk and 9% In InGaAs
(Ing.09Gag 91 As) are 1.072 and 1.006, respectively. The XRD
signals collected for 1.01 < agpijo) < 1.08 are selectively
displayed to focus on the signals arising from the strained
layer.

The horizontal axis represents the outgoing angle o nor-
malized by the critical angle for total reflection of X-ray o,.
The intensity variation along « is due to generalized optical
functions, including the interference effects of the incident
and totally-reflected X-rays.”> While a sharp maximum is
attained at o, for a scatterer located exactly at the surface,
the peak position is shifted to a lower angle with increasing
vertical position of the scatterers above the surface. This
trend for the peak is recognizable in Fig. 2(a), where the gra-
dient of the lattice constant along the growth direction within
an uncapped QD results in the peak shift correlated with the
relative lattice constant. In other words, higher relative lat-
tice constants tend to be observed at lower o, i.e., closer to
the apex of the QDs. With increasing GaAs cap thickness,
the XRD intensities decrease. The XRD signals are hardly
observed from the relative lattice constants 1.01 < agyjyq)
< 1.08 after capping the QDs by 30 nm-thick GaAs.*

In this study, we focus on the XRD intensity transients
from relative lattice constants partitioned in 0.01 step to
investigate the evolution of the strain in both the QDs and
cap layer during growth. The XRD intensities from relative
lattice constants sectioned by 0.01, such as those between
1.01 and 1.02, 1.02 and 1.03, and so forth, are integrated and
plotted as a function of the growth time as shown in

FIG. 2. XRD CCD images (around
(220)) of InAs QDs with total deposi-
tion of 2.2 ML (a) before and after
growing cap layers of (b) 6nm, (c)
12 nm, or (d) 30 nm-thick GaAs.
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Fig. 3(a). The black vertical line indicates the end of InAs
growth and the beginning of GaAs cap layer growth. In the
early stage of cap layer growth, the intensities from 1.01 <
ag(i10) < 1.03 increase. In contrast, those from ag(j10) > 1.04
decrease as soon as the cap layer growth starts. These results
are in agreement with the previous in situ XRD results dur-
ing GaAs cap growth.?! With further growth, the intensities
from all lattice constants decrease monotonously with GaAs
cap thickness. The rate of decrease in the intensities becomes
smaller after capping by 4 nm-thick GaAs which is compara-
ble to the average surface QD height, as observed by
AFM, suggesting that the cap layer has covered the QDs
completely. It has been reported that below sufficient cap
thickness, the QDs remain partly uncapped, forming a pit-
and-mound structure.?’~>°

Figure 3(b) shows the integrated XRD intensity transients
during InAs and 9% In InGaAs (Ing09Gag 91 As) cap growth.
In the early stage of cap growth, the intensities from small lat-
tice constants increase as was the case with GaAs cap. After
this initial stage, the intensities from all lattice constants first
decrease, then the intensity from agjjig ~ 1.01 increases
between cap thickness of 4 and 12nm, and decreases again
with increasing InGaAs cap thickness. In addition, the
decrease in the XRD intensity from various agjjj) during
InGaAs cap growth is slower than that during GaAs cap
growth. We believe this is because the strain in the QDs is
smaller when capped with InGaAs instead of GaAs, which
accounts for the redshift of emission wavelength of the QDs.

To understand the growth mechanisms of capping, we
divide the XRD intensity transients into three stages as
shown in Figs. 3(a) and 3(b).

(Stage 1) The intensities from small lattice constants
increase, whereas those from large lattice constants decrease
during both GaAs and InGaAs cap growth.

(Stage II) The intensities from all lattice constants decrease.
(Stage III) The rate of decrease in intensities becomes
smaller during GaAs cap growth, and the intensity from
agjiio) ~ 1.01 increases during InGaAs cap growth.

Based on these in situ XRD observations, we discuss the
growth mechanisms of the cap layer as illustrated in Fig. 4.
Before capping (Fig. 4(a)), it has been reported that the QD
lattice constants spatially vary and larger lattices appear with
increasing QD size from RHEED and XRD observa-
tions.?'>% In the early stage of cap layer growth, the inten-
sities from small (1.01 < agpjjg) < 1.03) relative lattice
constants increase, whereas those from large lattice constants
decrease with both GaAs and InGaAs caps. In addition, the
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FIG. 3. Integrated XRD intensity tran-
sients observed from various relative
lattice constants during InAs QD layer
and (a) GaAs and (b) Ing9GagoiAs
cap growth. Black line indicates the
end of InAs growth and the beginning
of GaAs or IngpoGapoAs cap layer
growth. Green, pink, and blue region
correspond to stages I, II, and III,
respectively.

increase in XRD intensity from small relative lattice constant
lasts longer for InGaAs capping due to the difference in the
lattice constants between InGaAs and GaAs. These results
suggest that the lattices of the QDs are compressed by the
cap layer. This is supported by the observation by Saito
et al."' where unburied QDs exhibited a large PL redshift

FIG. 4. Schematic illustration of InAs QDs and cap layer during the cap
layer growth: (a) before growth, (b) partially covered, (c) fully covered, and
(d) excessively covered. When partially covered, the QD lattices are com-
pressed by the cap layer. In return, the cap layer lattices are expanded by the
QDs. When excessively covered, the cap layer lattices are expanded due to
In-Ga intermixing during capping.
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with respect to the buried. In return, the lattices of the cap
layer are expanded by the QDs (Fig. 4(b)). The elastic strain
energy per atom E is given by

Vv Vv
E = EC11(62 + efy + 6_32) + §C44(exyeyz + €€z + Exxbyy)

XX

+ VC12<€XX€yy + €Eyy€zz + 622@(){)7 (2)

where V is the equilibrium volume, C;; are cubic elastic con-
stants, and ¢;; are elements of strain tensor. Ga-As bond has
a larger elastic constant than In-As bond as shown in
Table 1.°" In the absence of shear strain ¢; (i #),”' the strain
components are

Cx = Gy = TR0~ Peq y €z = @Rloo1] (xeqa 3)

Oleq Oleq

where a,, is the equilibrium lattice constant of the unstrained
cap or QD layer, and agjoo; is the lattice constant along [001]
normalized by that of bulk GaAs. The elastic strain energy
E;.er at the interface of the QDs and the cap layer, which is
depicted by the red squares in Fig. 4(b), is defined as

Einter - (E(In)GaAs + ElnAs)/2> (4)

which is the average of elastic strain energy of the InAs QD
and (In)GaAs cap lattices. Ej,,, is minimized when agj1]
and agjoor) at the interface with GaAs cap are 1.032 and
1.031, and those with Ingg9Gagoe;As cap are 1.036 and
1.037, respectively. Hence, the (In)GaAs cap layer lattices
are expanded and the QD lattices are compressed, resulting
in the increase in XRD intensities from 1.01 < agyy19 < 1.03
in the early stage of cap layer growth.

With further capping, the cap layer grows preferentially
on the wetting layer rather than on the QDs in order to sup-
press the increasing strain energy. The out-of-plane lattices
of the QDs are not compressed since the QDs are not com-
pletely covered. On the other hand, with increasing cap layer
thickness, all in-plane lattices of the QDs are compressed by
the cap layer, and the expanded cap layer lattices shown in
Fig. 4(b) begin to regain the original cap layer lattice con-
stant. Therefore, the XRD intensities from all lattice con-
stants decrease as cap layer growth proceeds in stage II.

Eventually, the QDs are completely covered by the cap
layer as shown in Fig. 4(c). Here, the out-of-plane lattices
are also strained, resulting in rapid increase in strain energy
accumulated in the QDs. To reduce this rapidly increasing
strain energy, In-Ga intermixing and/or In segregation may
also occur between the QDs and the cap layer (Fig. 4(d)),
consequently expanding the cap layer lattices. Here, In-Ga
intermixing means the mixing of In and Ga atoms between
the QDs and cap layer, whereas In segregation describes the

TABLE 1. Elastic constants of bulk GaAs and InAs.>!

Cl1 C12 C44

(10! dyne/cm)

GaAs 12.03 5.70 5.20
InAs 8.53 4.90 3.14
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FIG. 5. Schematic illustration of In-Ga intermixing and in segregation
defined in this report. Red arrows indicate In-Ga intermixing in which In
and Ga atoms mix between the QDs and cap layer. Yellow arrows indicate
In segregation in which In atoms diffuse to surface.

diffusion of In atoms in the cap layer to the surface as shown
by the yellow arrows in Fig. 5.

To clarify the dominant mechanism that explains the ex-
perimental results, we further studied the evolution of the lat-
tices during growth of modulated cap layers. The structures
of the modulated cap layers are shown in Figs. 6(a) and 6(b).
The thickness 4 nm of the first cap layer corresponds to the
end of stage II, during which the intensities from all lattice
constants decrease after the initial intensity increase from
1.01 < ag110) < 1.03 in both GaAs and Ing09Gag o1 As cap in
stage I (Figs. 3(a) and 3(b)). By further depositing 26 nm cap
layer of different In content, the total thickness reaches
30 nm, which corresponds to the thickness in stage III, when
intensities from all lattice constants gradually decrease.
Figures 7(a) and 7(b) show the XRD intensity transients dur-
ing 4 nm-thick Ing 09Gag 91 As followed by 26 nm-thick GaAs
cap (Fig. 6(a)) and 4 nm-thick GaAs followed by 26 nm-
thick Ing goGag 91 As cap growth (Fig. 6(b)), respectively. The
XRD intensities from almost all lattice constants decrease
monotonously with increasing cap layer thickness in the case
of 4nm-thick GaAs followed by 26 nm-thick InGaAs cap.
This trend is similar to that during the unmodulated 30 nm-
thick GaAs cap layer growth. In contrast, the intensities from
agiio] = 1.04 decrease with cap layer thickness, while those
from agjiig) ~ 1.01 increase, and decrease again during
4 nm-thick Ing ooGag 9;As followed by 26 nm-thick GaAs cap
growth as was the case with unmodulated 30 nm-thick
Ing0oGag o As. The relative lattice constant of GaAs is
agi10) = 1.00, and that of Ing0oGag 91 As is ag(i1o) ~ 1.0065.
The intensity at agpjjo) ~ 1.01 should increase if In segre-
gates to the surface terminated with either GaAs or
Ing 00Gago1As, and more readily with the latter. However,

FIG. 6. The sample structures with modulated cap layers. (a) 4 nm-thick
Ing 09Gap .91 As followed by 26 nm-thick GaAs cap and (b) 4 nm-thick GaAs
followed by 26 nm-thick Ing goGag o1 As cap are grown on InAs QDs.
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FIG. 7. Integrated XRD intensity transients from various relative lattice con-
stants during growth of InAs QD layer and modulated (a) 4 nm-thick
Ing 09Gap .91 As followed by 26 nm-thick GaAs cap or (b) 4 nm-thick GaAs
followed by 26 nm-thick Ing 09Gag 91 As cap.

while we observe increase in the intensity at agyijo) ~ 1.01
during growth of 26nm-thick GaAs on 4nm-thick
Ing 00Gag 91 As (Fig. 6(a)), we do not observe increase during
growth of 26 nm-thick Ing9Gapo;As on 4 nm-thick GaAs
not only at ag(jo) ~ 1.01 but at any of the lattice constants
(Fig. 6(b)). Therefore, surface segregation of In cannot
account for the results.

In contrast, In-Ga intermixing at the InAs-cap interface,
followed by In diffusion in the cap, can explain the XRD
transients. In this case, the cap layer lattices near the inter-
face between the QDs and cap layer, rather than the surface,
are expanded. Once again, since InggoGagoiAs (dg(iio]
= 1.006) has a lattice constant larger than GaAs (ag[iio)
= 1.0), increase in the intensity from ag(iio ~ 1.01 is readily
observed during InGaAs cap growth due to intermixing, but
not with GaAs cap.

Further evidence that supports In-Ga intermixing being
the dominant process can be found in the unmodulated
InGaAs capping transients (Fig. 3(b)). After the growth of
12 nm-thick Ing 09GagoiAs cap, the layer includes an equiva-
lent of 3.8 ML InAs and 38.4 ML GaAs. Since the amount of
InAs deposition for QD growth is 2.2 ML, the average InAs
content in the cap layer and the QD layer added together is
13.5% at the cap thickness of 12 nm. The relative lattice con-
stant of 13.5% In InGaAs (Ing.135Gag gesAs) is agiig) ~ 1.01.
This deficiency in In may account for the gradual decrease in
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the intensity from agp g ~ 1.01 beyond 12nm of Inggo
Gag.91As cap thickness even if In-Ga intermixing occurs.

The same argument can be applied to the unmodulated
GaAs capping (Fig. 3(a)). The average InAs content in the
cap layer and the QD layer added together becomes 13.5% at
the cap thickness of approximately 4 nm. It is seen in Fig.
3(a) that the intensity from ag(jjg) ~ 1.01 does not increase
beyond 4 nm of GaAs cap thickness.

As discussed above, it is suggested that the strain in the
QDs increases with increasing cap layer thickness, inducing
In-Ga intermixing, based on in situ XRD observation during
cap layer growth. Here, the relation between the cap layer
thickness and PL emission wavelength is studied. Figure 8(a)
shows the PL results at 4 K from InAs QDs covered by 7%
In InGaAs (Ing7Gago3As) cap of various thickness. Red,
green, blue, and pink lines describe the results obtained from
those with cap thickness of 4, 9, 20, and 30 nm, respectively.
The PL emission is redshifted with decreasing InGaAs cap
thickness. This result suggests that strain in the QDs can be
controlled not only by the lattice constant of the cap layer
but also by the cap thickness in the case of thin cap. In par-
ticular, a large redshift is observed when the cap thickness is
reduced from 9 to 4 nm. These results are in agreement with
the previous work on PL emission from QDs covered by
GaAs of various thicknesses as shown in Fig. 8(b).>* This
redshift is induced by decreasing the strain in the QDs and/or
In-Ga intermixing between the QDs and cap layer, as
observed from in situ XRD measurements. The PL peak lies

FIG. 8. 4 K PL spectra of a single InAs QD layer grown on GaAs and
capped by (a) Ingg7GagoszAs and (b) GaAs of various thicknesses (4 nm,
9nm, 20 nm, and 30 nm).** (/o = 780 nm, 5 W/cm?).
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at about 1.35 um with 4 nm-thick Ingy;Gago3As cap at 4K,
and further PL redshift of over 200 nm is reported when 23%
In InGaAs (Ing3Gag77As) cap is used instead.'” By prepar-
ing a thin InGaAs cap with high In content, PL. emission at
wavelength over 1.55 um, at cryogenic or RT, should be pos-
sible. Using thin cap in a QD bilayer structure, in which
smaller seed QDs are inserted between the larger QDs of
concern and buffer layer, we have indeed demonstrated PL
emission at wavelength over 1.55 um at both 4K and RT.*
However, the PL intensity decreases and the peak width
measured by full width at half maximum (FWHM) increases
with decreasing cap thickness. As discussed above, it has
been reported that during initial GaAs cap layer growth,
InAs QDs are only partially covered and intermixing of Ga
and In takes place actively.?’**=? Surface states formed on
such surfaces tend to capture the carriers generated in the de-
vice, resulting in enhanced nonradiative recombination. The
rate of carriers being captured by such sites is likely to
increase with decreasing cap thickness. In addition, the spa-
tial variation of the strain in the sample with thin cap is
larger than that with thick cap since the QDs are only par-
tially covered by the cap layer. Therefore, the PL peak
FWHM increases with decreasing cap thickness. For enhanc-
ing the PL intensity and narrowing peak width simultane-
ously, further studies on strain control are warranted
inclusive of those by in situ XRD.

IV. CONCLUSIONS

The evolution of strain induced in the QDs and cap dur-
ing the cap layer growth has been studied using in situ XRD.
Strain in the QDs is found to increase with increasing cap
thickness in both GaAs and 9% In InGaAs cap. In the early
stage of the cap layer growth, the intensities from small latti-
ces increase, whereas those from large lattices decrease.
After that, the intensities from ag(jg) ~ 1.01 decrease until
the cap is 4 nm-thick, then increase up to 12 nm-thick, and
decrease again during InGaAs cap growth. The increase in
the intensities from ag(;j0) ~ 1.01 between 4 and 12nm cap
thickness is attributed to In-Ga intermixing between the QDs
and cap layer, and the total In content in these layers limits
the XRD intensity beyond the thickness of 12 nm. In the case
of GaAs cap, the rate of decrease in the intensities becomes
smaller at around 4 nm-thick, and the intensities from all lat-
tice constant decrease monotonously. This difference in the
XRD intensity transients between GaAs and InGaAs cap
suggests In-Ga intermixing taking place during the cap
growth under limited supply of In. The supply of In is not
sufficient to enhance the XRD signal at agjj o) ~ 1.01 in the
case of GaAs cap, while the cap layer lattices are expanded
by incorporating In atoms due to the intermixing in the case
of InGaAs cap.

The relation between the cap layer thickness and PL
emission wavelength has been discussed incorporating the
information about strain observed by in situ XRD. The emis-
sion wavelength from InAs QDs is redshifted with decreas-
ing thickness of the Ing;Gago3As cap. It is suggested that
strain in the QDs can be controlled not only by the lattice
constant of the cap layer but also by the cap thickness.

J. Appl. Phys. 118, 185303 (2015)

Moreover, PL emission at 1.35 um is observed at 4 K when
capped by 4 nm-thick Ing0;Gago3As, although the intensity
decreases and FWHM increases with decreasing cap thick-
ness. Increasing the PL intensity and narrowing the width are
imperative for device applications, and further work in better
controlling the strain is awaited.
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Up-converted photoluminescence (UPL) in InAs/GaAs heterostructures has been investigated. Relaxation
process imposes a great challenge for efficient UPL. It is found that efficient UPL can be detected by the
luminescence from InAs/GaAs multi quantum well (MQW), and that the intensity could be enhanced by
further improving crystalline quality of GaAs barrier. In addition, choosing proper energy states as inter-
mediate states is another important issue to enhance UPL. We describe how the overall UPL efficiency can
be controlled by the epitaxial growth and selection of intermediate states.

© 2017 Elsevier B.V. All rights reserved.

Up-converted photoluminescence (UPL) in semiconductor
quantum dots (QDs) and quantum wells (QWs) has attracted much
attention in recent years. The striking observation of photolumi-
nescence (PL) signal at energy higher than the excitation energy
makes it promising for applications such as intermediate band
solar cells, unconventional lasers, or displays [1-3]. Although
numerous investigations have been performed to elucidate the
mechanisms of UPL, where Auger recombination and two-step
two-photon absorption through intermediate state are proposed,
less information is available on the competing mechanisms
between carrier extraction and relaxation processes which impose
a great challenge for the observation of UPL [4-6]. We recently
reported the importance of introducing confinement states for
overcoming such difficulties and enhancing UPL [7]. In this paper,
we discuss how the growth of such structures can influence the
efficiency of UPL and introduce quantum well islands (QWIs),
island structure of InAs with thickness of a few MLs, as confine-
ment state, to further enhance UPL.

A series of samples were grown on semi-insulating GaAs (001)
substrates by molecular beam epitaxy (MBE). Sample A consists of
InAs/GaAs single QW (SQW) with one monolayer (ML) InAs and
20 nm GaAs cap layer. Sample B has an increased number of
QWs with three periods of 1 ML InAs/20 nm GaAs QWs, i.e., multi
quantum wells (MQWs). Sample C has a structure identical to sam-
ple B except that the GaAs barrier layers, both below and on top of
the MQWSs were grown at a higher substrate temperature of
560 °C. In sample D, a QD layer with 1.5 ML InAs is inserted
between the MQW and the GaAs cap layer of sample C. Samples
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E-mail address: yuwei.zhang@toyota-ti.ac.jp (Y. Zhang).
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E, F and G consist of MQWs identical to sample B, grown beneath
and on top of a QD layer with 1.7 ML, 1.75 ML, and 1.8 ML InAs,
respectively. It should be noted that the growth of samples C and
D proceeds as follows: after growing the GaAs buffer layer at
580 °C, the temperature was lowered to 480 °C to grow 1 ML InAs
QW layer. Then the temperature was raised to 560 °C gradually to
grow the 20 nm GaAs barrier layer followed by lowering of tem-
perature to 480 °C and then deposit of InAs QW layer. The 20 nm
GaAs cap layer was also grown at a gradually raised substrate tem-
perature. However, all the layers of samples A, B, E, F, and G were
grown at 480 °C except that of the GaAs buffer grown at 580 °C.
The sample structures are shown in Fig. 1. PL measurement were
carried out using a cw beam of Ti:sapphire laser for excitation
and a liquid nitrogen cooled InGaAs diode array detector.

Fig. 2 shows the PL spectra of samples A and B with excitation
wavelength of 780 nm and 930 nm at 4 K, respectively. For sample
A, when excited at an energy above GaAs band gap (hex = 780 nm),
emission from GaAs layer is observed at 818 nm and 832 nm which
relate to GaAs free exciton and donor-to-acceptor recombination,
respectively. The emission at 845 nm originates from the InAs
SQW. When the excitation energy is reduced to below the GaAs
band gap (Aex = 930 nm), UPL signal is observed at 845 nm which
corresponds to the recombination in InAs SQW. Since the excita-
tion energy is below the GaAs band transition or the QW transi-
tions, energy states such as those induced by impurities within
the GaAs bandgap might be acting as intermediate state to up-
convert carriers which are then captured by the QWs and exhibit
UPL. It should be noted that UPL is also observed in GaAs without
structures [8,9]. However, the impurities introduced during MBE
growth in the present sample only allow limited up-converted car-
riers to be captured, resulting in a relatively weak UPL. To enhance
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Fig. 1. Structures of samples A-G. The indicated temperature corresponds to the growth temperature of GaAs in the MQW and cap layer.

Fig. 2. PL and UPL spectra of (a) sample A and (b) sample B at 4 K with excitation wavelengths of 780 nm and 930 nm, excitation intensity 8 and 12 W/cm?, respectively.

the luminescence from the QWs, one straightforward approach is
to increase the density of the QW, the luminescing states. Hence,
sample B with three periods of InAs/GaAs QW, i.e., triple QW,
was grown. While UPL from InAs/GaAs MQW is observed at
845 nm, the enhancement of UPL was not up to the expectation.
We believe this is due to the formation of non-radiative centers
in GaAs barriers during the growth of three layers of SQW, as dis-
cussed below. Note that the slight shift in the emission peak of the
UPL spectra from the PL spectra is due to the experimental artifact
introduced by the use of different gratings. In order to reduce the
non-radiative centers in the GaAs barriers, sample C was grown
at a higher substrate temperature for the GaAs barriers. As shown
in Fig. 3(a), a narrow and strong peak from MQW is observed in PL
spectra (note that the excitation intensity is weaker than for those
in Figs. 2 and 4), implying an efficient capture of carriers being
realized as a consequence of improved crystal quality. In the UPL
spectra with an excitation wavelength of 930 nm, sample C dis-
plays a more intense UPL than sample B. In this sample, we believe
that the elevated growth temperature of 560 °C for the GaAs barri-
ers within the MQWs resulted in improved crystal quality, which
plays an important role for the UPL enhancement. We further note
that neither PL nor UPL spectra exhibit luminescence from GaAs.
This may also be due to the high quality GaAs crystal, not trapping
any carriers within the GaAs but rather passing them into lower
energy states in the MQWs.

Based on the results obtained from sample C, we prepared sam-
ple D, in which 1.5 ML InAs layer is introduced as confinement
states for enhancing UPL. QWIs can be formed when the InAs depo-
sition amount is close to that of critical thickness of 1.7 ML or less,
and are reported to act as efficient intermediate states for UPL [10-
13]. However, their role of relaxation pathway through which UPL
would be weakened should also be considered. As shown in Fig. 4,
sample D displays a strong UPL which is comparable to that of
sample C at the same excitation energy (930 nm), in which UPL
peaks not only from the MQW (845 nm) but also from the GaAs
layer (donor-to-acceptor recombination; 832 nm) are observed.
We attribute the observation of 832 nm peak in the UPL of sample
D to the defects which are formed during GaAs capping. The lattice
of the GaAs cap layer is distorted by the underlying InAs QWIs. Sur-
prisingly, neither PL nor UPL is observed from the QWIs them-
selves, whose peak should lie at around 870nm, longer
wavelength than that of MQWs. The results suggest that the QWIs
may act as efficient intermediate states. This is probably achieved
by the quantized electronic states of QWIs weakly confining the
excited carriers for a limited period of time without recombining
until they are transferred into the QWs, the luminescing sites.
The relatively long survival time might be due to the phonon bot-
tleneck which inhibits the excited carries relax into the ground
state but being injected into the MQW [14] or due to the relatively
large carrier separation that could be achieved in the QWIs. The
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Fig. 3. (a), PL and (b), UPL spectra of sample C with ., = 780 nm and 930 nm, at excitation intensity 3 and 12 W/cm?, respectively at 4 K.

Fig. 4. PL and UPL spectra of sample D with A.x = 780 nm and 930 nm, at excitation
intensity 8 and 12 W/cm?, respectively at 4 K.

QWIs are about 100 nm in lateral size, although the thickness is
typically 2 or 3 MLs [15,16]. Consequently, the carriers generated
in the QWIs are quantum confined vertically (thickness direction),
but only classically confined laterally, and are less likely to recom-
bine radiatively due to the spatial spread compared to those in
QDs.

In order to explain the up-conversion and relaxation processes,
a schematic band diagram in the above discussed structures is
depicted in Fig. 5. In principle, the process starts with generation

of electron-hole pairs at the intermediate state, followed by a sec-
ond excitation process to transit carriers into the GaAs barrier
layer. Those up-converted carriers are either trapped by the QWs
or QWIs embedded in the GaAs barriers. Those that are captured
by the QWSs recombine radiatively directly giving rise to UPL, as
observed in samples A, B and C. However, in sample D, some carri-
ers can be trapped by the QWIs and the accompanying WL, formed
by SK growth, can proceed through two possible paths; (1) relax to
the ground state of the QDs and recombine, or (2) be ejected after a
period of time. In sample D, a strong UPL is observed indicating
that the role of QWIs as relaxation path way is not prominent
and UPL maybe further enhanced through a careful control of
energy states in QWI structures.

Our results demonstrate that for efficient UPL it is essential to
choose proper intermediate states through which up-conversion
dominates over relaxation. The up-conversion is limited by the
wavefunction overlap between the intermediate states and the
conduction band (CB). As shown in Fig. 6, when the QDs are
excited, up-conversion is weak because the wavefunction of the
electrons in QDs is confined both in the growth and lateral direc-
tions while the wavefunction of the electrons in the CB of GaAs
is delocalized. In contrast, when QWIs act as the intermediate
states, the wavefunction overlap between intermediate states
and CB can be increased in the lateral direction as a result of the
large lateral size of QWI with thinner GaAs barrier in between
leading to delocalization of wavefunction. Hence, UPL is expected
to be enhanced. Up-conversion can be further enhanced by
increasing the density of QWIs by controlled growth. Inspired by
this idea, we grow and compare UPL in the InAs QWI structures.

Fig. 5. (a) Schematic illustration of up-conversion and relaxation processes in InAs quantum structures which consists of (1) (green), up-conversion of carriers to above
bandgap of GaAs, followed by (2), capture of the carriers by either by MQW (direct UPL) or QWIs. (b) Two competing processes through QWIs. QWIs can act either as
intermediate states for up-conversion (green) or relaxation pathway (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)



Y. Zhang, 1. Kamiya/Journal of Crystal Growth 477 (2017) 54-58 57

Fig. 6. Schematic illustration of up-conversion through (a) QDs and (b) QWIs as intermediate states in InAs/GaAs quantum structures. The wavefunction of electrons in the
intermediate states of QDs is localized while that in QWIs is delocalized along the lateral direction. The morphology of QDs and QWIs are also shown, respectively.

Sample E was grown with 1.7 ML InAs layer, that contains QDs,
sandwiched between InAs/GaAs MQW at both sides. Fig. 7 shows
the PL spectra of sample E with excitation wavelength of 780 nm,
850 nm, and 900 nm, respectively. The PL spectra with excitation
wavelength of 780 nm and 850 nm are nearly alike. The PL signal
only arises from the QDs. (The 850 nm peak in Fig. 7(b) is due to
the scattered excitation beam.) The subtle redshift and shoulder
at around 950 nm arising in Fig. 7(c) is due to the direct excitation
of the QDs since at 900 nm, neither GaAs nor InAs WL can be
excited. When the 3 ML QWIs are excited at 900 nm in this sample
E, UPL from MQW at around 850-855 nm can be observed as
shown in Fig. 8(bottom). It is encouraging that the QWI structures
with weak electron confinement, as confirmed from PL spectra that
only emission from QDs are observable, exist even when the QDs
are formed near the critical InAs deposition thickness for QD for-
mation. With increased InAs deposition, the density of 3 ML QWIs
increases as the InAs layer develops from 1 or 2 ML structures. In
order to prepare a high density of QWIs for achieving efficient
UPL, we prepared samples with InAs deposited near the critical
thickness (1.7 ML) of QD formation. Samples F and G consist of
structures identical to sample E but with 1.75 ML and 1.8 ML InAs,
respectively. As can be seen from Fig. 8, with increased InAs depo-
sition, UPL from MQW is enhanced. We attribute the enhancement
to the increased density of intermediate states at these InAs cover-
ages. However, with further InAs deposition, the QWIs convert to

Fig. 8. UPL spectra of samples E, F, and G with % = 900 nm at excitation intensity
10 W/cm? at 4 K. Note that the spectrum for sample E is magnified fivefold.

QDs, thus decreasing the UPL intermediate states. Further study
is necessary to confirm this model. The peak at a shorter wave-
length (ca. 840 nm) in sample G is assumed to arise from the dis-
torted lattice of GaAs by the underlying InAs QWIs, which can
capture part of the up-converted carriers only if the up-

Fig. 7. PL spectra of sample E with (a) Lex = 780 nm, (b) Aex = 850 nm, and (c) Lex = 900 nm, respectively, at excitation intensity 1 W/cm? at 4 K.
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conversion becomes significant with more up-converted carriers
available in CB. This can also explain the absence of the corre-
sponding peak in samples D and F.

In summary, we have investigated UPL in InAs/GaAs
heterostructures. It is found that preparing the samples with high
crystal quality is a crucial factor to enhance UPL. We also showed
that the up-conversion through QWIs lead to efficient UPL com-
pared with QDs due to the increased wave-function overlap
between the intermediate states and CB. We found that InAs
deposited near InAs QD formation thickness is crucial for efficient
UPL.
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A method for laser-induced local p-type activation of an as-grown Mg-doped GaN
sample with a high lateral resolution is developed for realizing high power vertical
devices for the first time. As-grown Mg-doped GaN is converted to p-type GaN in a
confined local area. The transition from an insulating to a p-type area is realized to take
place within about 1-2 um fine resolution. The results show that the technique can be
applied in fabricating the devices such as vertical field effect transistors, vertical bipo-
lar transistors and vertical Schottkey diode so on with a current confinement region
using a p-type carrier-blocking layer formed by this technique. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5009970

Many studies have been reported on the development of high-power devices using materials
such as GaN/AlGaN, Ga,O3; and diamond.!3 High-power vertical GaN devices, such as vertical
field effect transistors (FETs), vertical bipolar transistors, and vertical Schottkey diode so on are the
main applications of GaN-related materials. In case of vertical FETs the source—drain current should
be confined to the gate region to control the current by the gate. To achieve this confinement, a local
carrier-blocking layer of p-GaN has been proposed.* Crystal regrowth’ or ion implantation® into the
n-type layer are commonly employed methods to achieve such a current-blocking layer.

Crystal regrowth is a complicated technique in which lithography needs to be performed during
the interruption of crystal growth. In this process, the regrown crystal surface is exposed to air and
contaminated by the lithography processes. Consequently, the quality of the regrown crystals is
unsatisfactory.

Ion implantation needs a high-vacuum system, and spatial control of the implanted dopants is
difficult. Furthermore, damage caused during the ion implantation is a serious problem. In order to
reduce this damage, annealing processes are required.

In conventional p activation of Mg-doped as-grown GaN, a hot wall furnace or rapid thermal
annealing processes are used for the annealing. However, the as-grown Mg-doped GaN is uniformly
activated and locally confined activation is impossible. In contrast, the laser-induced local activation
(LILA) process developed here for the first time allows the preparation of local p-activated regions
without any damage or dopant migration. LILA is a technique for converting locally as-grown Mg-
doped GaN or AlGaN epitaxial layers grown by metal organic chemical vapor deposition (MOCVD)
to p-type GaN or AlGaN using excimer laser irradiation while conducting in sifu monitoring of the
surface during the process. It is demonstrated that it is possible to locally convert the as-grown n™-type
or insulating region to p-type in a conversion transition region of approximately 1-2 wm accuracy
using LILA. Especially this LILA can control the areas to be activated as a fashion of area-by-area
using a computer control system.

4E-mail: yaoyagi @gst.ritsumei.ac.jp
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FIG. 1. Experimental setup of LILA. The sample placed on the X-Y stage was scanned using a controller. The PL and
scattered light from the processing region of the GaN were monitored in situ to feed the actual irradiation conditions back to
the laser. The inset shows a typical sample used for measurement. In our experiment Mg-doped GaN was epitaxially grown
on the top of the n-GaN without an AlGaN layer.

Here, local activation in Mg-doped GaN to p-type GaN from n™-type as-grown GaN using LILA
is reported. The sample used was a Mg-doped GaN layer epitaxially grown on a Si (111) substrate
by MOCVD. On the Si substrate, a buffer layer (2 um), a non-doped (4 um) layer and a Mg-doped
GaN (1 um) layer were grown, successively. The Mg doping was 2.6x10'%/cm?.

Excimer laser light (193 nm, 10-500 Hz, 0.1-7 mJ/pulse, 10 ns pulse width) was collimated
with a pin hole and lenses to a size of 1 mm X 0.2 mm on the sample surface. The profile of the laser
intensity was observed using a knife edge method. The sample, on a stage, was scanned horizontally
and vertically to obtain uniform and/or local irradiation. The optimum scanning speed for obtaining
uniform irradiation was determined by simulation using the experimentally observed beam profile
pattern. Photoluminescence (PL) and scattered light from the surface were observed in situ during
the laser irradiation using an optical spectrum analyzer to control the irradiation condition as shown
in Fig. 1.

The optical micrographs of the surface under laser irradiation at high and low power intensities
are shown in Fig. 2. At an irradiation of 0.7 mJ laser power, the surface was mirror-like with p-type
conversion (Fig. 2(a)). Under this condition, the in sifu monitored PL and scattered light were identical
to those of the unprocessed sample.

However, when the laser intensity was increased to 1.8 mJ, the scanning pattern of the laser can
clearly be seen due to surface ablation and the surface is no longer mirror-like (Fig. 2(b)). A new
spectrum appeared on the optical spectrum analyzer, which may have come from the surface modified
by the laser. The details of the spectrum will be reported elsewhere.

The carrier types, the carrier density and mobility of the samples activated by LILA and the
samples annealed using a conventional hot wall furnace were determined using Van der Pauw—Hall
measurements. The experimental results are summarized in Table I. In the as-grown sample, the
Hall effect could not be measured because of the high resistivity of the sample, but it was assigned
as n-type from Seebeck effect measurements. The carrier type obtained by LILA processing was
p-type; this was the same as that obtained by conventional heat treatment. The carrier density and
mobility were comparable but the mobility obtained LILA method is higher than that obtained by

FIG. 2. Optical micrographs of the surface under laser irradiation at (a) low power (0.7 mJ) and (b) high power (1.8 mJ).
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TABLE I. Carrier density and mobility of Mg-doped GaN activated by LILA and conventional hot wall furnace annealing
determined by Van der Pauw—Hall effect measurements.

Treatment Method Carrier type Carrier density (cm™) Mobility (cm?/V -sec)
As grown n -type® NA NA
Laser activation (1.1mJ, 150Hz in Air) p-type 33 x 1016 4.7
Conventional Furnace activation (950°C, 20min in Nj) p-type 5.5 x 1016 4.1

4From Seebeck effect measurement.

conventional furnace activation method. In this region of carrier concentration of order of 10'¢/cm?,
phonon scattering may be a main scattering mechanism but not electron-ionized acceptor scattering.
So, laser annealing phenomena to improve the crystal quality may happen.

In LILA process the process is confined in a small local area and the crystal quality may better
than original one as discussed in previous paragraph. The spread of the heat generated by the laser is
less than 1 to 2 micron meter as proved in Kelvin probe measurement shown in Fig. 4. So, this LILA
process does not effect to other processes carried out for device fabrication such as ohmic contact
formation and/or hetero structure interface.

For confirming local activation of as-grown Mg-doped GaN, LILA was conducted on a sample
with a mask of 3-mm Si stripe patterns on the surface. As shown in Fig. 3(a), the laser irradiated the
whole area of the sample with the mask, and the mask was then removed after irradiation to measure
the conductance profile of the sample. The irradiated area changed to p-GaN and the non-irradiated
area remained n™-type as-grown GaN, which was confirmed by Seebeck effect measurements. Two
microprobe measurements were carried out as shown in Fig. 3(b). Two microprobes separated at a
distance of 0.3 mm were moved together to the perpendicular direction of the p—n~ junction interface.
The current between the two probes was measured after removing the mask.

FIG. 3. Two-probe conductance measurements on the LILA-treated surface using a mask. (a) Sample used for local activation
by LILA with the mask. (b) Schematic view of the two-probe measurement of the local conductance. The two probes were
moved on the surface in the direction perpendicular to the p—n~ junction. (c) Current observed by the two-probe measurements
as a function of distance.



015329-4 Kurose et al. AIP Advances 8, 015329 (2018)

FIG. 4. (a) Observed KFM image and line profile of the contact potential difference Vg along the blue line in the image.
(b) Corresponding AFM image and line profile of the topography along the blue line in the image. The images and the blue
lines are of identical areas.

The current observed as a function of the distance of the movement across the p—n~ junction
is shown in Fig. 3(c). At the interfaces of the p—n~ junction (I) and (II), an abrupt conductance
change was observed. The abrupt change was more than two orders of magnitude greater on con-
ductance in the p-GaN compared to that in the n™-type as-grown GaN. The conduction transition
width between the non-irradiated and the irradiated regions was determined to be less than the res-
olution limit of 70 pm in this two-probe method. This meant that the Mg did not diffuse under
laser irradiation, the laser did not penetrate in the horizontal direction and local activation was
enabled by LILA. The steepness of the interface was less than the resolution limit of 70 wm of this
measurement.

To clarify the spatial resolution limit of LILA in the conversion region at a finer scale, Kelvin
probe force microscopy (KFM) was performed, with which atomic force microscopy (AFM) could
be performed simultaneously. Typical results are shown in Fig. 4.

The 4-um Ti stripe metal masks at an interval of 8 um were deposited on the as-grown sur-
face using lithography for this experiment. After uniform irradiation on this sample, the Ti metal
masks were removed. The Ti metal masked (non-irradiated) and unmasked (irradiated) regions
can clearly be distinguished in the KFM image and line profile, where a potential difference
of the laser-irradiated region and non-irradiated region of approximately 200 meV was observed
(Fig. 4(a)).

This clear contact potential difference of about 200 meV arose from the work function difference
between the p-type converted Mg-doped GaN by laser irradiation and the n™-type as-grown Mg-doped
GaN. The value was smaller than that expected from the work function difference between ideal p-
and n™-type GaN. The reason for the discrepancy is not clear at the moment, but the same phenomenon
has been observed in other materials. In particular, the measurements on pure n- and p-type GaAs
showed a work function difference of 260 meV.” This was tentatively attributed to the surface states
changing their degree of charging when the Kelvin force measurements were performed using AFM
cantilevers, thereby inducing an uneven field at the surface.

The simultaneously observed AFM image is shown in Fig. 4(b). The surface was almost flat and
the root mean square roughness of the surface was 9.5 nm. (The spikes observed in the KFM and
AFM cross-sections were not noise, but were due to surface contamination during the processes.)
This image confirms the boundaries of the masked and unmasked regions, agreeing well with the
KFM results.
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From these results, it can be concluded that the conversion transition from p- to n”-GaN occurs
over a distance of about 1-2 pm. The laser light was absorbed just on the surface because of the
high optical absorption coefficient of GaN for 193 nm light (~7x10°/cm)® and the heat generated at
the surface diffused isotropically. The observed transition region of about 1-2 um suggests that the
thermal diffusion length in which p-type conversion takes place from the as-grown sample is about
1-2 um. As the thermal conductivity of GaN is 1.0 W/K-cm,” the temperature at a depth of 1-2 um
below the surface is about 10-20°C lower than the temperature at the surface.

The carrier-blocking layer of p-GaN is underneath the GaN and AlGaN for vertical FETs. How-
ever, the thickness of AlGaN is about 10-20 nm and the thickness of the GaN is expected to be about
0.3 pm, depending on the device design. So, the Mg-doped GaN inside the device can be activated
locally using this LILA method, and vertical FETs with a p-GaN carrier-blocking layer can be devel-
oped. When it is necessary for activation at deeper Mg-doped GaN layers locally, activation can be
achieved using a multi-irradiation technique.

The present results show the strong potential for fabrication of vertical devices with p-GaN
without using any regrowth or ion implantation techniques. In addition to this advantage LILA
method makes possible to fabricate repeated and complicated small cells of devices using computer
control system by positioning the local activating spots one by one and/or large area batch treatment
for the activation.

In conclusion, a new technique, called LILA, has been established for the first time. This has
achieved local activation of Mg-doped GaN using an excimer laser operating at 193 nm together
with in situ observations of the surface during laser processing. Using this method, local activation
of carriers with a lateral resolution of about 1-2 um was possible, thus establishing the potential for
fabricating vertical high-power devices without using any other fabrication techniques such as crystal
regrowth, ion implantation or mesa structures.
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Suppression of Twin Formation in Layered In,Se; Grown on GaAs(111)

Nobuaki Kojima, Hiroya Nakamura, Yoshio Ohshita, and Masafumi Yamaguchi

Toyota Technological Institute, 2-12-1 Hisakata, Tempaku, Nagoya 468-8511, JAPAN

Abstract — We propose novel buffer layers consisting of the
layered defect zincblende (In,Ga;_,),Se; compounds for the GaAs
on Si(111) system. The layered structured materials are suitable
for lattice mismatch and thermal expansion mismatch buffer
layers. However, weak van der Waals bonding may cause twin
crystal domain formation during the crystal growth. We
investigated In,Se; growth on GaAs(111) just and vicinal
substrates by MBE and compared twin crystal formation, surface
morphology and crystal quality. The vicinal substrates suppress
twin formation by predominating the step-flow growth at the
surface step edge. To eliminate twin crystal domains and to
improve crystal quality, the optimization of the surface step
structure is necessary.

Index Terms — Epitaxial layers, Photovoltaic cells, Gallium
arsenide.

1. INTRODUCTION

The defect zincblende structured III-VI compounds (In,Ga;.
25¢e; are attractive materials as novel buffer layer for GaAs
on Si system. (In,Ga;,),Se; has the lattice constant between
that of Si and GaAs, depending on In content, and can have
layered structure with loose van der Waals gaps as described
below. The layered structured materials are suitable for lattice
mismatch and thermal expansion mismatch buffer layers.

The defect zincblende structure is basically a zincblende
structure, in which one third of III group atoms are vacant. In
this structure, the native vacancies are known to be
spontaneously ordered. In Ga,Se;, vacancies order along [1-
10] direction of the zincblende lattice.!"! On the other hand, in
In,Ses, vacancies form planes every three indium planes along
the (111) plane of the zincblende lattice.”) Thus, defect
zincblende In,Se; exhibits layered structure with van der
Waals gaps.

We proposed novel buffer layers consisting of (In,Ga,_),Se;
compounds for the GaAs on Si(111) system.[z's] In this
crystallographic orientation, the layered defect zincblende
(InyGa, 4),Se; can be grown on Si epitaxially with the van der
Waals gaps aligned parallel with the Si(111) substrate surface.
The van der Waals interface of the layered structure should
absorb any strain caused by lattice mismatch and thermal
expansion coefficient difference between Si and GaAs.

However, weak van der Waals bonding may cause twin
crystal domain formation during the crystal growth. Such twin
defects should be eliminated from the epi-layer for use of the
buffer layer between GaAs and Si.

In this study, we grew In,Se; films on GaAs(111)B just and
vicinal substrates. The vicinal substrates may prevent the twin
formation by predominating the step-flow growth at the

surface step edge. We compare twin crystal formation, surface
morphology and crystal quality of the In,Se; films.

II. EXPERIMENTAL PROCEDURE

In,Se; films were grown on GaAs(111)B just and vicinal
substrates by molecular beam epitaxy (MBE). The offcut angle
of the vicinal substrate is 2° toward the [2-1-1] direction. The
growth temperature (T,) and growth time were fixed at 450°C
and 1.5 h, respectively. VI/III beam flux ratio was adjusted to
around 150. Prior to growing process, the GaAs substrates
were chemically etched with Semico-23-clean and rinsed with
deionized water, and then heated at 590°C under As beam
irradiation for 10 min in the MBE growth chamber to remove
surface oxides. In the above growth conditions, the film
thickness is typically around 150 nm.

Twin crystal formation was evaluated by electron back
scatter diffraction (EBSD) wusing a scanning electron
microscope (SEM) equipped with an EBSD detector. Surface
morphology was observed by SEM and atomic force
microscope (AFM). Crystal quality was measured by X-ray
diffraction (XRD).

II. RESULTS AND DISCUSSION

Twin crystal formation was evaluated by EBSD as shown in
Fig. 1. The area enclosed by red or black line corresponds twin
crystal domain. The area ratio of twin crystal is around 39%
for In,Se; on GaAs(111)B just, and 12% for In,Se; on
GaAs(111)B vicinal, respectively.

Surface morphology was observed by SEM and AFM as
shown in Fig. 2 and 3. From SEM images for both GaAs(111)
just and vicinal substrates in Fig. 2, stripe contrast is seen

o

Fig. 1. EBSD images of In,Se; films (a) on GaAs(111) just
substrate. (b) on GaAs(111) vicinal substrate.



(b)
Fig.2. SEM imagses of In,Se; films (a) on GaAs(l111) just
substrate. (b) on GaAs(111) vicinal substrate.

(a) (b)
AFM images of In,Se; films (a) on GaAs(111) just
substrate. (b) on GaAs(111) vicinal substrate.

Fig. 3.

along equivalent <1-10> directions. In addition, clear crystal
surface morphology with straight edges along three equivalent
<1-10> directions is seen in GaAs(111) vicinal substrate.
These edges make stair-like step structure toward substrate off
direction.

From AFM images in Fig. 3, surface steps are directed to
three equivalent <2-1-1> directions, and the step height is
around 9.4A, corresponding to mono-unit layer of In,Se;. In
GaAs(111) just substrate, spiral growth structure is seen. By
contrast, in GaAs(111) vicinal substrate, mono-unit layer steps
make stair-like step structure toward substrate off direction in
the flat area of SEM image, suggesting step-flow growth at the
surface step edge. Deep steep structure is also observed in
places in both GaAs(111) just and vicinal substrates (not
shown in figure). The hight of steeps are around 3 to 10 nm for
GaAs(111) just substrate and 10 to 40 nm for GaAs(111)
vicinal substrate. Such steep structure corresponds to straight
edges in SEM images and may be caused by grain boundaries
or dislocations.

Fig. 4 shows X-ray reciprocal space mapping of In,Se; films
on GaAs(111) just and vicinal substrates. The peak located
just above GaAs(111) diffraction peak can be attributed to (0 0
3L) diffraction of layered In,Se;, where L is the number of van
der Waals unit layers contained within a crystallographic unit
cell and cannot be defined from only this XRD data. The (0 0
2L) diffraction of layered In,Se; were also measured. [111]
and [2-1-1] directions in Fig. 4 correspond respectively c-axis
and a-axis direction of the In,Se; hexagonal lattice. The In,Se;
(0 0 2L) and (0 0 3L) diffraction peak on the vicinal substrate
shifts from the [111] direction, which indicate crystal plane
tilting.

® e |
In,Se,(0021)
|l P '.
Gy l11il
J=-_":',|25171] |_> 2-1-1]
(a)
Fig. 4. X-ray reciprocal space mapping of In,Se; films (a) on

GaAs(111) just substrate. (b) on GaAs(111) vicinal substrate.
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Fig. 5.  FWHM values of the In,Se; (0 0 2L) diffraction peak in
Fig. 4 along [111] and [2-1-1] direction.

Fig. 5 shows the full width at half maximum (FWHM)
values of the In,Se; (0 0 2L) diffraction peak in Fig. 4 along
[111] and [2-1-1] direction. FWHM values of the In,Se; (0 0
2L) diffraction peak on the vicinal substrate is narrower along
[111] (In,Ses c-axis) direction and wider along [2-1-1] (In,Ses
a-axis) direction than (111) just substrate.

From the results of EBSD, SEM, AFM and XRD, we can
conclude that the vicinal substrates can suppress twin
formation by predominating the step-flow growth at the
surface step edge. It is thought that the X-ray diffraction peak
FWHM along c-axis broadens due to the existence of screw
dislocations of the spiral growth for GaAs(111) just substrate,
and the FWHM along a-axis broadens due to the existence of
grain boundaries or dislocations for GaAs(111) vicinal
substrate. To eliminate twin crystal domains and to improve
crystal quality, the optimization of the surface step structure is
necessary.

IV. CONCLUSIONS

We investigated In,Se; growth on GaAs(111) just and
vicinal substrates by MBE and compared twin crystal
formation, surface morphology and crystal quality of the



In,Ses films. The vicinal substrates suppress twin formation by
predominating the step-flow growth at the surface step edge. It
is thought that the X-ray diffraction peak FWHM along c-axis
broadens due to the existence of screw dislocations of the
spiral growth for GaAs(111) just substrate, and the FWHM
along a-axis broadens due to the existence of grain boundaries
or dislocations for GaAs(111) vicinal substrate. To eliminate
twin crystal domains and to improve crystal quality, the
optimization of the surface step structure is necessary.
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ANALYSIS OF WORKFUNCTION OF MOOX AT MOOX/SIO2 INTERFACE BY
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Short summary: The "interface workfunction" of MoO, at the MoO,/SiO, interface is experimentally
extracted by our C-V analysis. The dependence on post-deposition annealing temperature was also obtained,
showing the monotonically decrease with temperature by about 500 meV from as-deposition to 300 °C.

Introduction: Workfunction of transition-metal oxide (TMO) at a TMO/insulator interface, which is
referred here as an interface workfunction, is an important factor to determine silicon (Si) solar cells with
so-called carrier-selective contat (CSC), since a workfunction difference between a TMO and Si determines
the surface potential of Si. So far, we have reported our analysis of an interface workfunction of reactive-
plasma-deposited indium-tin-oxide (RPD-ITO) at the ITO/SiO, interface, by capacitance-voltage (C-V)
analysis [1,2]. This analysis is not limited to ITO and can be applied to other TMO/insulator stacks.

In this work, the interface workfunction of molybdenum oxide (MoO,) at the MoO,/SiO, interface was
extracted by applying our C-V analysis. Its dependence on post-deposition annealing temperature was also
obtained. MoOy has been expected to be utilized for a hole-selective contact since its workfunction is well
below the valence-band maximum in Si [3]. It is noted again, however, that the reported values were only
limited to bulk ones measured by x-ray and/or ultraviolet photoelectron spectroscopy (XPS/UPS) [4,5].

Experimental: ITO/M00O,/SiO2/Si/Al MOS structure devices were fabricated for C-V analysis as follows.
Boron-doped p-type Si(100) wafers were thermally oxidized. The thicknesses of oxide (t,x) were about 10,
20 and 30 nm. The MoOy film was thermally deposited about 30 nm, followed by the 50-nm-thick ITO
layer deposition by RPD at 160 °C. The samples were annealed in a forming-gas (4% H, in N,) for 15 min
at 200, 250 and 300 °C. The C-V measurement were performed and the flat-band voltage (Ves) were
analyzed as a function of oxide thickness. The interface workfunction was determined by the extrapolation
of Vp-tox plot (the detail will be described elesewhere).

Results and Discussion: The estimated interface workfunction of MoOy is shown in Fig. 1, as a function of
temperature during the post-deposition annealing (PDA). For ITO/MoOx stack, the workfunction values
were about 5.7 eV after ITO deposition. The workfunction decreased with temperature and became about
5.2 eV after 300 °C PDA. The interface workfunction of MoO, capped by Al (Al/Mo0O,) is also plotted,
showing about 5.8 eV. For low-temperature PDA condition, the interface workfunction values seem to kept
high independent of the capping layer (Al and ITO).

For comparison, reported bulk workfunction values are also plotted although the data were reported only
for as-deposition. The bulk workfunction varies largely depending on the stoichiometry [4]. Also, the bulk
workfunction strongly depends on the surface treatment [5],

indicating the importance of the interface workfunction r  bulk [5]
analysis presented here. In their works [4,5], Voc were also g5 | X (uv-ozone)
shown, however, there is no information on workfunction 3 I bulk I4
during the fabrication process. Since the annealing process = i +(52 1[0(])%)
will lead to changes in the interface properties as well asbulk 9o [
properties (structure, composition etc), it is important to [ OAIMoOX/SIO,
obtain its temperature dependence. In the presentation, the E - Xbuk[5]  @_ITO/MoOX/SIO,
relation between the interface workfunction and Voc of our 5 55 [ (in air) e
cells will be also discussed. = r o+ S

[ bulk [4] ®--o
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XRD Pole Figure Analysis of In,Ses Zinc-Blende Like (ZBL)
Van der Waals Template for Epitaxial GaAs Lift Off
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Abstract — Double layers of In2Ses and GaAs were grown on
GaAs (111) just and 2° off substrates by MBE. The crystal
structure and crystallographic orientation distribution were
characterized by the 20-o scan and pole figure of X-ray diffraction
(XRD). Single domain growth of a.-In:Ses was obtained by using
GaAs (111) 2° off substrate. The vicinal substrates can suppress
twin formation by predominating the step-flow growth at the
surface step edge, and the crystallographic orientation of In2Ses is
defined at the hetero-interface. From the dominant three a-
In2Se3(1 0 17) plane peaks, the interface structure is estimated.

I. INTRODUCTION

The defect zincblende structured I11-VI compounds (InyGas-
x)25e;s are attractive materials as novel buffer layer for GaAson
Si system. (InkGauwx)2Ses has the lattice constant between that
of Si and GaAs, depending on In content, and can have layered
structure with loose van der Waals gaps as described below.
The layered structured materials are suitable for lattice
mismatch and thermal expansion mismatch buffer layers.

The defect zinchlende structure is basically a zinchlende
structure, in which one third of Il group atoms are vacant. In
this structure, the native vacancies are known to be
spontaneously ordered. In Ga,Se;, vacancies order along [1-10]
direction of the zinchlende lattice On the other hand, in
In2Se;, vacancies form planes every three indium planes along
the (111) plane of the zincblende lattice.!? Thus, defect
zincblende In;Se; exhibits layered structure with van der Waals
gaps.

We reported this novel buffer layers consisting of (InGas-
x)2Se3 compounds are capable for the GaAs growth on Si(111)
system.[¥! In this crystallographic orientation, the layered defect
zincblende (InkGau-x)2Ses can be grown on Si epitaxialy with
the van der Waals gaps aligned paralel with the Si(111)
substrate surface. The van der Waals interface of the layered
structure should absorb any strain caused by lattice mismatch
and thermal expansion coefficient difference between Si and
GaAs. We named (InyGau-x)2Ses buffer “Zinc-Blende Like
(ZBL) Van der Waals template™.

We aso reported new layer transfer technique for the
fabrication of thin film flexible multi-junction solar cells by
using the ZBL van der Waals template.l) The I11-V overlayer
on (InyGaux)2Ses template can be transferred onto a support
substrate by peeling from Si or GaAs substrate via van der
Waals interface of (InyGay-x)2Ses. Therefore, thin film flexible
I11-V solar cells can be fabricated more easily than usua
epitaxia lift-off (ELO) technique using selective etching by
aqueous acid.

978-1-5386-8529-7/18/$31.00 ©2018 IEEE

However, weak van der Waals bonding may cause twin
crystal domain formation during the crystal growth. Such twin
defects should be eliminated from the epi-layer for the high-
qulity GaAs overlayer growth.

In this study, the crystallographic orientation distribution of
In;Ses ZBL van der Waals template on GaAs(111) substrate
were characterized by the pole figure of X-ray diffraction
(XRD). We expect that the crystallographic orientation of
In;Se; align in the same direction with the polar GaAs surface
at the hetero-interface. We found the suppression of twin
formation in In;Ses by using GaAs (111) vicina substrate.

II. EXPERIMENTAL PROCEDURE

Double layers of In,Se; and GaAs were grown on
GaAs(111)B just and vicinal substrates by molecular beam
epitaxy (MBE). The offcut angle of the vicinal substrate is 2°
toward the [2-1-1] direction. The growth temperature and
growth time were fixed at 450°C and 1hr for both In;Se; and
GaAs layers. VI/III and V/II1 beam flux ratios for 1n,Se; and
GaAs were 140 and 20, respectively. The typical growth rate
for In,Ses and GaAs was 150 to 200 nnvhr.

The crystal structure and crystallographic orientation
distribution were characterized by the 26-w scan and polefigure
of X-ray diffraction (XRD). In the pole figure, the diffraction
peaks from GaAs(331) and oa-In,Se3(1 0 17) planes were
measured to confirm the twin crystal domain formation.

III. RESULTS AND DISCUSSION

The crystallographic orientation distribution for In,Ses films
grown on GaAs(111) just and 2° off substrates was
characterized by the XRD pole figure measurement. Figure 1
shows the pole figures for a-1n;Ses(1 0 17) planes grown on
GaAs(111)B just and 2° off substrate. The epitaxial o-1nSes(1
0 17) planes grown on GaAs(111)B just substrate show sixfold
symmetry, although it should have threefold symmetry. The
such sixfold symmetry suggests the 60° rotation twin formation
in o-1nN;Ses. On the other hand, three a-InSe3(1 0 17) plane
peaks along [1 1 -2] are dominant in the a-INSes grown on
GaAs(111)B 2° off substrate. This result shows the vicinal
substrates suppress twin formation by predominating the step-
flow growth at the surface step edge, and the crystallographic
orientation of 1n,Ses isdefined at the hetero-interface. From the
dominant three a-InSe3(1 0 17) plane peaks, we estimated the
interface structure as shown in Fig. 2. The crystallographic
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(@) a-In;Ses grown on GaAs(111) just substrate

(b) a-1nSes grown on GaAs(111) 2° off substrate

Figure 1: XRD pole figures for a-1n,Ses(1 0 17)

orientation of 1n,Se; align in the same direction with the polar
GaAs surface at the hetero-interface.

IV. CONCLUSIONS

Doublelayersof In,Se;z and GaAswere grown on GaAs(111)
just and 2° off substrates by MBE. The crystal structure and
crystallographic orientation distribution were characterized by
the 26-® scan and pole figure of X-ray diffraction (XRD).
Single domain growth of o-1n>Ses was obtained by using GaAs
(1112) 2° off substrate. The vicinal substrates can suppress twin
formation by predominating the step-flow growth at the surface
step edge, and the crystalographic orientation of 1n.Se; is
defined at the hetero-interface. From the dominant three a-
In.Ses(1 0 17) plane peaks, the interface structure is estimated.

978-1-5386-8529-7/18/$31.00 ©2018 IEEE

Figure 2: The estimated interface structure between GaAs
and InzSes.
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Introduction

Indium tin oxide (ITO) is widely used as a transparent electrode layer material for heterojunction solar cells [1,2]. A reactive
plasma deposition (RPD) technique is widely used to deposit ITO films [3]. This method offers the advantages of relatively low ion
damage [4]. However, the effective minority carrier lifetime for ITO/Si02/Si decreases after the [TO film is deposited by this process
[3]. This suggests that some crystalline defects are formed are formed due to the ITO deposition, and that they act as recombination
centers. However, the detail about this degradation phenomenon is not clear yet.

In this work, we discuss the effect of the defect density of the Si interface (Du) and the total charge (Qu) i.e. the sum of the
interface trap charges and the fixed charges in the SiO: tilm, on the surface recombination velocity (SRV). Dy and Qu are obtained by
capacitance-voltage (C-V) measurement [6]. Based on the extended SRH model [7], SRV is estimated by Di and Qut which determines
the surface carrier density. The SRV is also derived from lifetime measured by quasi-steady-state photoconductance (QSSPC)
measurement. The relationships between SRVs, Di and Qux as a function of anneal temperature are studied. The result indicates that

the Dy increase induced by the RPD process is the main reason of the SRV increase.

Experimental

The [TO/Si02/Si/Si0xITO structure samples for minority carrier lifetime measurement and the [TO/SIO2/Si/Al structure samples
for C-V measurement were fabricated as follows. Boron-doped p-type Cz Si(100) wafers with 4 - 6 Qem resistivity were used as
substrates. The wafers were chemically cleaned and thermally oxidized in dry oxygen (O2) at 950 °C for 12, 32 and 62 min to grow
12.3, 20.0 and 30.5 nm-thick SiOn, respectively. The oxidized wafers were then annealed in nitrogen gas (Nz) ambient at 950 °C for 15
min to obtain the Si/SiO: interface with small Dy values of the order of 10" cm~eV-'. The SiOa thiekness was determined by a single
wavelength elipsometer. For the fabrication of lifetime samples, the ITO film was then deposited on the SiOz at the both sides by RPD.
For C-V samples, ITO film was then deposited on the SiO: at the front side by the RPD. The ITO (5 wt % Sn) target was used for this
purpose. The flow rate of argon (Ar) and O: gases were 85 and 20 scem, respectively. The thickness of ITO was about 80 nm,
estimated by a stylus profilometer. Al was thermally evaporated on the rear surface of Si substrate to form Ohmic contact.

C-V curves for the MOS devices were obtained at small-signal frequencies (100 Hz and 100 kHz). The sum of Qi and Qr(Qun)
was estimated from the obtained C-V curves as follows [6]. The relation between flat-band voltage (Vi) and SiO2 thickness (tox) for
experimental samples was plotted. The value of Vs was determined as the voltage at which the measured capacitance becomes the

flat-band capacitance (Crg). Here the Crs was calculated according to the following equation, [8]

-1
Cra _ 136,/T/300
cm.‘(” Tocd Ny ) ' (1)

where Co denotes the oxide capacitance calculated by the measured oxide thickness. and T the lattice temperature. The dopant
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(acceptor) concentration in the Si substrate (Na) was determined from the minimum capacitance of a high-frequency C-V curve. There
exist charges in the SiOz layer, and defect states at the Si02/Si interface. In a case where distributed charges like sodium (Na) ions in

Si0: can be neglected, Vrs is described as, [§]

Qr  Qules)
Vrs = brro-si — o t‘s‘ (2)

Where ¢,r0-s; is the difference between the workfunction of ITO (¢rro) and Fermi level of Si (¢si), Qv denotes the fixed charge
density located near the Si/SiOa interface, Qu is the interface trapped charge at the in SiO2/Si interface (trapped charge in the interface
defect with the density of Dx), and ¢s the surface potential of Si. This equation means that when Qrand Qi are independent of SiO:
thickness, the Vra-tox plot follows a linear relation, and the value of slope corresponds to sum of Qi and Qr(Quar).

As the damage induced by the RPD of ITO, the Du generated during the RPD of ITO was extracted from the measured C-V
curves as follows. Here, so-called "high-low frequency” method was adopted, as following equation, {9]

le Chf
Cox | Tox Tox
D; :ﬁ ox 0X , 3
LT T )

Cox Cox

where Chr and Cir denote the capacitances measured at a high- and low-frequency, respectively. It is noted that Cur is used as an
alternative of the ideal capacitance in this equation. As Chr, the value obtained at 100 kHz is used in the experiments, although the 100
kHz C-V curve is still slightly deviated from the ideal C-V one. This means that the estimated Dx values are slightly under-estimated.
In order to evaluate the effect of post-deposition annealing on the Di and Qu, the samples were obtained after annealing in N2
ambient at different temperatures ranging from 120 to 200 °C for 5 min.
The lifetime was measured by QSSPC. SRV was calculated by the following equation [7]

sev=2(L-1), (4

2 \Teff  Thulk

where W denotes the substrate thickness, Tog the effective carrier lifetime and Ty the bulk carrier lifetime.

On the other hand, the SRV was calculated by the obtained Di and Qi [7] by the following equation

(nsps-n;?) Ec ven D (Ep)DE,
= X
SRV an va [ng+n(EDlop ™ (E)+[ps+pi(E)]on ™ (Er) ! (5)

where ns or ps is the electron or hole density at the surface, Di is the interface defect density, E: are the defect levels, ni or p: is the
SRH densities and ox or op is the capture cross-sections for electron or hole. The calculated SRV was compared with the experimental
one to understand the main factor for ITO-RPD damage.
ns is calculated to get the experimental SRV. The surface carrier density Qsc (C/cm?) at the surface of the semiconductor is
induced by the charge in SiO2 Qi (C/cm?) by the following equation
Qsc = Qrot = Qu~Cror,  (6)
Since the charge density in the depletion layer, Qu, is negligible. Here the polarity of Qu: is positive, ns or ps is represented as,
ng = % +4n, (7 ps = No+ 4n,  (8)
where do is the thickness of the excess carrier layer at the semiconductor surface. The electric field at the semiconductor surface, Esur,
is described as,
&&siEsury = Qror»  (9)
where € is permittivity of vacuum and es; is relative permittivity of Si.
At the surface, Esuris almost constant and do is then as follows.

. kT 1 KT gq€5;
do = L1 = KZetsi g0y
q Egyre q Qo
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recovered. The SRVc.v was obtained using Di and Qur cstimated by C-V measurement. The SRVir was derived from the lifetime
measured by QSSPC technique. The SRV were almost constant independent of Qui/q, and were mainly determined by Di. This is
because ny (~10'¥ em) is much larger than ps (~10'* ¢m?) in the range of 10" < Qua/q < 10'2. These result suggested that ITO
deposition-induced damage was the defects appeared as D and Qua/q. D increase mainly increased the SRV and that the recovery of

the lifetime by the PDA was explained as the decrease of Dy,
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Chemical vapor deposition (CVD) is a promising method to produce large-size single-crystal graphene, and
further increase in domain size is desirable for electro/optic applications. Here we studied the effect of low amount
of air introduction by intentional leak on graphene growth in atmospheric pressure CVD. The air introduction at
the heating process resulted in roughening of Cu surface induced by oxygen, while air introduction at the annealing
under Hy ambient drastically decreased graphene density due to reduction of active sites for graphene nucleation
both by surface oxidation and enlargement of Cu domain. Although air introduction only at the growth stage was
ineffective for graphene nucleation, air introduction for both annealing and growth provided great enhancement
of domain growth without increasing the density of graphene, which is an optimized condition to obtain a large
single-crystal. This controlled introduction of air in atmospheric pressure CVD provided ~ 2.5 mm hexagonal
single layer graphene with high quality. [DOI: 10.1380/ejssnt.2015.404]

Keywords: Carbon; Copper; Nucleation; Growth; Graphene; Air

I. INTRODUCTION

High quality graphene provided by mechanical exfoli-
ation from bulk graphite [1-5] has demonstrated attrac-
tive fundamental properties such as extraordinary carrier
mobility approaching 200,000 cm?V~ts~! [1-5], univer-
sal 2.3% optical absorption from mid-infrared to UV light
[6], and high Young’s modulus of 1 TPa [7]. Regardless
of these excellent works, flake size and layer number of
graphene formed by the exfoliation method are neither
uniform nor controllable, limiting the practical use. In
contrast, chemical vapor deposition (CVD) can produce
large-area and uniform graphene on catalytic metal sur-
faces [8, 9], and CVD graphene growth on copper (Cu)
shows preferential single layer formation [10] which is suit-
able for mass production. However, the CVD graphene is
generally polycrystalline [11, 12], and its domain bound-
aries degrade electronic properties such as carrier mobil-
ity. Thus, it is desirable for graphene applications [13-18]
to grow large single-crystal graphene by improving CVD
growth conditions.

Several effective methods to enlarge single-crystal size
of graphene/Cu in CVD growth on Cu has been reported
such as prolonged annealing [19], electrochemical polish-
ing [20], high pressure annealing [21,22], and suppres-
sion of evaporation loss of Cu by wrapping the foil [23].
With these methods, millimeter size graphene domain was
achieved. More recently, oxygen was found to play an im-
portant role in suppressing graphene nucleation [24,25],
and centimeter size graphene was successfully obtained

* Corresponding author: seiya09417@gmail.com

through the oxygen passivation [25]. Here, we report that
a low amount of air introduction during atmospheric pres-
sure CVD processes suppresses graphene nucleation sim-
ilar to the oxygen passivation. It is found that the air in-
troduction highly affected morphology of Cu surface. The
air introduction at each stage of heating, annealing and
growth was in detail investigated to clarify the role of the
air introduction. By the optimized CVD condition we
achieved to obtain millimeter-size hexagonal graphenes.
It is noted that our technique neither require any vacuum
pump, high quality Cu foils, nor special equipment for
air introduction, which is practical for mass production
of large single crystal graphenes at a low cost.

II. EXPERIMENTAL

Commercially available Cu foils (Nilaco No. 113321,
100-pm-thick and 99.96% in purity) were electropolished
by a custom-built electrochemistry cell. Two Cu foils with
the sizes of ~ 3.5 cm x 10 cm were placed into a water so-
lution of 500 mL of 1 M KOH in a glass beaker, and were
used as anode and cathode. A DC voltage of 4.5 V was
applied for 5 min during the polishing process. The Cu
foil on the anode was cut into a piece of ~ 3.5 cm x 2.5 cm
and rinsed with 500 mL deionized (DI) water (2x), fur-
ther washed with 50 mL methanol (2x), and dried by
blowing air, and was then introduced in the CVD cham-
ber to grow graphene.

Graphenes were prepared on electropolished Cu foils
in lateral quartz-tube CVD equipment (Fig. 1(a)) under
nearly ambient pressure (standard atmospheric pressure
(Patm) plus ~ 0.023 MPa). This nearly ambient pres-
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FIG. 1. (a) A schematic illustration of CVD setup and air
introduction through back-flow of leak (red rectangular) (b)
A schematic illustration of the CVD growth process. CVD
process is divided for 4 parts which are heating, annealing,
growth, and cooling.

sure was achieved by suppressing the amount of exhaust
gasses. Prior to graphene growth, an electropolished Cu
foil was heated to 1035°C under Ar flow (1000 standard
cubic centimeter per minute: (sccm)) for ~ 45 min, and
then annealed under Ar (500 sccm) and Hp (100 scem)
flows for desirable time, which allows to form nucleation
seeds of a large sized graphene [24]. After reducing the
H, flow rate to be 9 sccm, the graphene growth was initi-
ated by flowing 10 ppm of CH4 diluted in Ar (500 sccm).
Subsequently, the Cu foil was rapidly cooled from 1035°C
down to room temperature within less than 30 min un-
der Ar (1000 sccm) and Hy (9 sccm) flows. The whole
CVD process is schematically summarized in Fig. 1(b),
and is divided by 4 stages, heating, annealing, growth,
and cooling.

Air introduction was performed by intentional leak
through a ball valve (BV) and a normally-open metering
valve (MV), as schematically shown in Fig. 1(a). When
we open the BV, the gasses are leaked through the MV
since the pressure of the CVD chamber is higher than
atmospheric pressure. At the same time, there must be
unavoidable very low amount back-flow of air into the
chamber. To confirm the back-flow of air by leak, we
monitored the oxygen concentration under Ar ambient by
a zirconia oxygen sensor (Toray Engineering LC 750 L).
As a result, oxygen concentration increased ~ 1.5 ppm
via the leak with closing MV and opening BV (low leak),
while oxygen concentration showed lower than 0.1 ppm
without leak, proving the existence of low amount of air
introduction by the back flow. The amount of air intro-
duction can be varied by adjusting the MV. When the
MYV has been closed (low leak) and opened for 10° (high
leak), approximately 0.02 and 0.04 cm? in volume of oxy-
gen (in 1000 sccm Ar flow) have been introduced during
the leak process, respectively. In addition, flow rates of

FIG. 2. Effect of leak on graphene growth and surface mor-
phology. Optical microscope images of visualized graphene on
Cu which are grown with (a) and without leak (b). Typical
AFM images of Cu surface after CVD with (¢) and without
leak (d). 3D optical images showing large scale morphology of
Cu surface after CVD with (e) and without leak (f).

leak which can be used as a parameter for adjusting the
amount of air were estimated by monitoring the decay of
pressure with time after filling Ar gas and closing the BV.

The graphene on Cu was heated to around 200°C for
2 min in air, which oxidizes only exposed Cu surface,
leading large contrast between graphene and Cu in opti-
cal microscope image (Keyence Digital Microscope VHX-
5000). Detailed surface morphology was observed us-
ing an atomic force microscope (AFM; Bruker Multi-

Mode 8) in a ScanAsyst® mode. X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI PHI5000 Versa Probe
IT) and Auger electron spectroscopy (AES, ULVAC-PHI
PHI700 Xi) were used for surface elemental analysis. The
graphenes were wet-transferred from the Cu foils onto
the SiO5/Si substrates with a spin-coated poly (methyl
metha-crylate) (PMMA) film as a mechanical support
[9,26]. Raman spectra and mapping images of the trans-
ferred graphene were obtained to characterize the quality
of graphene by a commercial Raman microscope (Ren-
ishaw InVia) using a 532 nm excitation laser.

III. RESULTS AND DISCUSSIONS

Figures 2(a) and 2(b) show optical microscope images
of visualized CVD graphenes on Cu with and without
leak, respectively. The leak was conducted during all
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FIG. 3. Effect of leak term on graphene growth. Optical mi-
croscope images of visualized graphene on Cu after CVD with
leak during heating (a), annealing (b), and growth (c). (d)
Comparison of term of air introduction for graphene density.

CVD processes (heating, annealing, growth, and cooling
Fig. 1(b)). Hexagonal graphenes showing white contrast
in optical images are observed in Figs. 2(a) and (b). The
CVD processes with leak produce apparently lower den-
sity of graphene than those without leak. The thus dras-
tic change empirically indicates suppression of graphene
nucleation by the air introduction. On the other hand,
island-like shapes (guided by dotted lines) and black dots
are observed in Fig. 2(a) while smooth surface is formed
in Fig. 2(b).

Figures 2(c) and 2(d) show typical AFM images of Cu
surface after CVD growth with and without leak, re-
spectively. Figures 2(e) and 2(f) show typical 3D opti-
cal images showing large scale morphology of Cu surface
after CVD growth with and without leak, respectively.
The root mean squared roughness (R,ns) measured for
Fig. 2(c) and Fig. 2(d) shows 6.9 and 4.9 nm, respec-
tively. The values are almost similar in this short range
(< 10 pm), but are much smoother than that of the elec-
tropolished Cu (Ryms: 93.3 nm), presumably by virtue of
annealing in Ar/Hy [9]. On the other hand, many pro-
trusions (more than 10 pm in height) corresponding to
the black dots in Fig. 2(a) were observed only on the Cu
surface with leak in the 3D optical image (Fig. 2(e)), in-
dicating that the leak affected Cu morphology on a large
scale (> 100 pum).

To understand the role of leak, we conducted the leak
only at a specified process (heating, annealing or growth)
during CVD. Figures 3(a-c) show optical microscope im-
ages of CVD graphene with leak only at heating, anneal-
ing, and growth, respectively. Figure 3(d) summarizes
the graphene density in each figure. Since the leak pro-
cess at the annealing process only showed low graphene
density with similar magnitude of leak at all processes,
low amount air introduction at annealing is an effective
process for suppressing graphene nucleation.

To clarify the reason of the lowered graphene density by
air introduction at annealing, we characterized the surface
of annealed Cu foils (45 min at 1035°C) before growth.

FIG. 4. Optical images of annealed Cu surface with (a) and
without (b) air introduction. (c,d) Binarized images converted
from (a) and (b) to emphasize domain boundaries of Cu. (e)
Histogram of Cu domain size extracted from (c) and (d).

TABLE I. Elemental composition of annealed Cu surface with
(air) and without air (w/o air). O/Cu is relative atomic ratio
of oxygen for Cu.

Cls (%) Ols (%) Cu2ps;s (%) 0O/Cu
air 22.6+0.4  27.8£0.7 49.5+0.6 0.56+0.02
w/o air  19.840.3 24.440.5 55.7£0.7 0.4440.01

Figures 4(a) and 4(b) show optical images of Cu surface
after annealing with and without leak. Cu crystal do-
mains was be observed for both samples (Figs. 4(a) and
4(b)). Figures 4(c) and 4(d) show binarized images of
Figs. 4(a) and 4(b). Figure 4(e) shows the size distribu-
tion of the Cu domains extracted from the correspond-
ing optical microscope images. The probability of large
Cu domain (> 1mm?) apparently increased by air intro-
duction. In addition, average size of Cu domain also in-
creased by air introduction. Since domain boundary is an
active site for graphene nucleation [27], the enlargement
of Cu domain by air would be attributed to the lowered
graphene density.

The elemental composition of annealed Cu surface was
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FIG. 5. Representative XPS survey spectra of annealed Cu
foils with (black) and without air (red) using 25 W, Al Ka
(1486.6 eV) radiation.

further examined by XPS. Since Cu surface is oxidized
and the chemical state gradually changes with time under
ambient air [28], we immediately transferred the annealed
Cu foils from CVD to XPS chamber with the same time
span (< 10 min). Figure 5 shows representative XPS sur-
vey spectra of the annealed Cu foils with and without air
introduction. Core-level lines (Cu2p; /2, Cu2ps/s, Cu3s,
Cu3p, Cu3d) and Auger peaks (LMM) of Cu are present.
Oxygen (Ols) at 530.5 eV and carbon (Cls) at 285 eV
corresponded to oxidation of Cu and adventitious contam-
ination from air on the surface. Table I shows elemental
composition of annealed Cu surface with (air) and with-
out air (w/o air) extracted from Cls, Ols, and Cu2ps/,
peaks in XPS spectra. The atomic ratio of oxygen of
the annealed Cu with air is higher than that without air,
which is clearer in O/Cu relative atomic ratios. This indi-
cates that air introduction at annealing oxidized Cu sur-
face. The surface oxidation by air at annealing would
passivate active sites for graphene, resulting in suppress-
ing graphene nucleation, which is similar to passivation
by oxygen reported in Ref. 25.

On the other hand, a rough Cu surface such like in
Fig. 2(a) is only observed after CVD with leak at heating
(Fig. 3(a)). This result empirically showed that the air
introduction at heating causes roughening of Cu surface
which is not desirable for graphene growth.

To investigate the roughening of Cu, we examined the
protrusion and flat surface in Fig. 2(a) by AES. As a re-
sult, copper, carbon and oxygen signals were detected but
no significant difference between the protrusion and the
flat region. This result indicates that the surface rough-
ening was not caused by impurities such from the Cu sub-
strate or the quartz tube in CVD furnace but from the
main components of the air such as nitrogen, HoO, and
oxygen. Although we cannot exclude intermediate chem-
ical reaction during CVD by nitrogen and H2O in air, no
trace of nitrogen after CVD indicates that surface mor-
phology was affected by oxidation process [24, 29, 30] by
H50O and oxygen in air. Therefore, surface roughening in
the present study would be caused by oxidation because

FIG. 6. Comparison of amount of air during the growth stage.
Optical images of visualized graphene with different leak con-
ditions during growth stage: (a) no leak; (b) low leak; (c) high
leak. (d) Schematic summary of CVD conditions for (a), (b)
and (c).

of the absence of reduction gas like at the Hy heating.

To further investigate the effect of air on growth stage,
we prepared three different conditions of no, low, and high
leaks by closing BV, MV, and opening MV for 10°, respec-
tively. Figures 6(a-c) show graphenes grown for 40 min
with no, low, and high leak conditions on Cu that are
annealed for 45 min with low leak. Figure 6(d) shows
the summary of the process for Figs. 6(a-c). The aver-
age diameter and density of graphene domains are mea-
sured from optical images and summarized in Table II.
The low leak (Fig. 6(b)) leads to twice larger graphene
growth than that of no (Fig. 6(a)) and high leak condi-
tions (Fig. 6(c)), even in the same growth time. This
acceleration of graphene growth in Fig. 6(c) would be due
to growth kinetics change from edge-attachment-limited
to diffusion-limited by oxygen, as reported in Ref. 25. On
the other hand, high leak (0.20 & 0.01 sccm) led to dense
growth of graphene in Fig. 6(c). This result indicates only
very low amount of air introduction (0.14+0.01 sccm) can
achieve high growth rate and low density of graphene.
The reason for the dense growth in Fig. 6(c) might be
that nanoscale dusts in air were introduced by opening
MYV valve.

Since annealing and growth with low leak resulted in
large graphene domain sizes with low density, this con-
dition is used hereafter to obtain large size graphene.
Figure 7(a) shows dependence of graphene density on
annealing time with low leak during the annealing and
growth processes. Graphene nucleation is drastically sup-
pressed by annealing up to 60 min, and becomes lower
than 10 (cm~2) with gradual decay after 180 min anneal-
ing. Figure 7(b) shows an optical microscope image of the
graphene with long time annealing (4 h) and growth (3.5
h). Approximately 2.5 mm graphenes were observed in a
magnified image (Fig. 7(c)), and the hexagonal shape of
domains indicates a single crystal [24, 25].

Figures 8 show Raman spectroscopy analysis for
millimeter-scale graphene transferred onto a SiOy/Si sub-
strate. Figure 8(a) shows an optical microscope image of
a single hexagonal graphene domain. Figure 8(b) shows
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TABLE II. Summary of graphene growth with different leak conditions during growth stage.

Sample Valve conditions Leak rate (sccm) Average diameter of graphene (pum) Density (1/cm?®)
No leak BV close 0 81£22 1447

Low leak MV close 0.14+0.01 17915 27+8
High leak 10° open (MV) 0.2040.01 7543 141004500

FIG. 7. Large scale graphene growth. (a) Dependence of
graphene density on annealing time with leak. (b) Optical
image of visualized large-size graphene grown by 4 h anneal-
ing and 3.5 h growth. (c) Enlarged view of (b).

TABLE III. Average peak properties of Raman spectra in
Fig. 6(b). Each peak was analyzed by fitting with a Lorentzian
curve. Width means full width at half maximum.

G center G width G’ center G’ width G/D  G’/G
(em™1) (em™1) (em™1) (cm™)

1588.9+0.4 12.3£0.3 2679.1£0.5 31.2+0.2 63+5 2.440.1

Raman spectra taken at position 1-6 in Fig. 8(a). Each
spectra show similar features of D, G, and G’ peaks, indi-
cating uniform quality and layer numbers of graphene in
a large domain. Average peak properties of the six spec-
tra are summarized in Table III. Narrow G’ peak width
(< 40 em™1), low G’ peak center position (< 2700 cm~1),
and high G’/G peak intensity ratio (> 2) indicates single
layer [31]. High G/D peak intensity ratio indicates excel-
lent quality of graphene [31, 32]. Figures 8(c-f) show a
magnified optical microscope image, D, G, and G’ peak
maps around the corner of the graphene domain, respec-
tively, showing high uniformity both in quality and in
number of layer on a short scale.

IV. CONCLUSIONS

Effect of low amount of air introduction in atmospheric
pressure CVD on graphene growth was studied. Air intro-
duction for all the CVD processes leads to low graphene

FIG. 8. Raman spectroscopic analysis for large-size transferred
graphene on SiO2/Si. (a) Optical microscope image of a sin-
gle hexagonal graphene domain. The domain shape is guided
by white dotted lines. (b) Stacked Raman spectra taken at
6 different points in a graphene domain. Numbers (1-6) are
corresponding to the position in (a). (c) Magnified optical
microscope image around the corner of the graphene domain
in (a). (d-f) Raman mappings of (c) for D, G, and G’ peak
show uniformity in quality and layer number of graphene. The
mapping images are shown in color scale, and high intensity
correspond to red, green, and blue for D, G, and G’ as shown
in color bars at the bottom of each image. Numerical values at
the lower left and right of the mapping images correspond to
the lowest and highest peak intensity in each mapping image,
respectively.

nucleation, but rough surface is formed by oxidation of
Cu. By limiting the air introduction at a specified process
(heating, annealing or growth), it was revealed that the
roughening was caused by excess oxidation of Cu at the
heating, and the graphene nucleation was effectively sup-
pressed due to the reduction of active sites for graphene
nucleation both by surface oxidation and enlargement of
Cu domain. Although air introduction only at the growth
stage was ineffective for graphene nucleation, air intro-
duction for both annealing and growth provided enhance-
ment of domain growth without increasing the density
of graphene. Finally, ~ 2.5 mm hexagonal graphenes
were successfully obtained by low amount air introduc-
tion in atmospheric pressure CVD. On the other hand,
the fact that back-flow of air readily changes graphene
growth claims the importance of careful control of air in
a CVD chamber. A careful control of air in CVD chamber
will minimize day to day variation of the graphene growth
and will be more important for large-size graphene growth
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beyond millimeter scale. To our knowledge, it is the first
report of air introduction for suppressing nucleation in at-
mospheric pressure CVD on a Cu foil. It is also noted that
this low amount air introduction is effective and practi-
cal for the scalable production of high quality large-size
single-crystal graphene at low cost.
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Graphene and graphene oxide for desalination
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There is a huge scope for graphene-based materials to be used as membranes for desalination. A very
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Desalination is defined as the process that isolates pure water
from seawater and it is proposed to be an effective solution to
water scarcity. In any desalination process, the role of a mem-
brane is crucial. Though various materials have been exploited
as membranes for desalination, such as polymers and cera-
mics (e.g. organosilica, zeolites),"> graphene-based materials
have recently emerged as potential candidates with excellent
desalination characteristics.”™® Pristine graphene is extremely
impermeable to liquid and gases, therefore the possibilities to
create water pathways through the material are either the stack-
ing of graphene oxide sheets (Fig. 1a)'°™"* or the generation of
nanopores in monolayer graphene (Fig. 1b).*"?

The use of graphene oxide as a feasible membrane was
firstly developed by Nair et al,'® and they discovered that
stacking the graphene oxide film allows a unique water per-
meation pathway but selectively hinders the motion of gases
and non-aqueous solutions.'® After that, there were several
attempts towards the development of graphene oxide based
membranes.*>*' %1% Meanwhile, graphene with artificially
created nanosized holes finds application as a molecular and
ionic sieving membrane, thanks to the development of tech-
nology for the fabrication of high quality graphene with a large
size.'” After some nanopores are created, the inherent hydro-
phobia of the parent graphene can exhibit a capillary force for
water permeation.® Recent discoveries have addressed the
capability of nanoporous graphene as a reverse osmosis mem-
brane in terms of both mechanical aspects and desalination
performances, such as salt rejection and water flux.®'®
Surwade et al. have experimentally demonstrated the possi-
bility of desalination using single layer graphene with a few
controllable holes'® and proved the theoretical predictions.®
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recent study has confirmed that 100% salt rejection can be achieved for commonly used ions by utilizing
single layer nonporous graphene. However, the cost effective fabrication procedure for graphene oxide
membranes with precise control of pore size can offer a practical solution for filtration if one can achieve

This is a major breakthrough for the application of graphene in
desalination.'® The authors engineered the nanopores by treat-
ing the CVD grown graphene layers with oxygen plasma with
the nanoporisty being varied by altering the oxygen exposure
time, and the nanoporous graphene was then tested for desali-
nation."® This article has put forth several possibilities to
perform more desalination experiments using the membranes
for large scale desalination.'®> We certainly believe that there is
a huge scope for further research on the utilization of single
layers with artificially created defects as pores for desalination.
The current density measurements performed by the authors
are indeed a good tool to qualitatively understand the possible
permeation mechanisms. However, at this point, experiments
related to the chemical analysis of solutions in feed and
permeate are essential to estimate the exact rejection ratios for
the application of porous graphene in large scale desalination.
One must take a quantity of solutions from feed and permeate
at regular intervals in order to perform the chemical analysis
of the solutions with the highest possible detection limit.
Based on the past investigations on graphene-based desalina-
tion membranes, herein we provide brief comparisons
between nanoporous graphene and graphene oxide layers
employed for desalination.

Nanoporous graphene is expected to excel as a potential
candidate due to the following characteristics. Firstly, the sub-
nanometre sized pores in the graphene can be defined with
high precision by the oxidative etching method and ion bom-
bardment.'>'” Secondly, nanoporous graphene demonstrates
the high possibility to achieve 100% salt rejection because the
only translocation pathways for water molecules and ions are
the nanopores.”®> Third, the water permeation rate can be
governed by managing the porosity on the graphene. Fourth,
various functional groups can be employed to terminate the
bare carbon atoms in the holes, thereby diversifying the desali-
nation performance.”® However, some disadvantages and
experimental challenges are also associated with the nano-
porous graphene membrane for desalination. Despite advance-
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Fig. 1 (a) A stacked graphene oxide layer membrane in which water molecules permeate through the developed nanochannels between each
graphene oxide layer, while hydrated salt ions are blocked.2° (b) A nanoporous graphene membrane, in which water molecules pass through deliberately
created nanopores in the graphene with a specific size, hindering the permeation of large hydrated salt ions.® (C: black, H: white, O: red, K*: blue,

Na*: purple, Mg?*: orange, Cl: cyan).

ments in the methods for producing pores in graphene, it is
an extremely daunting challenge to achieve a high density of
holes with a narrow size distribution.* Besides, the tiny nano-
scale holes generated in graphene restrict the amount of water
permeation. Even if high water permeability is achieved, the
high density of holes in the graphene may result in unexpected
reductions in mechanical properties or even the destruction of
the whole structure. Additionally, the complexity of obtaining
continuous large-area perfect graphene and subsequent gene-
ration of holes limit the scaling up of production. Further-
more, the whole process of composing the nanoporous
graphene should be conducted with extreme caution. Last but
not least, the design of high quality graphene, the oxidative
etching technique and ion bombardment are expensive
methods.

Compared to nanoporous graphene, the stacking of gra-
phene oxide membranes has been proposed to exhibit superio-
rities in the following aspects. Firstly, unlike the artificially
created holes in graphene, graphene oxide membranes rely on
tortuous routes in the interconnected nanochannels that serve

1920 These nanochannels are actu-

as a water permeation route.
ally the spaces between each graphene oxide layer, which can
be regulated through the creation of stabilizing force between
the layers.'”'® Furthermore, the high surface area in the
twisted nanochannels ensures that a high water flux can be
achieved. Secondly, the preparation of graphene oxide is cost
effective in terms of both raw materials and methodology. For
instance, the typical starting material for graphene oxide is
graphite, which is abundant and cheap.'® Additionally, the
entire synthesis process can be performed in solution. As well
as the low cost, this wet chemical synthesis can be performed
at the expense of minimum energy and it is facile to control."
Further, the solution synthesis offers the possibility of surface

118 | Nanoscale, 2016, 8, 117-119

functionalization with a variety of groups for an efficient cata-
lyst attachment, thereby imparting the graphene oxide mem-
branes with diverse functions, such as sterilization. Besides,
these diverse functional groups also provide a foundation for
composite constructions such as graphene oxide-polymer
composites, which are found to reinforce the mechanical stabi-
lity and further enhance the membrane properties.'® In
addition, the oxygenated functional groups endow graphene
oxide with hydrophilicity and pH sensitivity.">*" Since the
hydrophobic region regulates the water flow, the functional
group density should be well controlled during the fabrication.
The linear distribution of the hydrophobic region will ensure
fast water permeation.'” Moreover, despite some defects being
introduced during the preparation of the graphene oxide, the
stacked layer structure will counter this effect and prevent any
unexpected diffusion through these sites."® On the other hand,
as a desalination membrane, stacking graphene oxide necessi-
tates further improvements. The spacing (mesh size) in
graphene oxide membranes is the critical parameter that
determines the desalination property,” therefore it should be
properly controlled. The uncertainty in the chemical synthesis
may introduce several unwanted groups and cause unpredict-
able swelling effects. Therefore, the challenge of handling
functional groups needs to be addressed. On a final note,
achieving 100% salt rejection is a daunting task for graphene
oxide membranes.™

In summary, graphene-based materials exhibit unlimited
potential to be used as membranes for desalination. Recent
discovery™ has proved that a membrane with nanoporous
graphene can exhibit 100% salt rejection. However, compared
to nanoporous graphene, the simple and cost-effective fabri-
cation of graphene oxide membranes with precise control of
pore size can be a practical solution for filtration, providing

This journal is © The Royal Society of Chemistry 2016
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that the salt rejection could match that of nanoporous
graphene membranes.
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Abstract: To exploit the extraordinary property of graphene in practical electrical and optical devices,
it is necessary to produce large-sized, single-crystal graphene. Atmospheric pressure chemical
vapor deposition (APCVD) on polycrystalline Cu surface is a promising scalable route of graphene
synthesis but the unavoidable multiple nucleation limits their reachable domain size. Here, we report
that effective suppression of nucleation was achieved by only turning off hydrogen supply before
introduction of the carbon source for graphene growth. The density of graphene decreased from
72.0 to 2.2 domains/cm? by turning off hydrogen for 15 min. X-ray photoelectron spectroscopy
and Raman spectroscopy studies show that the Cu surface was covered with 3—4 nm thick highly
crystalline Cu,O, which would be caused by oxidation by residual oxidative gasses in the chamber
during the turning off period. It was also revealed that elevating the temperature in Ar followed by
annealing in Hy / Ar before turning off hydrogen led to the enlargement of the Cu domain, resulting
in the further suppression of nucleation. By optimizing such growth parameters in the CVD process,
a single-crystal graphene with ~2.6 mm in diameter was successfully obtained.

Keywords: graphene; atmospheric pressure chemical vapor deposition; copper surface

1. Introduction

Graphene is an atomic sheet of carbon atoms densely packed in a honeycomb structure and
has attracted plenty of attention [1-3]. The extraordinary performance of graphene in optoelectronic
and electronic applications has been shown by theoretical and experimental investigations using
mechanically exfoliated graphene [4-6]. However, the mechanical exfoliation method has no
controllability for the flake size and the layer number of graphene, limiting the practical use.
A promising scalable route of graphene synthesis is chemical vapor deposition (CVD) on catalytic
metal surfaces (Cu [7-15], Ni [14-17], Pt [18], Ir [19], and Ru [20]). Among these, Cu has
prominent advantages in terms of cost of production and the preference formation of a single
layer originating from the low solubility of carbon [14]. However, the grown CVD graphene is
generally polycrystalline [10,21], and its domain boundaries degrade electronic properties such as
carrier mobility [22]. Thus, the growth of large-sized graphene with a single crystal domain is highly
needed for practical graphene applications.

A strategy to obtain such a large-sized crystal domain is to reduce the nucleation density of
graphene. The nucleation density is strongly affected by the amount of carbon supply during the
graphene growth [10,23,24] and the number of active sites for graphene nucleation [25,26]. As for the
carbon supply, a reduced supply of carbon sources is required to achieve the effective suppression
of nucleation [10,23]. In the latter aspect, atomic steps, point defects, impurities, and the grain

Coatings 2017, 7, 206; d0i:10.3390/ coatings7110206 www.mdpi.com/journal/coatings


http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://dx.doi.org/10.3390/coatings7110206
http://www.mdpi.com/journal/coatings

Coatings 2017, 7, 206 20f12

boundaries on the Cu surface may act as the potential nucleation sites [26,27]. Many approaches have
been performed to reduce the active sites by pretreatment of Cu [13,28], resulting in the growth
of millimeter-size single crystal graphene [11,23,24,29,30]. Further increase of domain size was
demonstrated by utilizing oxygen in the CVD process. Gan et al. reported that oxygen plays a role to
control nucleation seeds in the preheating process, giving subcentimeter single-crystal by controlling
the seeding process [31]. Hao et al. reported that surface oxygen plays roles in the passivation of active
sites as well as in the acceleration of domain growth by reducing the attachment barrier of carbon to
the edge of the domain, resulting in a centimeter single-crystal [32].

Although the technique to grow a large-sized graphene has been steadily advanced, further
enlargement in the domain size is desirable for practical use. In addition, the wide variation in
domain size, shape, density, and film quality from lab to lab suggests that the growth mechanism of
graphene has not been comprehensively understood. Therefore, effective and reproducible methods
for suppressing nucleation should be established with understanding of the growth mechanism.
Here, we report that the effective suppression of nucleation can be achieved by only turning off
hydrogen supply before the introduction of the carbon source for graphene, resulting in the growth of
single crystal graphene up to 2.6 mm. The effect of the Ar annealing to the physical property of the
substrate surface was studied by depth-profiling X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. It was revealed that a very thin CuyO (3—4 nm thick) layer was formed after the Ar
annealing, suggesting the existence of residual oxidative gasses such as oxygen and water vapor in
the CVD chamber. The present report proposes the utilization of the residual oxidative gasses for
large size graphene growth, and clarifies the reason for the wide variation in graphene growth from
lab to lab. It was also revealed that elevating temperature in the Ar followed by annealing in H, / Ar
before turning off hydrogen led to enlargement of the Cu domain, resulting in further suppression of
nucleation. The present APCVD process neither requires any special gasses, high quality Cu foils, nor
vacuum pumps, which is ideal for mass production of large single crystal graphenes at a low cost.

2. Materials and Methods

The APCVD system for graphene growth consists of an inner 30 mm and outer 36 mm diameter
quartz tubes as a sample holder and a chamber, respectively (Figure 1a). The purities of H; and Ar
gasses are higher than 99.99999% (7N), and 99.9999% (6N), respectively. The chamber pressure has
been kept at a slightly higher pressure than atmospheric pressure (0.123-0.128 MPa) during the CVD
process. Commercially available 100 pm thick Cu foils (#113321, Nilaco, Tokyo, Japan) with a size of
~2.2 cm x 10 cm were used as catalytic substrates for the growth.

Figure 1. (a) A schematic illustration of the CVD setup; (b) A schematic illustration of a typical CVD
growth process. The Cu foil was heated with Ar flow (1000 sccm) until 1000 °C (Ar heating) and
with Hp / Ar flow (100/500 sccm) until the reaction temperature (1035 °C). The heating process takes
~ 50 min to elevate the temperature until reaching 1035 °C. The annealing process can be divided by Ar
heating, H, / Ar annealing, Ar annealing, growth, and cooling.
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The concentration of residual oxygen in the CVD chamber under Ar flow was measured
by a zirconia oxygen sensor (LC-750 L, Toray Engineering, Tokyo, Japan). The zirconia oxygen
sensor was placed downstream of the heating furnace. Optical microscopy (Digital Microscope
VHX-5000, Keyence, Osaka, Japan) and field emission scanning electron microscopy (54700, Hitachi
High-Technologies Corporation, Tokyo, Japan) were used to obtain the density and the size of
graphenes. To visualize graphene in the optical image, Cu foils were oxidized in air around 200 °C.
Then the graphene nucleation density was measured by counting the amount of graphene in an optical
microscope image. The average nucleation densities were obtained from several different optical
images on the same sample. Surface analysis of Cu foils was performed by XPS (PHI 5000 VersaProbe
II, ULVAC-PHI, Kanagawa, Japan) under a base pressure of ~6 X 108 Pa and a monochromatized
Al Ko (1486.6 eV) X-ray source. Energy calibration was performed using the position of the primary C
1s peak at 284.8 eV. Atomic concentrations were calculated using the ratio of integrated spectral areas
for Cls, Ols, and Cu2pj,, from high resolution scans and the relative sensitivity factors inherent to the
instrument. The accuracy of the atomic concentration is up to 10% of the measured value. Cu foils
were sputtered by using accelerated Ar ions with 1 kV for the depth profiling of XPS. The sputtering
depth of Cu by 1 kV Ar ions was calibrated by using Cu thin films deposited by vacuum evaporation.
We calculated the difference of the expected sputtered depth between low index Cu crystal planes such
as (100), (110), and (111) by 1 kV Ar ions as shown in Table S1. As a result, (100) and (111) showed the
smallest and the largest depth, and the depth ratio of (100) to (111) is 0.77 to 0.85, indicating that the
crystal plane does not largely affect the depths sputtered by 1 kV Ar ions. The transfer from the CVD
to the XPS chamber was performed within 10 min to minimize the gradual change of the chemical
state of the Cu surface by ambient air and water [33]. Raman microscopy (InVia Reflex, Renishaw,
Gloucestershire, UK) with a 532 nm laser was used to characterize crystal quality of Cu foils and CVD
graphene samples.

3. Results and Discussion

A typical CVD process in the present study is schematically shown in Figure 1b. The Cu foil was
heated with Ar flow (1000 standard cubic centimeter per minute: (sccm)) until 1000 °C (Ar heating) and
with Hy /Ar flow (100/500 sccm) until the reaction temperature (1035 °C). The elevation to the reaction
temperature from room temperature takes ~50 min. Then the Cu was annealed for 15-45 min with
H,/Ar flow (Hy/Ar annealing). The hydrogen flow was turned off for 0-20 min before introducing
CH,4 (Ar annealing). Subsequently, to initiate the growth, the pure Ar flow was replaced by the 10 ppm
CH, diluted in Ar (500-1000 sccm) and the Hj (15-20 scem). Finally, the CVD chamber was rapidly
cooled down to room temperature within 30 min.

Figure 2a—c shows optical microscope images of CVD graphene grown on Cu with different
Ar annealing times. The preceding Hj / Ar annealing and the subsequent growth time were fixed at
15 and 150 min, respectively. It is obvious that the density of graphene was reduced by increasing the
Ar annealing time. Figure 2e shows the dependence of average density of graphene domains on Ar
annealing time for two different growth conditions. The numerical values of the average densities of
the graphene domains in Figure 2e are summarized in Table S2. Square (corresponding to Figure 2a—c)
and circle plots in Figure 2e correspond to 15/500 and 15/1000 for the gas flow ratios of H, and diluted
CH, in Ar (H, /CHy) during the growth. The density of graphene decreased rapidly with increasing Ar
annealing time for both growth conditions (Figure 2e). For instance, the density of graphene decreased
from 72.0 to 2.2 domains/cm? by 15-min Ar annealing for the H,/CH,4 of 15/1000. The decrease in the
density of graphenes implies that the Ar annealing is effective for suppressing graphene nucleation.
Figure 2d shows an optical microscope image of CVD graphene grown after longer annealing in H, / Ar
for 45 min without Ar annealing. Since the density of graphene in Figure 2c is smaller than that in
Figure 2d, Ar annealing is more effective for suppressing graphene nucleation than extending H, /Ar
annealing time.
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Figure 2. Effect of Ar annealing on density of graphene domains. (a—c) Optical microscope images of
CVD graphene on Cu with different Ar annealing time (0, 5, and 15 min), while H; annealing time
was fixed at 15 min; (d) CVD graphene grown after H, / Ar annealing for 45 min without Ar annealing;
(e) Dependence of average density of graphene domains on Ar annealing time with two different
flow rates for the growth. Square (black) and circle (red) plots correspond to the gas flows of 15/500
and 15/1000 sccm of Hy /diluted CHy in Ar (H, /CHy), respectively. Density of graphene domains is
drastically decreased by Ar annealing for both growth conditions.

In addition, the standard errors in Figure 2e were larger in the gas follow ratio of H,/CHy of
15/1000 than that of 15/500 (see Table S2). The H, /CH4 of 15/1000 was used for the high speed growth.
The large standard errors in Figure 2e indicate that the high speed growth results in a large distribution
in density of the graphene domain. The variation of the density of graphene obtained by 15/1000 at
different locations can be seen in optical microscope images of graphene/Cu in Figures S1-S3.

To understand the suppressed nucleation caused by the Ar annealing, we examined annealed Cu
surfaces before growth by XPS. The samples were prepared with a fixed Hy / Ar annealing time (15 min)
and a different Ar annealing time (0-20 min), and were then cooled down under Ar ambient without
growth process. Since the Cu surface is easily oxidized in air and the chemical state gradually changes
with time [33], we immediately transferred the annealed Cu foils to the XPS chamber to minimize the
effect. Figure 3a,b show high-resolution Ols and Cu2ps,, XPS spectra taken at different depths (0—4 nm)
in the 5 min-annealed Cu foil, respectively. In Ol1s depth profiling (Figure 3a), the major (530.6 eV)
and the second peaks (532.1 eV) at 0 nm (black) represent the Cu,O and hydroxyl (OH™) group due
to the humidity in ambient, respectively, which is in good agreement with the previous results [33].
The Ols spectra at 1 nm (red online) showed a single peak at 530.3 eV also corresponding to Cu,O as
previously reported in the electrodeposited copper oxide film after Ar sputtering [34]. The observed
Cu2ps/; spectra showed a single peak at 932.6 eV for all depths, corresponding to CupO [33,35], consistent
with Ols spectra. The formation of CuyO is consistent with the result of Cu LMM which is shown in
Figure S4. Figure 3¢ shows the dependence of oxygen concentrations on the depth from surface of Cu foils
with different Ar annealing times. It was found that the oxygen concentration was increased at deeper
positions (1-4 nm) by increasing the Ar annealing time. Wrong call-out order.

To find the reason for Cu;O formation during Ar annealing, we measured the oxygen
concentration in the CVD chamber under Ar flow. Figure S5a showed the transition of residual
oxygen in the CVD chamber. Ar flowing (1000 sccm) and elevating the temperature were started at
0 and 1 min, respectively. The chamber pressure was kept at ~0.12 MPa. The temperature was reached
at 1035 °C after 50 min. The chamber pressure was ~0.12 MPa. The oxygen concentration was suddenly
decreased after flowing Ar (Figure S5a). When the temperature was reached at 1035 °C, the oxygen
concentration showed ~10 ppm. With continuing heating in the Ar, the oxygen concentration gradually
increased as shown in Figure S5b, which is an enlarged graph of Figure S5a. The oxygen concentration
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increased to ~4.2 ppm for 20 min after reaching the minimum concentration, which is a typical time
for Ar annealing. Thus, the residual oxygen concentration during Ar annealing would be 10-20 ppm.

Figure 3. XPS analysis of annealed Cu foils without growth of graphene. (a,b) High-resolution Ols
and Cu2p3,, XPS depth profiling of Cu foils with Ar annealing for 5 min; (c) Dependence of oxygen
concentration on depth from surface of Cu foils with different Ar annealing time.

In the gas-phase reaction, the following equilibrium must be considered for Cu,O formation:
4Cugyrface + Op & 2Cu,0 [36].

Based on thermodynamics, the equilibrium oxygen partial pressure is about 0.1 Pa at 1035 °C [37],
which is lower than the partial pressure of the residual oxygen (~1 Pa). Therefore, the residual
oxygen can provide surface oxidation to form the CuyO during the Ar annealing. On the other hand,
dissociation of CuyO at the metal oxide interface (CupyO(s) — 2Cu(s) + O) would also be happening at
a high temperature [38—40]. In addition, the segregation of oxygen during the cooling process is not
likely for the formation of the Cu,O (Figure S6). The observed difference in thickness of the Cu,O in
Figure 3c and Figure S7b would imply that surface oxidation is faster than the dissociation of the oxide
during the Ar annealing.

To clarify the crystal structure of the CuyO layer, Raman spectroscopy was performed for
a CVD-treated Cu foil with Ar annealing for 20 min (H,/Ar annealing and growth for 45 and 150 min,
respectively). However, any peaks of CuyO were not observed in the Ar-annealed Cu foil since the
thickness of the CuyO layer is too thin to detect by Raman spectroscopy. To gain Raman signals,
the CVD-treated Cu foil was intentionally oxidized at ~200 °C for 3 min in air (Oxi-CVD), and was
measured by Raman spectroscopy. The thickness of the oxide layer was more than 100 nm which was
confirmed by XPS depth profiling. To compare Raman spectra, an oxidized as-received Cu foil was
also prepared (Oxi-foil).

Figure 4a shows Raman spectra of the Oxi-foil (red) and the Oxi-CVD (blue). All peaks in Figure 4a
can be assigned to the phonon energies of CuyO: (i) I';5 (90 cm~ 1) and I}, (110 cm™1), which are silent
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modes [41,42]; F;J-(l) (150 em~1) and F;5(2) (TO (625 cm™ 1) and LO (648 cm™1)), which are infrared
active [41,42]; (iii) FZFS (521 cm™1), which is the Raman-active mode [41,42]; (IV) 2, (217 cm 1) [42]
and 2T}, + I'55 (300 cm™?) [43], which are an overtone and combination of them. The appearances
of modes I';, and I';; are derived from the activation by defects or resonance effects [41,44,45]. Thus,
the CuyO formation by oxidation in the air was clearly observed and detectable by Raman spectroscopy
for both the Oxi-CVD and Oxi-foil. Figure 4b shows high resolution Raman spectra around the intense
peaks of I';. 5(1) and 2I'}, modes. Table 1 summarizes peak positions and the full width at half maximum
(FWHM) of these peaks for the Oxi-CVD and Oxi-foil samples. These statistical data were extracted
from 36 Raman spectra with peaks fitted by a mixture of Lorentzian and Gaussian functions. The peak

positions of F;5(1) and 2I';, modes in the Oxi-CVD are nearly the same as that of Oxi-foil. On the

other hand, the FWHM of 1"1_5(1) and 2I';, modes in the Oxi-CVD were smaller than that of the Oxi-foil,
indicating the higher crystallinity of CuyO in Oxi-CVD, as reported by Solache-Carranco et al. [46].
This result indicated that the present Ar annealing formed a Cu,O thin layer with high crystallinity.

Figure 4. Raman spectroscopy of Cu foils after intentional oxidization in air. (a) Raman spectra of the
Oxi-foil (red line) and the Oxi-CVD (blue line). The Raman spectrum of the Oxi-CVD was taken at the
Cu surface uncovered by grapheme; (b) High resolution Raman spectra around the peaks of 150 and
217 cm~!. Vertical broken lines and cursors are eye guides to compare Raman peaks.

Table 1. Comparison of Raman peaks in Figure 4b.

—(1)
T 2I-
Sample 15 2
Peak Position (cm~1) FWHM (cm—1) Peak Position (cm 1) FWHM (cm™1)
Oxi-CVD 149.6 5.0 216.1 13.8
Oxi-foil 149.9 5.7 216.9 17.9

Figure S8a,b is a representative SEM image and electron backscatter diffraction (EBSD) orientation
map of a Cu surface which was heated at elevated temperatures in Ar following by H, / Ar annealing
for 2.5 h. The color in Figure S8b represents the fcc crystalline orientation of Cu as shown in Figure S8c.
Figure S8d is the area ratio of low index faces for the annealed Cu obtained by statistical analysis
of EBSD orientation maps such as Figure S8b. The major crystal face of Cu is (111), and the second
(001) as shown in Figure S8b. It is reported that the oxidation of Cu (111) and Cu (001) results in
epitaxial CuyO [47]. Therefore, the Cu,O formed by the present Ar annealing would be mainly (111)
and (001) surfaces.

To gain full understanding of the evolution of the chemical states of the Cu surface, XPS depth
profile measurement was performed on Cu foils which were cooled down after a specific CVD process.
These Cu foils are “raw Cu”, “Hj: 15 min”, “Ox: 10 min”, and “Red: 5 min” corresponding to the
timing of #1-4 shown in Figure 1b, respectively. Figure 5a shows the evolution of the depth profile of
oxygen in Cu foils by the CVD process. It was found that the “raw Cu” contains abundant oxygen
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inside the foil. The oxygen signals in the “Hj: 15 min” and “Red: 5 min” samples disappeared around
2 nm in depth. Since the oxygen near the surface would come from native oxide formed during the
transferring of the sample, the surface of “Hj: 15 min” and “Red: 5 min” samples would be completely
reduced to the metallic Cu. The “Ox: 10 min” sample showed detectable oxygen signals until 4 nm
from surface, being consistent with Figure 3c.

Figure 5. (a) Evolution of an XPS depth profile of oxygen in Cu foil by CVD process. Cu foils of “raw
Cu”, “Hp: 15 min”, “Ox: 10 min”, and “Red: 5 min” were obtained after cooling down at #1-4 shown
in Figure 1b, respectively; (b) Dependence of the average domain diameter of graphene grown with Ar
annealing for 0 and 20 min on growth time.

In addition, the initial growth behavior of graphene has been examined. Figure 5b shows
a dependence of the average diameter of the graphene domain on growth time for the substrates
without and with 20 min annealing in Ar. Incubation times were observed of around 1 and 10 min for
the CVD samples with the 0 and 20 min-Ar annealing, respectively. This indicates that the nucleation
of graphene is delayed by the existence of a CuyO layer, probably due to the less catalytic activity of
Cu,0 for decomposing CHy.

Although we revealed that surface oxidation by Ar annealing is an efficient way to reduce the
density of the nucleation of graphene, the role of Ar heating and H; / Ar annealing before Ar annealing
remains unclear. To reveal them, the graphene was grown with a fixed Ar annealing time (20 min)
after heating and annealing (15 min) in Hy /Ar or Ar ambient, and the density of graphene and the
morphology of Cu were compared to the present process (Ar heating and H; / Ar annealing followed
by Ar annealing). Figure 6a—f show high and low magnification optical microscope images of CVD
graphene obtained by Ar heating followed by H, / Ar annealing (Figure 6a,d), heating and annealing
in Hp / Ar (Figure 6b,e), and heating and annealing in Ar (Figure 6c,f). It can be seen that the present Ar
heating followed by H,/Ar annealing (Figure 6a) provided the largest domain of Cu, and the lowest
density of graphene among these processes, proving the present process is the best condition of the
heating and annealing process. Since the surface oxidation condition (Ar annealing for 20 min) were
the same for all samples in Figure 6, the reduction of the graphene density in the present heating and
annealing was mainly caused by lowering the number of domain boundaries of Cu, which are active
sites for graphene nucleation [26]. On the other hand, the other two processes did not provide the
largest domain size of Cu, indicating that the solely Hy /Ar or Ar annealing is not an effective way
to form a large domain of Cu. Although the detailed mechanism of the large domain formation of
Cu is not clear, it would be related to Cu transport, which can be changed by the chemisorption of
oxygen [48,49]. The present Ar heating followed by H,/Ar annealing would provide higher mobility
of Cu atoms, and resulted in large size Cu domains.
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Figure 6. Effect of gas ambient on the heating and annealing process before Ar annealing on the
morphology of Cu and the density of graphene. Low (a—c) and high magnification (d-f) optical
microscope images of CVD graphene on Cu obtained by the Ar heating followed by H,/Ar (a,d);
heating and annealing in Hy / Ar (b,e); and heating and annealing in Ar (c,f).

Figure 7a shows an optical microscope image of large-sized graphene domains by a CVD process
with the H, /Ar and the Ar annealing for 100 and 35 min, respectively. The isolated hexagonal shape
in Figure 7a corresponds to a single crystal domain of graphene [12,23], and single crystal with a size
of up to 2.6 mm in diameter was obtained. The single crystallinity of the hexagonal domain was also
experimentally confirmed by low-energy electron diffraction (LEED) pattern (Figure S9). Figure 7b
shows a Raman spectrum of a millimeter scale CVD graphene transferred to a SiO,/Si substrate,
where G/, G, and D peaks were observed around 2685, 1590, and 1345 cm ™!, respectively. The higher
intensity of G’ than G and negligible small D peak indicated the single layer formation and high
quality crystallinity of the graphene, respectively [50-52]. Thus, the present modified CVD process
successfully demonstrated a large-sized, single-layer graphene formation with high quality.

From the aforementioned results, the evolution of the Cu surface is schematically summarized in
Figure 8. At the beginning, the as-received Cu foil has abundant oxygen inside Cu (“Initial” in Figure 8,
and #1 in Figure 1b). During H, / Ar annealing at 1035 °C for 15 min, the oxygen concentration in the
Cu suddenly decreases and the crystallization of Cu occurs (“H,/Ar annealing” in Figure 8, and #2 in
Figure 1b). Subsequent Ar annealing provides surface oxidation (“Ar annealing” in Figure 8, and #3 in
Figure 1b). The thin layer CuyO formed by Ar annealing has high crystallinity since it was formed
on crystalline Cu, as observed by Raman spectroscopy (Figure 4 and Table 1). After the initiation of
the growth process, the reduction of the surface is started again due to the presence of H, and is
completed within 5 min (“Incubation time” in Figure 8, and #4 in Figure 1b). Finally, the nucleation of
graphene occurs after the supersaturation of active carbons [8], and then domain growth is started
(“Growth” in Figure 8).
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Figure 7. (a) Optical microscope image of large-sized single-crystal graphene. The graphene was
grown by a CVD with the H, /Ar and the Ar annealing for 100 and 35 min, respectively; (b) Raman
spectrum of a millimeter scale CVD graphene transferred on a SiO, /Si substrate.

Figure 8. Schematic illustration of the evolution of the Cu surface during the CVD. The initial,
H,/Ar annealing, Ar annealing, and incubation time correspond to the CVD process at #1-4 in
Figure 1b, respectively.

The most important process for suppressing nucleation is Ar annealing, which provides surface
oxidation. The surface oxidation was reported to remove carbon impurities [53,54] and to passivate
active sites [32], resulting in suppressed graphene nucleation. The removal of carbon impurities
happens not only from the surface, but also in the bulk Cu through the dissociation of Cu,O and the
diffusion of dissolved atomic oxygen [54]. The highly crystalline CuyO observed in the present study
may also be attributed to the passivation of active sites, since structural defects in the preformed Cu,O
layer would not possess a sufficient passivation effect. By prolonged Ar annealing, both the removal
of carbon impurities and the passivation effects are enhanced, resulting in suppressed graphene
nucleation. In addition, Ar heating followed by H, / Ar annealing contributes to the enlargement of
the Cu domain, resulting in the additional suppression of nucleation by reducing active sites such as
domain boundaries of Cu.

4. Conclusions

We investigated the effect of turning off hydrogen (Ar annealing) before the growth process
on Cu, and engineered it for large size graphene growth. We first revealed that the Ar annealing
oxidizes the Cu surface by residual oxidant, which results in the effective suppression of graphene
nucleation. The enlargement of the Cu domain by Ar heating, followed by H; / Ar annealing before
Ar annealing was ascribed to the extra suppression of graphene nucleation. Finally, single crystal
graphene of ~ 2.6 mm diameter was successfully grown by utilizing the Ar annealing. This study
demonstrated that a large-sized single crystal graphene can be grown by utilizing oxidative gasses in
the CVD chamber. We expect that the existence of the oxidative gasses is one of the reasons for the
wide variation in graphene growth from lab to lab. It is also noted that our modified APCVD process
requires neither vacuum pumps nor high-quality Cu, and it is compatible for industrial scale mass
production of large-sized single crystal graphene.
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We investigated the contribution of kinetic energy of ions on nitrogen plasma treatment of high ordered pyrolytic graphite (HOPG) film for electro-
catalyst material. The treatment was carried out to modify the HOPG surface by nitrogen ion irradiation between 10 and 100 eV using electron-
beam-excited plasma (EBEP). In the case of treatment by nitrogen ions with kinetic energy of 60 eV, the oxygen reduction reaction (ORR) activity
was markedly improved and the ORR current increased by about 15 times as compared with untreated specimen. The enhancement of ORR
activity was explained in terms of an increase of graphitic-N and pyridinic-N components, which act as reaction sites of ORR, from the results of
Raman spectroscopy, X-ray photoelectron spectroscopy, low-energy photoelectron counter in air, and atomic force microscopy.

© 2018 The Japan Society of Applied Physics

1. Introduction

It has been expected that the carbon-based materials are used
as new types of catalyst in the electrodes of fuel cell and
various batteries. For the improvement of the electro-catalyst
properties, theoretical and experimental studies have re-
vealed that nitrogen ion-doping into carbon-based materials
can significantly alter its electronic properties.'>? The
typical irradiation energy was between several tens and
several kilo eV for the nitrogen ion treatment by the
conventional ion beam technique.''™? Kondo et al. ob-
served two types of nitrogen species, that is, graphite-N and
pyridinic-N, by irradiation of nitrogen ion beam of several
hundreds eV to highly ordered pyrolytic graphite (HOPG)
surface.'? It has currently been reported that the active sites
of oxygen reduction reaction (ORR) are created by the
graphite-N and pyridinic-N components, and the mixing of
the nitrogen species in the carbon materials.!-7~10:13:16.19.22.23)
However, the high energy bombardment in the doping
process may cause a significantly damage on the surface
morphology of carbon material. In spite of such efforts,
the relationship between the nitrogen ion energy and the
resultant electronic properties of carbon-based materials,
remains far from being completely understood. It is therefore
expected that the contribution of treatment energy to carbon-
based materials is elucidated for providing advances of
electro-catalyst technologies.

In a previous paper, we have reported that the ORR
activity of HOPG film is improved when its surface is
modified by a short time treatment with low-energy nitrogen
ions of 20eV.?» The nitrogen doping into HOPG film
was carried out using the electron beam excited plasma
(EBEP).2*2 Nitrogen plasma using the EBEP system can
generate the higher density nitrogen atoms and ions when
compared to the conventional plasma system. The HOPG
films at the treatment time of 60s using the nitrogen ion of
20eV, indicated that the ORR current increased by about
2 times as compared with the untreated specimen. In the
treated HOPG films, the component of graphite-N increased
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by about 3 times compared to that of pyridinic-N, though
it is difficult to obtain by nitrogen ion irradiation of higher
energies more than several hundred eV.!1-2?

In this study, we have investigated the contribution of
nitrogen ion energy on the ORR activity and nitrogen
component configuration in the HOPG film. The treatment
was carried out to modify the HOPG surface by nitrogen ion
irradiation between 10 and 100eV for a short time of 60s.
From the experimental results, it was clarified that the
treatment by nitrogen ions with the kinetic energy of 60eV
was an effective way to modify the HOPG surface for
markedly improving the ORR activity. The proportion of
the graphite-N and pyridinic-N components in the total of
nitrogen species of HOPG surface treated with nitrogen ion
of 60eV increased by 2.5 times compared to that of HOPG
surface treated with nitrogen ion of 20eV. The high ORR
performance by treatment of 60 eV is concluded to be due to
the increases in the graphite-N and pyridinic-N compornents,
because the two types of nitrogen species are much effective
concerning the ORR activity. We will discuss that the
graphite-N and pyridinic-N components are closely related
with the ORR activity of HOPG film, based on the surface
properties of HOPG film after the treatment by different
nitrogen ion energy.

2. Experimental methods

Highly ordered pyrolytic graphite (HOPG) films (12 x 12
mm?) of about 20 um thickness were prepared by mechanical
exfoliation of HOPG sheet (12 X 12 x 1 mm?, Panasonic
PGCXO04) using the adhesive tape method under atmospheric
condition.??

After the exfoliated HOPG specimens without thermal
annealing were mounted on an aluminum (Al) plate (20 X
60 x ' mm?), the specimens were electrically connected to
the Al plate by conductive carbon adhesive sheets (Nisshin
EM). The specimens on Al plate were placed parallel to the
electron beam in the chamber as shown in Fig. 1. It was
reported in Ref. 23 for detailed information on optimized
nitrogen plasma condition using the EBEP system.

© 2018 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic diagram of nitrogen plasma treatment
using EBEP system.

For the nitrogen plasma treatment, the specimens were
exposed to nitrogen plasma for 60 s under the application of
DC voltage from —10 to —100V to the Al plate (V}). In the
system, the value of the treated voltage (V,) applied to the
specimens corresponds to that of the incidence kinetic energy
of nitrogen ions. In the case of an application of DC voltage
of =10V, it should be noted that the specimens are treated by
nitrogen ions with a kinetic energy of 10eV, as the space
potential of the plasma was almost zero volt. The incident
current density into the specimen during the treatment was
several uA/cm?.

To estimate the morphology of the specimen, the HOPG
surface at the different treatment voltage was observed
using an atomic force microscope (AFM) in tapping mode
(Hitachi-Technologies 5100N). The structure and quality of
the specimen were determined using a Raman spectroscopy
system (Renishaw inVia Reflex). The binding energy analysis
for the specimen was carried out using an X-ray photoelectron
spectroscope (XPS; Ulvac Phi PHI 5000 Versa Prove II) with
a source of Al Ka 1486.6eV. To evaluate the electronic
properties of the HOPG surface after the treatments, the work
function of the HOPG film was measured by a low-energy
photoelectron counter in air (Rikenkeiki AC-2).3032

The electrochemical measurements were performed on an
electrochemical workstation (Hokuto Denko HZ-5000) in a
standard three-electrode electrochemical cell at room temper-
ature. The measurement carried out in aqueous solution of
0.16 mol/L perchloric acid. A platinum electrode was used as
the counter electrode, and a reversible hydrogen electrode
(RHE) was used as the reference electrode. Fabrication of
the working electrode was done by putting the specimen
onto a glassy-like carbon disk electrode (¢4 mm, BAS) with
a conductive carbon paste (Fujikura Kasei XC-32). The
electrochemical activities of electrocatalysts were evaluated
by cyclic voltammetry (CV) in nitrogen saturated aqueous
solution and linear sweep voltammetry techniques on rotating
disk electrode (RDE) in oxygen saturated aqueous solution.

3. Results and discussion

The HOPG surface was investigated to clarify the influence
of the treatment voltage on the variation of electronic and
chemical properties of the HOPG surface. The AFM images
in Fig. 2 clearly show surface structure changes due to the
treatment, where nanometer-scale irregularities are present at
the HOPG surface. The surfaces have been transformed into a
network of carbon filaments (light color) separated by cavities
(dark color). Figure 3 shows resultant values of the roughness
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(@ (b) (©)

(d) © ®

Fig. 2. (Color online) AFM images of HOPG films at different treatment
voltage: (a) untreated, (b) 10V, (c) 20V, (d) 40V, (e) 60V, and (f) 100 V.

Fig. 3. Effect of treatment voltage on roughness (R,) of HOPG surface.

(R;: mean value of 30 data) of the HOPG specimens at
different treatment voltages. The roughness changed mark-
edly with an increase of the treatment voltage. The observed
roughness of these treated specimens suggests an increase
of active sites on the HOPG surface, where it relates to the
electrolytic double layer. The roughness increased up to 3.3
nm at the treatment voltage of 20 V and gradually decreased to
1.3 nm at the treatment voltage of 100 V. In addition, width of
the cavities decreased with an increase of treatment voltage.
The values of the width of cavities for the 10-, 20-, 40-, 60-,
and 100-V-treated specimens were 34, 33, 27, 25, and 22 nm,
respectively. Next the effect of ion energy on the surface
structure of HOPG specimens will be discussed to be caused
by variations in physical, chemical and electronic properties,
that is, the disorder in carbon structure, the content of various
C-N bonds and the work function.

To determine the effect of treatment voltage on the structure
of HOPG specimens, the specimens were examined by Raman
spectroscopy. Figure 4 shows Raman spectra for the speci-
mens treated at different voltages. The spectra obtained for the
treated specimens have two different composite structures,
i.e., crystalline graphite or amorphous carbon at around
1580cm™! (G-band) and another band at around 1360 cm™"
referred to as the disorder peak (D-band).>*>

Figure 5 shows the Ip /I ratio of specimens on treatment
voltage. The Ip/Ig ratio of specimen increased monotonously
with increasing treatment voltage. Thus increasing of Ip/Ig
suggests that the specimens at lager treatment voltage had
greater concentration of imperfection. The roughness (R;) of
treatment voltage between 40 and 100 V, however, gradually

© 2018 The Japan Society of Applied Physics
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Fig. 4. (Color online) Raman spectra of HOPG films at different treatment
voltage.
Fig. 5. Ip/Ig ratio of HOPG films at different treatment voltage.

Fig. 6. Nitrogen content of the HOPG films at different treatment voltage.

decreased as shown in Fig. 3. It is supposed that the increase
of Ip/Ig ratio is caused by increases of fine cavities, that is, an
increase of surface area.

XPS is used mainly to analyze the relative content of
various C-N bonds in the nitrogen doped HOPG films.!'!-?®
Figure 6 shows the typical values of nitrogen atomic con-
centrations of the HOPG specimens at different treatment
voltages. The 40-V-treated specimen showed the highest
nitrogen concentration (5.4 at. %) as compared to the other
treated specimens (2.3-3.6at.%). In Fig. 7(a), the three
deconvoluted peaks for N element at 398.5, 399.9, and
401.5 eV belong to pyrrolic-N, pyridinic-N, and graphitic-N/
oxidized-N species. Figure 7(b) shows the chemical compo-
sition of each component for the HOPG specimens treated at
different voltages. Most importantly, up to 60V, the graph-
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(2)

(b)

Fig. 7. (Color online) (a) Nitrogen peak of 60-V-treated specimen and
(b) Nitrogen components of the graphitic-N, pyridinic-N, and pyrrolic-N for
the HOPG films at different treatment voltage.

Fig. 8. Effect of treatment voltage on work function of HOPG film.

itic-N and pyridinic-N components were increased to 40.1%
and 36.7%, respectively. In contrast, the pyrrolic-N com-
ponent was decreased to 23.2%. The total percentage of
the graphitic-N and pyridinic-N components of 60-V-treated
specimen increased by 2.5 times compared to that of 20-
V-treated specimen as previously reported.”” That is, it
suggested that the treatment energy of nitrogen ions for the
doping process of HOPG surface has an optimum value for
the formation of pyridinic-N and graphitic-N components.
Next, the work functions of the HOPG specimens were
investigated to clarify the surface electronic properties. The
work functions of the HOPG specimens were markedly
increased by the treatment, as shown in Fig. 8. Even though
the relationship between the work function and nitrogen
doping has been reported,*®*”) the study of the effect of
treating conditions such as voltage on the work function
is limited. It was found that the work function markedly

© 2018 The Japan Society of Applied Physics
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Fig. 9. (Color online) CV of HOPG films treated at different voltage.

increased from 4.86 eV (untreated specimen) to 5.12eV (40-
V-treated specimen) and gradually decreased to 5.0eV at
treatment voltages between 60 and 100V. Akada et al.
have reported that the work function of graphene correlates
strongly with the site and amount of doped nitrogen.*® As
compared with the results in Figs. 6 and 8, the two diagrams
showed a similar tendency towards the treatment voltage.
Therefore, the large value (5.12eV) of work function for the
40-V-treated specimen is concluded to be due to the increases
in the amount of doped nitrogen (5.4 at. %).

The variations in CV of specimens treated at different
voltage are shown in Fig. 9. In particular, the 60-V-treated
specimen had the greatest reduction current at 0.05 'V versus
RHE and double layer capacitance of CV curve under a
nitrogen atmosphere. The CV curves in the potential range
around 0.05V represent the reduction current corresponding
to hydrogen evolution reaction on the HOPG surface. The
broad peaks around 0.6V, especially the 40- and 60-V-
treated specimens, is due to redox reaction of oxide con-
taining functional groups such as quinone derivative induced
defect site on the HOPG surface. The CV curves suggest that
the HOPG surfaces treated by nitrogen ions have higher
surface area than untreated surface, consisting with the AFM
observation.

Figure 10 shows the ORR voltammograms at a rotation of
2500 rpm and a scan rate of 10 mV /s for the 10-, 20-, 40-, 60-,
and 100-V-treated specimens. On the ORR voltammograms
in Fig. 10, the background current, which was calculated
from the CV obtained under oxygen-free (N;) condition with
the different scan rate, S0mV/s, as shown in Fig. 9, could
be estimated 0.2uA or less. The value of the estimated
background current consists with current at onset potential,
ca. 1.0V, of ORR. Therefore, it is considered that the
obtained ORR voltamograms are not influenced by the
current taken under oxygen-free conditions. In Fig. 10, the
40- and 60-V-treated specimens display high activity at the
voltage between 0.8 and 0.9V compared to the low ORR
activities of the 10-, 20-, and 100-V-treated specimens.

We also evaluated the ORR activities of the treated
specimens by the Koutecky-Levich plot.**#" Electron
transfer number (n) and kinetic current density during
oxygen reduction of the specimens treated at different
voltages were estimated from the current density with various
rotation rate of the disk electrode at 0.85V versus RHE. In
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Fig. 10. (Color online) Potential versus ORR current curves measured
under an oxygen-saturated 0.16 mol/L perchloric acid at rotation speed of
2500rpm and a scan rate of 10mV /s for HOPG films at different treatment
voltage.

general, the kinetic control region is determined by potential
between 0.8 and 0.95V, and the diffusion control region is
the potential lower than 0.65 V, though it is depended on an
electrode. Therefore, the reaction at 0.85V versus RHE is
under kinetic control and the effect of diffusion limitation
of oxygen is negligible. In addition, the ORR activity is
evaluated by two factors, i.e., electron transfer number and
kinetic current density, which are estimated from a slop and
y-intercept of Koutecky—Levich plot, respectively. It is
noteworthy that the electron transfer number was increased
with same tendency of the ORR activity at 0.85V. The
values of electron transfer number (n) of 10-, 20-, 40-, 60-,
and 100-V-treated specimens were 3.4, 3.3, 3.5, 3.8, and 3.2,
respectively. In aqueous solutions, there are primarily two
reaction pathways in the ORR: (a) a four-electron process in
which oxygen is reduced to H,O (n =4), (b) a two-electron
process in which oxygen is reduced to H,O, (n =2). The
RDE measurement suggests two-electron ORR pathway
partially shifts to four electron pathway by the nitrogen
doping process of HOPG using the EBEP. In particular,
the treatment using the nitrogen ion of 60eV has greatly
enhanced the four-electron reaction process (n =3.8). In
addition, the kinetic current density, which means reaction
rate of ORR, has also shown the same trend. The values of
kinetic current density of 10-, 20-, 40-, 60-, and 100-V-
treated specimens were 1.1, 1.0, 1.6, 2.1, and 1.5 pA/cmz,
respectively. It was clarified that the 60-V-treated specimen
had a higher ORR activity by a synergistic effect of the four-
electron reaction process and higher reaction rate for ORR.
Figure 11 shows the resultant ORR current at 0.85V
(Iorr). The Iprr increased with an increase of the treatment
voltage to the HOPG surface. Most importantly, the treatment
by nitrogen ions with kinetic energy of 60eV, that is,
treatment voltage of 60V, the Iorr increased up to 15.2
pA/cm?. It is noted here that the 60-V-treated specimen is
much more active than the 40-V-treated specimen, whereas
nitrogen concentration of the 60-V-treated specimen (3.0
at. %) is lower than that of the 40-V-treated specimen
(5.4 at. %). In the case of 40-V-treated specimen, the graph-
itic-N component (11.2%) is lower than the pyridinic-N
component (28.8%), while the graphitic-N component of
60-V-treated one shows a marked increase to 40.1%. The
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3)
4)
5)
6)
7)
8)
9)
10)
11)
Fig. 11. Relationship between the treatment voltage and the ORR current
at 0.85V (Iorr) of HOPG films. Potential sweep rate was 50 mV/s. 12)
distinct increase in graphitic-N component could well be 13)
related the ORR activity altered by the 60 V treatment which 14,
modified the surface structure of HOPG specimen.

Ikeda et al. have reported that the graphitic-N component ~ 15)
of N-doped graphite plays an important role in ORR as a fuel 16)
cell catalyst.” On the other hand, the experimental study by
Guo et al. has indicated that the pyridinic-N component
creates the active sites for the ORR performance.'” The 17)
nitrogen components obtained in our experiments, that is, 8)
the graphitic-N and pyridinic-N components at 60-V-treated  19)
specimen were 40.1% and 36.7%, respectively, inducing a
marked decrease of the pyrrolic-N component. The relation-  20)
ship between the ORR activity and the two components (the 21)
graphitic-N and pyridinic-N components) of HOPG surface
therefore are considered to be due to the mixing of different  22)
types of nitrogen species in the HOPG film. However, further
studies are needed to clarify the selective formation mechan- 23)
ism of the two components in the HOPG film treated by
nitrogen ion of 60eV. 24)
4. Conclusions 25)
The highest ORR current of HOPG film was obtained when  26)
the treatment energy of nitrogen ions was 60eV. In the case
of treatment by nitrogen ions with kinetic energy of 60eV, 27)
the ORR current increased by about 15 times as compared g
with the untreated specimen. 29)

The enhancement of ORR current was explained in terms

. .. T 30)
of an increase of graphitic-N and pyridinic-N components, 31)
which act as reaction sites of ORR. The experimental
findings have suggested that the ORR performance of HOPG  32)
film can improve by the selection of an optimum ion energy 33)
using the nitrogen plasma treatment. 34)
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ABSTRACT

Yttrium aluminum garnet (Y3Als012, YAG) thin films were synthesized by reacting sol-gel derived Y,03
<11 1>-oriented films with sapphire substrates. Phase development and inheritance of crystallographic
orientation during the formation of YAG was investigated. The major sequence of the phase develop-
ment from Y,03 to YAG with increasing temperature was Y,03; — hexagonal yttrium aluminate (YAIOs,
YAH) - YAG, showing that the diffusion of AI3* into Y, 05 films occurred. The highly {1011} -textured YAH
phase, which was first synthesized in the present study, would inherit the preferred {11 1} plane of self-
textured Y, 03 with structural similarity. The YAG phase also showed highly preferred <2 1 1> orientation
(Lotgering’s factor, F=0.57) only when the films were prepared on the sapphire (000 1) substrate. X-ray
pole figure and electron backscatter diffraction results suggested an epitaxial growth of {2 1 1}-textured
YAG, which was supported by the consideration of lattice matching between the planes of YAG (211)

Thin film and sapphire (0001).

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rare-earth-doped yttrium aluminum garnets (Y3Als012, YAG)
are well known as important solid-state laser media because
of their superior thermo-mechanical and optical properties with
excellent chemical stability. Among them, one of the most common
laser gain medium is a neodymium-doped YAG (Nd:YAG) single
crystal fabricated by the Czochralski method. This method offers
single crystals with high performance; however, there remain some
issues in manufacturing to be resolved such as limited dimensions,
high production cost, defects caused at the melt-crystal interfaces,
and contamination from Ir crucibles hard to avoid. On the other
hand, much work on a sintered Nd:YAG ceramic as an alternative
to the single crystal has been performed since the first success in
the laser oscillation by Ikesue et al. [1-5] because the ceramic fab-
rication process enables not only overcoming the above described
disadvantages but also doping or co-doping a variety of functional
dopants with high concentrations. High laser efficiency and trans-
parency comparable to those of Nd:YAG single crystals have been

* Corresponding author. Fax: +81 52 809 1721.
E-mail address: arakawa@toyota-ti.ac.jp (S. Arakawa).

http://dx.doi.org/10.1016/j.jeurceramsoc.2015.10.021
0955-2219/© 2015 Elsevier Ltd. All rights reserved.

achieved on Nd:YAG ceramics with high dopant concentration
(>1%).

Although a YAG single crystal has a cubic symmetry and is
optically isotropic, thermally induced birefringence originated in
the photoelastic effect causes under high-power operation, which
is a serious problem in developing the high performance laser.
Shoji et al. [6] have reported the thermal-birefringence-induced
depolarization effect in also the Nd:YAG ceramics consisting of a
huge number of single-crystal grains whose respective crystallo-
graphic axes are randomly oriented. Furthermore, Shoji and Taira
| 7] reported that the depolarization of YAG single crystals depends
on their crystallographic planes and especially the depolarization
of (110)-cut crystal is small by one order of magnitude as com-
pared with that of (11 1)-cut one. The depolarization of (111) cut
crystalis comparable to that of YAG ceramics; therefore, providing a
texture to the YAG ceramics is expected to improve the laser perfor-
mance. However, the isotropic crystal structure of garnet makes the
fabrication of textured ceramics difficult via normal field-induced
processing methods such as magnetic-field alignment and hot-
forging.

The reactive-templated grain growth (RTGG) method has been
applied to fabricating highly textured polycrystals such as simple
perovskite-type piezoelectric materials and layer-structured mate-
rials including bismuth layer-structured ferroelectric and both p-
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and n-type oxidethermoelectrics [8-11], which is considered to
be one of the key technologies for fabricating electronic ceram-
ics with high performances comparable to those of single crystals.
In the RTGG method, anisometric single-crystal reactive-template
particles are mixed with complementary reactants and aligned, fol-
lowed by heat-treatment. The product formed in-situ during the
heat-treatment preserves the crystallographic orientation of the
template; therefore, the fabrication of textured ceramics by the
RTGG method has been confined to material systems in which
topochemical orientation relationship is obvious between a tem-
plate and a product. A garnet has a complicated crystal structure
and no topochemical orientation relationships between YAG and
a-Al; O3 or any yttrium aluminate compounds have been known.
However, YAG has been known to form eutectic composite with a-
Al,03 through directional solidification, and some crystallographic
relationships between these crystals have been observed although
the mechanism has not been clear yet [12-14]. In this sense, «-
Al, 03 with an anisotropic corundum structure can be a candidate
for the template crystal when considering the fabrication of tex-
tured YAG ceramics via the RTGG method.

This study is intended to apply the RTGG method to fabricating
the textured YAG ceramics for the first time. For this ultimate goal,
a fundamental investigation on the phase transitions and crystallo-
graphic orientation inheritance from a-Al, 03 single crystal to YAG
crystal is essential. In the present study, we selected a-Al;03 sin-
gle crystal, sapphire, as a “reactive substrate” and deposited Y,03
precursor on the substrate to be heat-treated as a simple model for
the RTGG processing. Through this study, in addition to the phase
transitions, the texture development mechanism is clarified from
viewpoints of self-texture and lattice matching. Indeed, no prece-
dent work has discussed the preferred orientation of YAG films on
the sapphire substrates from a viewpoint of the lattice matching,
even for the YAG-based films synthesized “directly” on the sap-
phire substrates, i.e., without any reactions between the films and
the substrates [15-18].

2. Experimental
2.1. Materials and methods

Commercially available reagent of yttrium isopropoxide
(Y(0'C3Hj7)3, 3N, Ko-jundo Chemical Lab.) was selected as a start-
ing material. Yttrium isopropoxide was dissolved in absolute
2-methoxyethanol(ethylene glycol monomethyl ether, EGMME),
and then the solution was refluxed at 125°C for 20 h. This solu-
tion was partially hydrolyzed by adding deionized water (mole
ratio of H,0/Y,03 =0.5), which was diluted with the absolute 2-
methoxyethanol, and was again refluxed at 125°C for 12 h. The
yttrium concentration of the precursor solution was 0.25M. All
reactions were run in a dry nitrogen atmosphere.

Y-0 gel films were deposited on (0001) and (1120) sapphire
substrates by spin coating of the precursor at a spinning rate of
3000rpm for 20s, followed by heat-treatment at 400°C on a hot
plate in air. The spin-coating/heat-treatment process was repeated
10 times. These films were heat-treated at various temperatures
between 400°C and 1000 °C for 10 min in flowing oxygen gas and
between 1100°C and 1600 °C for 10 min in air.

2.2. Characterization

X-ray diffraction (XRD) analysis was performed to identify the
transitions of crystalline phases and texture development of the
films with an X-ray diffractometer (Rigaku Corp.; 18 kW, graphite
monochromator, CuKa radiation (A =0.154 nm), operated at 40 kV
and 200 mA) at room temperature. Samples were scanned in fixed

Fig. 1. XRD profiles of the Y-O thin films prepared on the sapphire (0001) sub-
strates at various heating temperatures.

time mode with counting time of 0.2 s under diffraction angle 260
in the range of 10-80°. XRD pole-figure measurement was con-
ducted for the determination of in-plane texture of the films over
x =0-70° by the Schultz reflection technique (RINT-TTR II, Rigaku
Corp.) with step angles of 2° inx and 1° in 8. The morphological
features of the films were observed by field emission scanning elec-
tron microscopy (FE-SEM) (JSM-7000F, JEOL Ltd.) equipped with
energy dispersive X-ray spectroscopy (EDS) and electron backscat-
ter diffraction (EBSD) (TSL, Orientation imaging microscopy (OIM)
system) after the samples were sputter-coated with carbon. EBSD
patterns were collected from a hexagonal grid with a step size of
0.2 wm over a total area of 20 x 30 wm? at an acceleration voltage
of 15kV.

3. Results and discussion
3.1. Crystallization of Y,03

Fig. 1 shows the XRD patterns of the films prepared on the
sapphire (000 1) substrates, which were heat-treated at 900°C
or below. The XRD profile of the fired film showed peaks at
20=11.84°, 23.76°, and 35.76°, which were assigned to reflec-
tions from (002), (004), and (006) planes of Y,(CO3)3(H0),,
respectively (JCPDS card number: 01-81-1538 [19]). The inter-
mediate phase of Y,(COs3)3(H,0), disappeared at 800°C. On the
other hand, Y,03 phase appeared at 600 °C which indicates that
Y,(CO3)3(H,0), phase started to turn into Y,03 phase at 600°C.
The intensity of the peaks located at 29.26° and 60.60° which
correspond to 222 and 444 peaks, respectively, increased with
increasing heating temperature. No other peaks were present, so
that the Y,03 phase has highly preferential orientation along the
<11 1> direction, which is distinguished from the previous reports
that the sol-gel derived Y,05 films showed no or weak preferred
orientation [20,21].

Fig. 2 shows the (400) and (44 0) XRD pole figures for the Y,03
film synthesized at 900°C on the sapphire substrates. Ring pat-
terns were observed at x =55° for 400 reflection and at x =35° for
440 reflection on both the sapphire (000 1) and (1120) substrates.
These results indicate that the <11 1> axis of the Y503 film stands
perpendicular to the sample surface and the orientation distribu-
tion around the axis is random. In other words, the Y, 03 film has a
fiber texture. The film texture independent of the cut-plane of the
sapphire substrates suggests that Y503 films were preferentially
<11 1>-oriented by self-texture. Y,03 has a cubic structure and can
be described as a fluorite-type oxide with disordered oxygen vacan-
cies. The observed {11 1} texture is supported by the fact that the
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Fig. 2. X-ray pole figures of Y,03 (400) and (44 0), for Y-O thin films on the sapphire (000 1) and (1120) substrates heat-treated at 900 °C for 10 min.

{111} plane has the lowest surface energy in fluorite-derivative
oxides [22,23].

3.2. Phase development

Three stable compounds including monoclinic yttrium alumi-
nate (Y4Al;09, YAM), yttrium aluminum perovskite (YAIO3, YAP),
and yttrium aluminum garnet (Y3Als01, YAG) are known to
be present in the pseudo-binary Al,03-Y,03 system. Reactions
between the Y,05 films and the sapphire substrates were inves-
tigated by XRD analysis. The crystalline phases of YAM, YAP, and
YAG were identified in reference to JCPDS cards of number 01-083-
0934, 33-0041, and 33-0040, respectively. Fig. 3a shows the XRD
profiles of the Y-AI-O films on sapphire (000 1) substrate heat-
treated at various temperatures between 1000 °C and 1600 °C. The
single-phase YAG appeared via formation of the various crystalline
phases. The crystalline phases which appeared at each tempera-
ture are summarized in Table 1. Fig. 4 also shows the change in the
XRD peak intensities of the respective product phases on the sap-
phire (000 1) with the heating temperature. It can be seen that YAM
phase appeared at 1000 °C, and YAP and YAG at 1300 °C, and also the
temperatures at which most intense XRD reflections appeared in
each phase were 1100 °C for YAM, 1400 °C for YAP, and 1600 °C for
YAG. One of the most peculiar results is that the oriented Y,03 222
peak disappeared and two peaks, one of which is comparable to the
extremely intense 2 2 2 peak, appeared at 26 = 28.76° and 29.50° for
the film heat-treated at 1300 °C, as is shown in Fig. 3b. Because the
crystal system of Y, O3 is cubic up to near its melting temperature,
occurrence of a splitting of the 222 peak due to lowering of the
crystal symmetry of Y505 itself is excluded [24]. The metastable
hexagonal yttrium aluminate (YAIO3, YAH) with a space group
of P63/mmc with a=0.368 nm and b=1.052nm has often been
observed mainly in soft-chemical processes for YAG powders and
films [25-30]. These two peaks observed were assigned to reflec-
tions from (1010) and (1011) planes of YAH phase, respectively,
although the peak positions were somewhat higher than the JCPDS

Fig.3. XRD profiles of the Y-AI-O thin films on the sapphire (000 1) substrates heat-
treated at various temperatures, (a) and enlarged figure for the 26 range between
28° to 31°in (a), (b).



666 S. Arakawa et al. / Journal of the European Ceramic Society 36 (2016) 663-670

Table 1
Summary of the phase development of the Y,03; films crystalized on the sap-

phire (000 1) and (1120) substrates. Samples were heat-treated for 10 min at each
temperature.

Substrate Temperature (°C) Phases

Sapphire (0001) 900 Y,053
1000 Y,03 +YAM
1100 Y,03 +YAM
1200 Y2053 +YAH + YAM
1300 YAH +YAM +YAP + YAG
1400 YAH +YAM +YAP + YAG
1500 YAH +YAG
1600 YAG

Sapphire (1120) 900 Y504
1000 Y,0s3 +YAM
1100 Y,03 +YAM
1200 Y,03 +YAH + YAM + YAP
1300 Y,03 +YAH + YAM +YAP + YAG
1400 YAH +YAM +YAP + YAG
1500 YAH +YAG
1600 YAG

Fig.4. XRD peak intensities of the product phases appeared on the sapphire (0001)
substrates at each heating temperature. The intensities are plotted for 2 2 2 peak of
Y,03,023 0f YAM,2000f YAP, 1011 of YAH, and 2 1 1 of YAG. The inset is an enlarged
figure for YAM, YAP and YAG. Data for the Y03, YAH and YAG phases on the sapphire
(1120) are also shown in the figure as broken lines for comparison.

data of YAH (card number 16-0219): 26 = 28.13° for 1010 and 29.36°
for 1011. Yamaguchi et al. have reported that solid solutions of YAH
crystallize between 50 and 62.5 mol% Al, 03 [26]. Higher Al concen-
tration than the stoichiometric composition might shift the XRD
peak positions of YAH to the higher angles. A new hexagonal phase
which has a structure similar to YAH but has Y3Al501, composition
has also been reported by Laine et al. [31]; however, the XRD data
of the present study revealed no peak at 20 =8.3-8.5° which is one
of the characteristics of this new hexagonal Y3Al501; phase. Fig. 3a
shows that no other peaks excepting for 1010 and 1011 peaks can
be assigned to YAH phase. This result is the first case for obtain-
ing the textured YAH phase. The YAH phase is inferred to be the
main phase in the films heat-treated at 1300 and 1400 °C, by the
rough estimation from their XRD peak intensities in Fig. 4. The film
turned into YAG with a trace amount of YAH after heat-treatment
at 1500 °C, and single-phase YAG after 1600 °C; therefore, the YAH
phase must be converted to the YAG phase, which is consistent
with literatures [25,27,28]. The YAG phase showed {21 1} texture
when formed on sapphire (000 1) substrate. The crystallographic
orientation of YAG is described in the next section.

As a result, there must be two routes to yield single YAG phase
in our system; one is the Y,03 — YAH — YAG route yielding the
majority of YAG and another is the Y,03 - YAM — YAP — YAG
yielding the minor amount of YAG in the film. This result implies

Fig.5. XRD profiles of the Y-Al-O thin films on the sapphire (1120) substrates heat-
treated at various temperatures, (a) and enlarged figure for the 26 range between
28° to 31°in (a), (b).

that the Al content in the resultant compounds increased with
increasing heat-treatment temperature. Both the sequences of the
phase change, Y03 — YAH — YAG and Y,03 — YAM — YAP — YAG,
without direct formation of Al-rich phases suggest that the phase
development proceeded by the predominant diffusion of AI3* in
the substrate into the Y,03 film. This result is supported by the
fact that the ionic mobility of AI?* is generally accepted to be
higher than that of Y3* in the oxide structure, and, the sequence of
YAM — YAP — YAG has been observed in most Y,03-Al,03 reac-
tion systems [25].

Fig. 5 shows the XRD profiles of the films synthesized on the
sapphire (1120) substrates heat-treated at various temperatures
between 1000 °C and 1400 °C. The {1011} texture of the YAH phase
and the presence of the two routes for obtaining the YAG phase
were also confirmed regardless of the cut-plane of the sapphire
substrate. The appearance of the intense 1011 peak of YAH was
coincident with the disappearance of the intense 2 2 2 peak of Y,03
on both the sapphire (000 1) and (1120) substrates, suggesting that
highly {1011}-textured YAH can have a structural similarity with
{111}-textured Y503 films rather than the sapphire substrates.
Fig. 6 shows superposition of component atoms of YAH (1011) and
Y503 (111). Their lattice matching looks good, especially in the
directions of Y,03[101] and YAH [1210]. Fig. 4 shows that the rate
of phase change between the films on the sapphire (0001) and
(1120) slightly differed from one another, which may result from a
non-identical Al concentration in the surfaces of both the sapphire
planes.
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Fig. 6. Atomic arrangements of (a) Y203 (222) and (b) YAH (1011), and (c) their superposition.

Fig. 7. X-ray pole figures of Y3Al; 01> (420) on the (a) sapphire (000 1) and (b) (1120) substrates, and (c) 8-scanned diffraction intensity at x =44° of (a), for YAG thin films
heat-treated at 1600 °C for 10 min. The sample of (a) and (c) was set as [1230] of the sapphire directed to § of 0.

3.3. Crystallographic orientation of YAG

As previously stated, the film heat-treated at 1600 °C on the sap-
phire (000 1) substrate showed highly <2 1 1> orientation, which
is shown in Fig. 3a. The degree of orientation can be expressed by
Lotgering’s factor, F[32]. For the <2 1 1> orientation, Fis determined
by the equation,

P-Py

F=
1-P,

(1)

where P="1 (2kkk)[> I (hkl), Po="" I (2kkk)/>" Iy (hki), > I is
the sum of the peak intensities of the XRD profile of the film, and
ZIO is that of randomly oriented reference powder [8,9]. The F
value estimated within a 26 range of 10-80° was as high as 0.57 for

the film heat-treated at 1600 °C on the sapphire (000 1) substrate,
whereas that on (1120) was as low as 0.23.

Fig. 7a shows the (420) XRD pole figure for the YAG film syn-
thesized at 1600 °C on the sapphire (000 1) substrate, where the
sample was set as [1230] of the sapphire substrate directed to 8
of 0. The 420 poles seem to be regularly clustered on each ring at
x =24°,44°,and 56°; the position of the rings shows that the<2 1 1>
axis of the YAG crystals stands perpendicular to the film surface.
This result relates to the high F value of 0.57. The diffraction rings
show some regular patterns in the rotational 8 direction, suggest-
ing an in-plane texture in the YAG film on the sapphire (0001)
substrate. Fig. 7c shows the [3-scanned 420 diffraction intensity at
X =44°, extracted from Fig. 7a. Strong diffraction spots in a set of
two appeared at every 60° along [3 direction although two 210-
family diffraction spots of (120) and (102) should appear apart



668 S. Arakawa et al. / Journal of the European Ceramic Society 36 (2016) 663-670

Fig. 8. (420) stereographic projection of a single-_cwstal YAG a_round <211>, (a), and schematic diagram showing the positions of the diffraction spots of YAG crystals
epitaxially grown on the sapphire (0001), (b). [011]yac and [1230]-a1,0, are made the same direction.

AB=135.51° from one another at x=43.1° in the pole figure for
a single-crystal YAG around <21 1> axis (Fig. 8a). Assuming that
an epitaxial growth of YAG (211) with one-fold symmetry on
the sapphire {0001} with three-fold symmetry, the pole figure
is expected to show three-fold in-plane symmetry around <21 1>.
Making [011]yac and [1230].a1,0, the same direction well repro-
duced the positions of half the diffraction spot pairs (Group I) in the
[B-scan: 23°, 35°; 144°, 155°; 264°, 275° (Fig. 8b). The B-scanned
420 diffraction intensity shown in Fig. 7c includes also other half of
the spot pairs (Group II), i.e., 84°, 95°; 203°, 215°; 324°, 336° whose
positions are shifted by 60° to the higher 8 angle, respectively. As
a result, Fig. 7a suggests two sets of three-fold in-plane symmetry
around <2 11> whose [3-positions are shifted by 60° one another,
and therefore, substantial six-fold one. In contrast to the results on
the sapphire (000 1) substrate, no systematic spots or rings can be
observedinthe (4 2 0) pole figure of the film heat-treated at 1600 °C

on the sapphire (1120) substrate as is shown in Fig. 7b. This indi-
cates that the YAG crystals are randomly distributed throughout
the film.

Geographical information of the orientation of the YAG phase
crystallized on the sapphire (000 1) substrate was also obtained
from the EBSD measurement. Fig. 9 shows SEM image and the
inverse pole figures and their maps of a surface of the YAG film on
the sapphire (000 1) substrate. The orientation of the YAG grains
in the inverse pole figure with respect to the normal direction
(ND) to the film surface undoubtedly concentrates near the <21 1>
orientation. It should be noted that the larger grains exhibited
purple-colored <21 1> orientation normal to the film surface. On
the other hand, the crystallographic orientations of YAG grains with
respect to the transverse and rolling directions (TD and RD, respec-
tively) show clusters rather than uniform distribution along the
orientations perpendicular to the <2 1 1>. There are, especially, sev-
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Fig. 9. Inverse pole figures and their maps of the surface of YAG films heat-treated at 1600 °C on the (000 1) sapphire substrate.

Fig.10. SEM micrograph of the fractured surface of the YAG thin film on the sapphire
(0001) substrate heat-treated at 1600 °C for 10 min.

eral large grains with similar orientations both in TD and RD. These
results suggest that [2 1 1] axis of substantial YAG crystals stands
perpendicular to the film surface and the distribution around the
axis is not random; therefore, the YAG crystals grew epitaxially on
the sapphire (000 1) substrate. Fig. 10 shows a SEM micrograph of
a cross section of the film synthesized on the sapphire (000 1) sub-
strate where no intermediate phase at the interface between the
film and the substrate was observed. It was also confirmed from
Fig. 10 that the film thickness was about 1 wm and the film was
composed of single domains in the thickness direction. EDS anal-
ysis confirmed the composition of the film was equal to that of
YAG.

Few papers have reported on preferentially oriented YAG thin
films on the sapphire substrates. Mizoguchi et al.[16]| have reported
the <2 11> oriented-YAG thin film synthesized on the sapphire
(1120) substrate by a spray-inductively coupled plasma technique,
where the origin of the preferential orientation was attributed

to the highest reticular density of YAG {21 1}. However, for the
YAG phase which we grew on the sapphire (1120) substrate, the
XRD profile showed the low preferential <2 11> orientation with
F=0.23, and the X-ray pole figure no apparent one. On the other
hand, as mentioned above, the <21 1>-oriented YAG film which
we grew on the sapphire (000 1) substrate was epitaxially formed.
Therefore, we confirmed the lattice matching between YAG (211)
and sapphire (000 1), which is shown in Fig. 11. A directional rela-
tionship, [011]yac[I[1230] -al,0,. With the good lattice matching
was revealed, which supports the experimentally obtained epitax-
ial formation of YAG on the “reactive” sapphire (000 1) substrate.
Onthe other hand, similarly good lattice matching was not obtained
for the YAG thin film on the sapphire (1120) substrate, which would
account for the absence of the {2 1 1} texture on the sapphire (1120)
substrate.

4. Conclusions

Using c-plane sapphire as a reactive substrate, we prepared the
single-phase YAG thin film with highly preferred <2 1 1> orienta-
tion from the sol-gel derived Y, O3 thin film after heat-treatment at
1600 °C. We elucidated that the YAG film formed on the sapphire
(0001) substrate showed six domains composed of two sets of
three-fold in-plane symmetry around <2 11>, and therefore, was
epitaxially grown on the sapphire (000 1) substrate. The crystal-
lographic orientation relationship of [011]yagl[1230]q-a1,0, Was
also suggested. This finding was supported by the consideration of
the lattice arrangement between YAG (2 1 1) and sapphire (0001).
The major route for the YAG formation was Y,03 — YAH — YAG
through the Al diffusion to the film. We also found for the first
time that the metastable YAH phase with {1011} self-texture can
be formed through the inheritance of the preferential {111} self-
texture of Y,03. Our findings obtained by using the “reactive”
substrate may afford a novel method for fabricating the textured
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Fig. 11. Atomic arrangements of (a) a-Al,03 (000 1) and (b) YAG (21 1), and (c) their superposition.

thin films and further lead the way for realizing the oriented YAG
ceramics by the evolved RTGG method.
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Microstructural evolution of high purity alumina ceramics
prepared by a templated grain growth method
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Shuichi ARAKAWA™ and Toshihiko TANI***
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Textured oc-alumina ceramics were prepared by mixing different ratios of three-sized plate-like oc-alumina particles and fine
equiaxed particles without the use of sintering aids. The plate-like particles have developed a-b planes and were incorporated as
an aligned template. Mixed powders were formed into a green sheet using a doctor blade technique and sintered under various
conditions (temperature, duration and atmosphere). The development of microstructure and texture in the sintered bodies was
examined and correlated with the preparation conditions. The addition of plate-like particles to the fine equiaxed powder
suppressed densification and grain growth during sintering. The plate-like particles tend to grow with a lower aspect ratio at high
temperatures, especially under vacuum sintering conditions. The addition of 30% plate-like particles produced sintered bodies
with the highest uniaxial (001) orientation, but with residual porosity. The addition of 5% plate-like particles resulted in sintered
bodies with almost full density but texture development was inferior to that of 30%. The vacuum-sintered specimens with larger
amounts of platelets exhibited pseudo-isotropic grain growth and high-to-medium uniaxial (001) orientation, which suggests that

anisotropic grain growth is not essential to achieve a high degree of orientation.

©2016 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Single crystal -alumina is colorless and transparent; however,
sintered bodies of a-alumina are typically white in color due to
the presence of residual porosity and intergranular phases. The
real in-line transmission (RIT) of single crystal az-alumina in the
visible light region at a wavelength of 640 nm is 86% at best."
Light scattering at grain boundaries further reduces the trans-
mission for polycrystalline az-alumina because of its anisotropic
refractive index. Therefore, sintered alumina, even without the
presence of secondary phases, has no advantage with regard to
transparency over optically isotropic materials such as yttrium
aluminum garnet (YAG).?) However, transhucent polycrystalline
alumina, which has high mechanical strength and thermal
conductivity, is chemically and thermally stable, and is naturally
abundant, is considered to be an industrially important material.?)

Since Coble reported the translucency of alumina ceramics
prepared with a high-purity raw material in around 1960,
translucent alumina sintered bodies have been utilized in light-
emitting tubes for high-pressure sodium lamps by taking
advantage of their mechanical strength and chemical stability.
Much effort has been devoted to the development of high-purity
and easily sinterable particulate materials, in addition to the
development of novel densification processes, such as hot
isostatic pressing (HIP)” and spark plasma sintering (SPS),%
which can reduce residual pores and inhibit grain growth in a
sintered body. As a result, the RIT of translucent alumina
has been reported to be approximately 70%.” In recent years,
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colloidal processing under a strong magnetic field prior to
sintering was reported to produce dense alumina ceramics with
not only high RIT greater than 50%, but also uniaxial crystal
orientation.?»®) Another approach to achieve crystal-oriented
ceramics has been the use of anisometric particles.

The fabrication of textured alumina ceramics using flake-
like alumina particles as a template was studied by Brandon
et al.'%!") and Messing et al.'?»'?) in the 1990s. Brandon et al.
reported grains with uniformly aligned crystal axes, improved
flexural strength, and 10% anisotropy of the thermal expansion
coefficients by the addition of 5-10% flaky alumina particles
with sizes less than 10um to granular a-alumina powder.!D
Messing et al. examined the addition of approximately 5% CaO
and SiO, along with flaky alumina particles, and concluded that
the calcium silicate-based liquid phase acts as a sintering aid at
high temperature and is effective for achieving crystal orientation
of the sintered body.!? They evaluated the evolution of the grain
orientation using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) observations and determined that the tem-
plates predominantly grow to develop grain orientation, which
they expressed as templated grain growth (TGG). Snel et al. then
examined the detailed parameters in the doctor blade molding of
an aqueous slurry containing a mixture of granular alumina and
ca. 10% flaky alumina particles (ca. 3 um diameter and ca. 0.1
um thick).!® The shearing force during molding was determined
as an important parameter for developing orientation, and the
Lotgering factor, which is an index of crystal orientation, was
increased to as high as 0.67.

However, systematic experimental studies have not been
conducted to observe the development of microstructure and
texture in high-purity alumina. The present study is intended to
examine the feasibility of the production of dense alumina

©2016 The Ceramic Society of Japan
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ceramics with uniaxially oriented grains by an industrially real-
izable process. We have selected a sheet forming process using
commercially available plate-like alumina particles as templates
without the use of sintering aids, which would be applicable to
large-sized alumina ceramics for thermal, mechanical and optical
applications. In the present study, the effects of the template (size
and amount) and the sintering conditions (temperature, duration
and atmosphere) on the development of microstructure and
texture were examined systematically.

2. Experimental

2.1 Raw materials

Three types of plate-like alumina particles with different sizes
(Serath YFA00610, YFA02025, YFA05025, Kinsei Matec Co.,
Ltd.) and high-purity equiaxed-grain oz-alumina (Taimicron TM-
DAR, Taimei Chemicals Co., Ltd.; BET specific surface area =
13.2m?-g~!, average particle size = 0.17 um) were used respec-
tively as template powders and matrix powder for the raw
material. The average particle diameters and aspect ratios
reported by the manufacturer for Serath YFA00610, YFA02025,
and YFA05025 are 0.51, 2.11, and 4.62um, and 10, 25, 25,
respectively. TM-DAR is reported to be sintered up to a density
of 3.96g-cm™ by firing at 1350°C for 1h in air.!® All the
raw materials were subjected to SEM (SU3500, Hitachi High-
Technologies) observations and XRD (Ultima IV, Rigaku Corpo-
ration, Cu-Ke) measurements to identify the morphology and
crystal phases, respectively. Oriented particle monolayer XRD
(OPML-XRD) was also conducted for the platelets to determine
the developed plane.'® The specimen names and compositions are
listed in Table 1. The names represent the size of plate-like
particles and the weight fractions in the specimens, and S, M, and
L correspond to YFA00610, YFA02025, and YFA05025, respec-
tively. Control sample was described as Tref which contained only
equiaxed-grain ¢/-alumina.

2.2 Forming

The powders were weighed in the ratio in Table 1 for total
20.4¢g in each batch and mixed together with 2.2g of poly-
vinyl butyral (PVB) and 36.5ml of organic solvents (ethanol:
toluene = 2:3) in a polyethylene pot with alumina balls. After
ball-milling for 20h, the slurry was formed into a sheet with a
thickness of ca. 100 um using a doctor blade with a slit spacing of
0.5 mm. The sheet was cut at regular intervals and laminated to
prepare a plate specimen with a thickness of ca. 5mm using a
heater press (80°C, 10 MPa). The plate was heated to remove
organic binder at a heating rate of 10°C-h~! in an electric furnace
of air circulation and soaked at 600°C for 2 h.

The dewaxed plate specimens (10 x 10 x 5 mm?) were sintered
in an electrical furnace at 1400, 1600 and 1700°C for 4h and
1700°C for 20h in air. Heating and cooling were conducted at a
heating rate of 300°C-h™! and with furnace cooling, respectively.

Table 1. Specimen names and compositions

Specimen YFA (platelike particle) TM-DAR
name 05025 02025 00610 (equiaxed particulate)
M100 — 100% — 0%

M60 — 60% — 40%
M30 — 30% — 70%
M5 — 5% — 95%
L5 5% — — 95%
S5 — — 5% 95%
Tref — — — 100%

Plate specimens were also sintered in a vacuum sintering
furnace with graphite heating elements. The plate specimen was
embedded in a high purity alumina granulated powder in a silicon
carbide (SiC) cylindrical container and sintered at 1700°C for 4 h.
The heating and cooling conditions were the same as those used
for sintering in air.

2.3 Characterization

The bulk densities of the sintered bodies were measured using
the water displacement method. The degree of crystal orientation
(F value) for each specimen was evaluated according to the
Lotgering method'? from the XRD diffraction peak intensities
for a sintered body that was surface-polished parallel to the
original sheet-formed surface. The F values for a-alumina for the
(0 0 6) and (1 0 10) crystal planes were calculated using the
following equations:

F=(p— py)/(1— py), where
p=1/ZIhkl),
po = Io/Sho(h k I).

Here, the subscript in py represents the data for the reference
specimen. In the case of (0 0 6), [, is the (0 0 6) peak intensity
and X1y (h k) is the sum of the XRD peak intensities for the
reference specimen. Specimen Tref sintered at 1400°C was used
as the reference because the XRD pattern had a high intensity and
resembled the powder diffraction pattern (PDF01-089-7717).
Thirteen main diffraction peaks in the range of 26 = 10-80° were
subject to calculation. Similarly, p, 1, and XI(h k [) represent the
values for the test specimens used for evaluation of the degree of
orientation.

SEM observations of the plate specimen microstructures were
conducted for the fracture surface perpendicular to the original
sheet surface. Selected specimens were also mirror-polished and
carbon-coated on the section perpendicular to the original sheet
surface for evaluation of the crystallographic orientation of
individual grains by electron backscatter diffraction (EBSD)
analysis.

3. Results

3.1 Characteristics of the raw materials

Figures 1 and 2 show SEM images and XRD patterns for the
raw materials, respectively. The hexagonal platelets observed in
Figs. 1(b)-1(d) suggest the developed plane corresponds to a-b

Fig. 1. SEM images of starting powders; (a) TM-DAR, (b) YFA05025,
(c) YFA02025, and (d) YFA00610.
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Fig. 2. Powder XRD patterns for (a) TM-DAR, (b) YFA05025, (c)
YFA02025, and (d) YFA00610. OPML-XRD patterns for (¢) YFA05025,
(f) YFA02025, and (g) YFA00610. (h) Diffraction intensity chart from
PDF01-089-7717.

plane of the corundum crystal structure. Although the intensities
for the (0 0 6) diffraction peak at 260 ~41.7° are in the order of
(d) < (c) < (b), the intensity level was quite low, which suggests
the difficulty in aligning these platelets by dry processing. On
the other hand, the OPML-XRD pattern for the largest platelets
(YFA05025) shows a strong (0 0 6) peak while the other peaks
are suppressed in Fig. 2(e), which confirms the developed plane
of the platelets is the a-b plane, (0 0 /). However, this tendency
for the aligned platelets in the OPML-XRD specimens becomes
weaker as the particle size decreases. Except for suppression of
the (k k 0) diffractions, the OPML-XRD pattern for the smallest
platelets [YFA00610; Fig. 2(g)] is similar to its powder XRD
pattern [Fig. 2(d)]. This demonstrates the difficulty in the align-
ment of small platelets, even by wet processing with a high shear
stress.

3.2 Density of sintered bodies

Figure 3 shows the relationship between the sintering con-
ditions and the bulk density of the plate specimens sintered in
air and under vacuum. The rightmost data of Fig. 3 corresponds
to those for the specimens sintered at 1700°C for 20h in air.
Specimen M100 with only medium-sized plate-like particles was
difficult to consolidate and contained over 1% open pores, even
after sintering at 1700°C for 20 h in air. For the other specimens
sintered in air for 4h, the densities of specimens M60 and M30
reached over 3.9 g-em ™3 at 1700°C for 4h and open pores were
absent. In contrast, the specimens prepared with plate-like
particles were low in density when sintered under vacuum, and
this tendency was the same for the specimens with a high plate-
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Fig. 3. Relationship between bulk density of sintered body and
sintering conditions. Right side data are for sintering at 1700°C for
20 h. The sintering time for the other specimens was 4 h. Filled and open
marks represent normal and vacuum sintering, respectively.

like particle loading.

The size of the plate-like particles influences the density of
the specimen, although there was no significant temperature
dependence of the density when sintering above 1400°C in air
for the specimens prepared with 5% plate-like particles, which
is evident from the results for L5, M5 and S5 shown in Fig. 3.
Although the vacuum-sintered L5 and M5 specimens had lower
density than the normal-sintered specimens, at 1700°C, S5
reached the same density as Tref by either normal- or vacuum-
sintering.

3.3 XRD of sintered bodies

Figure 4 shows XRD patterns for the specimens prepared with
various amounts of medium-sized plate-like particles by normal
sintering. The peak intensity is normalized by the strongest peak.
Figures 4(a)—4(d) correspond to the four sintering regimes at
1400-1700°C. Tref showed almost the same XRD profile in any
of the firing conditions and it was similar to the reported pow-
der XRD pattern (ICDD: PDF01-089-7717). For the specimens
sintered at 1400°C, M30 exhibited the most noticeable change
from Tref; the (1 0 10), (0 0 6) and (0 1 8) diffraction peaks
became stronger and the other peaks became weaker. This trend
became more pronounced for the M30 specimens for higher
sintering temperatures and longer times. In the XRD pattern for
MS sintered at 1600°C or above, (1 0 10) was the strongest peak.
For the specimens prepared with 5% of plate-like particles, there
was no clear relationship between the platelet size and the XRD
pattern.

Figure 5 shows XRD patterns for the vacuum-sintered speci-
mens prepared with 5% of different-sized plate-like particles. The
peak strength is normalized by the strongest peak. The intensities
of the (0 0 6) and (1 0 10) peaks became stronger than that of
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Fig. 4. XRD patterns for normal-sintered M100-M5 and Tref specimens. The patterns were normalized by the strongest peak.
(a) 1400°C for 4 h, (b) 1600°C for 4 h, (c) 1700°C for 4 h, and (d) 1700°C for 20 h. Plate-like particles were loaded at 100, 60,
30, 5, and 0% (Tref) accompanied by the Miller indices reported in ICDD-PDF01-089-7717.

Tref, and the (0 0 6) peak intensity was in the order of
L5 > M5 > S5, which may reflect the order of ease of platelet
alignment.

3.4 Microstructure of sintered body fracture sur-
face

Figures 6 and 7 show SEM images of the fracture surfaces of
specimens sintered at 1700°C for 20h, and four S5 specimens
normal-sintered under different conditions, together with Tref,
respectively. The vertical direction in each micrograph corre-
sponds to the stacking direction of the formed sheets, so that the
length direction of the plate-like particles was expected to align in
the horizontal direction and perpendicular to the plane of the
sheets.

Figure 6(a) shows the originally 100% plate-like particles
coalesced to form large grains with many closed pores trapped

inside and no trace of the original plate-like particles. The con-
stituent grains shown in Fig. 6(b) are much smaller than those in
Fig. 6(a) and a tendency for long thin grains to align in the
horizontal direction is observed. The fracture surfaces shown in
Figs. 6(c) and 6(d) are dominated by a transgranular fracture
mode, and elongated grains are observed due to the shape of the
original plate-like particles. Considering that the medium-sized
YFA02025 platelets have an average diameter of ca. 2 um and an
average thickness of ca. 0.08 um, the grain size in Fig. 6(c) was
estimated to be ca. 30 and 5um in the horizontal and vertical
directions, respectively, which indicates dominant grain growth
in the thickness direction. Figures 6(e) and 6(f) comprise five
weight percent large and small size plate-like particles. Compar-
ing these photos with Fig. 6(d), the average grain sizes of the
sintered bodies were observed to be almost the same but in the
order of S5> M5 > LS5 in these normal sintering conditions,
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Fig. 5.  XRD profiles for vacuum-sintered specimens (1700°C for 4 h) for (a) LS, (b) M5 and (c) S5.

Fig. 6. SEM images of fracture surfaces for specimens normal-sintered
at 1700°C for 20 h. The vertical direction in the micrographs corresponds
to the stacking direction of the formed sheets.

which means drastic grain growth for S5 specimen. Figure 6(g)
shows the fracture surface of Tref, which is typical of that ob-
served for a pure alumina sintered body. The size of the equiaxed
grains after sintering was over 10um, which is approximately
100 times larger than the original TM-DAR particles.

Figures 7(a)-7(d) show the fracture surfaces of S5 sintered
under several conditions in air. Figure 7(a) shows the micro-
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Fig. 7. SEM images of fracture surfaces of S5 specimens sintered under
four different conditions in air, and of Tref specimen sintered at 1600°C.
The vertical direction in the micrographs corresponds to the stacking
direction of the formed sheets.

structure of S5, which was sintered at 1400°C for 4h, and is
dominated by small equiaxed grains less than 1um in size, and
no plate-like particles are observed. Figure 7(b) shows significant
grain growth up to 10 um, and grains that are elongated in the
horizontal direction are observed. Further elongated grain growth
to over 20 um in length in the horizontal direction and to 5 um in
thickness is observed for the specimen sintered at 1700°C for 4 h
[Fig. 7(c)]. Longer heat treatment caused further grain growth
[Fig. 7(d)]; however, a quantitative discussion of grain growth is
not possible based on the fracture surface. Figure 7(e) shows the
microstructure of Tref sintered under the same conditions as S5 in
Fig. 7(b), where the same density of 3.96 g-cm™ was obtained.
However, the average grain size in Tref was larger than that in
S5, which suggests that the incorporation of a small amount of
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Fig. 8. SEM images for fracture surfaces of specimens vacuum-sintered
at 1700°C for 4 h. The vertical direction in the micrographs corresponds
to the stacking direction of the formed sheets.

plate-like particles retards the grain growth of alumina. This
effect was already observed in a comparison of Tref in Fig. 6(g)
with Figs. 6(d)-6(f), where a higher sintering temperature was
considered to have promoted not only the exaggerated grain
growth of both plate-like particles and fine equiaxed particles but
also the retardation of grain growth introduced by the incorpo-
rated plate-like particles into the fine equiaxed particles.

Figure 8 shows the fracture surfaces of specimens vacuum-
sintered at 1700°C for 4h, where the vertical direction in the
photograph corresponds to the stacking direction of the formed
sheets. Figure 8(a) shows a homogeneous porous structure
without a trace of the original plate-like particles, with grain
growth to more than 5um. Figures 8§(b) and 8(c) also show
equiaxed grain microstructures with similar sized grains as in
Fig. 8(a). Necking between the equiaxed grains is more obvious
as the amount of plate-like particles is reduced from 100 to 30%.
These equiaxed-grain-structured specimens have lower densities
of less than 90% with open pores. Figure 8(d) shows a domi-
nantly transgranular fracture mode surface, where in contrast to
Figs. 8(a)-8(c), grains elongated in the horizontal direction are
observed without open pores. Figure 8(e) shows the elongated
grain structure of the vacuum-sintered L5 specimen, where the
grain size appears smaller than that in Fig. 8(d), indicating an
inverse relationship with the incorporated plate-like particle size.
The growth of elongated grains is most remarkable in the S5
specimen [Fig. 8(f)], which originally contained 5% of small-
sized plate-like particles, and the grain size was estimated to be
ca. 100 um in length in the horizontal direction and ca. 10 um
thick in the vertical direction. Therefore, the order of the grain
size in the sintered specimens prepared with 5% plate-like
particles is S5 > M5 > LS, indicating an inverse relationship

Fig. 9. Relationship between F value and sintering conditions for
normal-sintered bodies prepared with medium-sized plate-like particles.
The key legend shows the specimen name and corresponding Miller
indices from which the Lotgering factors were calculated. C, C1 and C2
correspond to F(() 0 6) F(] 0 10) and F(o 0 6)+(1 0 10)), respectively.

with the incorporated plate-like particle size. Figure 8(g) shows
that the grains in the Tref specimen sintered at 1700°C for 4h
grew to over 30 um in diameter, which is approximately 200
times larger than the TM-DAR particles.

3.5 Crystal orientation of sintered bodies

Figure 9 shows the relationship between the Lotgering factor
F, and the sintering conditions for normal-sintered bodies that
contain medium-sized plate-like particles. Two Lotgering factors
of Fpoe and Fj ¢ 10) and their summation (Fg o 6)4(1 0 10)) are
shown as dashed-dotted, dashed and solid lines with the notations
C, C1 and C2, respectively. The angle between the (0 0 6) and
(1 0 10) crystal planes is 17.5°. Therefore, Fg ¢ 6)+(1 0 10) can be
used as an index of the amount of roughly aligned grains with the
{00/} planes parallel to the original sheet surface. The maximum
F value was attained for M30, and F(g ¢ 6)+(1 0 10) reached 0.78 for
the specimen sintered at 1700°C for 20 h.

The relationship between F and the sintering conditions for the
specimens prepared with 5% of different-sized plate-like particles
is shown in Fig. 10. M5 exhibited higher (o ¢ 6)+(1 0 10) than both
LS and S5. Figure 10 shows the general tendency that higher
sintering temperatures result in higher F. In contrast, increased
sintering time at 1700°C reduced the F values for the M5 and S5
specimens.

The Lotgering factors for the vacuum-sintered specimens are
listed in Table 2. The maximum F value was obtained for M30,
and Fg ¢ 6)+(1 0 10) reached 0.30 or above for most of the other
specimens. Although three specimens prepared with 5% of plate-
like particles had similar Fg ¢ 6)+(1 0 10, the values of Fg )
divided by F{; ¢ 10) were smaller for smaller plate-like particles,
which reflects the difficulty in alignment of small plate-like
particles as noted in 3.3.

3.6 Observation of microstructure using EBSD

Figures 11 and 12 show crystal direction maps obtained from
EBSD for specimens sintered in air and vacuum, respectively, at
1700°C for 4 h. The vertical direction in the pattern corresponds
to the stacking direction of the formed sheets. Red grains in the
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figures indicate that the (001) crystal axis of each grain is
oriented within 20° from the vertical direction. These results
indicate several features: non-uniformity in terms of both grain
shape and crystallographic orientation is present in many of
the specimens, the grain size in a vacuum-sintered body is larger
than that in the normal -sintered body prepared from the same
batch, and the crystal axis orientation of each grain does not
necessarily correlate with its shape.

4. Discussion

4.1 Microstructure of normal-sintered ceramics

As shown in Fig. 3, the addition of plate-like particles retards
the densification of alumina by normal sintering. Therefore, the
use of a small amount of small plate-like particles is desirable to

Fig. 10. Relationship between F value and normal-sintering conditions
for specimens prepared with different platelet size particles. The key
legend shows the specimen names and Miller indices from which the
Lotgering factors were calculated. C, C1 and C2 correspond to Fq ¢ 6),
F(l 0 10) and F(O 0 6)+(1 0 ]0)), respectively.

obtain dense sintered bodies of high-purity alumina by the TGG
method in the present study. On the other hand, the addition of
sintering aids promotes densification, often accompanied by the
spontaneous development of plate-like alumina grains in the
sintered body.'®

4.2 Texture of normal-sintered ceramics

No evidence of plate-like particles was observed for M100 in
Fig. 6(a), which originally consisted of only plate-like particles
before sintering. The Fg ¢ 6)4(1 0 10) value evaluated from XRD
measurements for M100 was ca. 0.2, while that for the same
specimen was 0.4 when sintered at 1600°C for 4 h. This indicates
that the crystal orientation of the sheet compact remained, even
though there was no clear evidence in the microstructure from
SEM observations. For M30, which originally contained 30%
plate-like particles, the microstructure shown in Fig. 6(c) reveals
anisotropic grains that are longer in the horizontal direction,
which corresponds well with Fg g 6)4(1 0 10)=0.78 shown in
Fig. 9. Thus, the fracture surfaces of the M100 and M30 speci-
mens are compared for each sintering temperature in Fig. 13 to
discuss the evolution of the grains during sintering.

The grains shown in Fig. 13(a) are ca. 2 um in length and have
an aspect ratio of around 10, corresponding to approximately the
same length and half the aspect ratio as those for the original
plate-like particles, indicating dominant growth in the thickness
direction when sintering at 1400°C. This specimen was not
almost densified, i.e., a bulk density was 2.43 g-cm™ and an open

Table 2. Lotgering factors for specimens vacuum sintered at 1700°C
for 4h

Specimen F(0 0 6)+ F(0 0 6)/
name FO06)  FAO010  “pig10)  F1010)
M100 0.08 0.34 0.43 0.24
M60 0.08 0.42 0.50 0.19
M30 0.12 0.49 0.61 0.24

M5 0.07 0.23 0.30 0.30
L5 0.11 0.17 0.28 0.65
S5 0.04 0.27 0.31 0.15

Fig. 11.  Crystal direction maps obtained using EBSD for specimens sintered in air at 1700°C for 4 h. The vertical direction in
the micrographs corresponds to the stacking direction of the formed sheets. Red-colored grains indicate that the (001) crystal
axis of each grain is oriented within 20° from the vertical direction in each map.
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Fig. 12.  Crystal direction maps obtained using EBSD for specimens sintered under vacuum at 1700°C for 4 h. The vertical
direction in the micrographs corresponds to the stacking direction of the formed sheets. Red-colored grains indicate that the
(001) crystal axis of each grain is oriented within 20° from the vertical direction in each map.

Fig. 13. SEM images of fracture surfaces of M100 and M30 sintered at
three different temperatures for 4h in air. The vertical direction in the
micrographs corresponds to the stacking direction of the formed sheets.

porosity was 38.5%. The M100 specimen shown in Fig. 13(b)
was sintered at 1600°C and has a bulk density of 3.41 g-cm™ and
an open porosity of 14.2%, which indicates significant growth in
thickness accompanied by growth in the length direction, and
tight bonding between grains. This stage is the so-called inter-
mediate stage in sintering theory. The specimen in Fig. 13(c) was
sintered at 1700°C and shows further grain growth to form a
granular structure with no evidence of the original plate-like
particles. The corresponding Fig o 6)+(1 0 10) values vary from 0.26
for Fig. 13(a), 0.41 for (b) to 0.14 for (c). The sintering
mechanism for the pure plate-like particle compact was consid-
ered to involve growth in the thickness direction, followed by
coalescence of grains to form granular shapes, and further grain
growth. The mechanism for the degradation of crystal orientation

above 1600°C may be the rearrangement of grains; however,
further investigation is required to understand the intermediate
stage of sintering.

M30 sintered at 1400°C [Fig. 13(d)] reached a bulk density of
3.44g-cm™3 and an open porosity of 14.3%, which are almost
the same as those for M100 sintered at 1600°C [Fig. 13(b)],
which indicates the effective role of equiaxed fine particles for
densification at relatively low temperatures. Equiaxed particles
blended at 70% in the raw material are not distinguishable in
Fig. 13(d) and a significant increase in thickness was evident
compared with that observed in Fig. 13(a). The specimen in
Fig. 13(e), which reached a bulk density of 3.72g-cm™ and an
open porosity of 3.6%, has uniform small elongated grains in the
horizontal direction of the micrograph. The specimen shown
in Fig. 13(f) was sintered at 1700°C and shows both further
anisotropic grain growth and densification. The specimen with an
extended sintering time is shown in Fig. 6(c), where a continuous
development of the microstructure is observed; however, it is
necessary to examine the relationship between the increased
orientation and the developed microstructure in more detail.

4.3 Microstructure of vacuum-sintered ceramics

As shown in Fig. 3, specimens M100, M60 and M30, which
originally contained large amounts of plate-like particles,
remained at low density after vacuum sintering compared with
the specimens that were sintered at the same temperature in air.
However, both the vacuum-sintered specimens with and without
the addition of 5% plate-like particles reached densities as high as
the normal-sintered specimens. Considering the final stage of
sintering, heating in vacuum is advantageous to eliminate closed
pores in the sintered body because there is no residual air in the
pores. Therefore, densification of the vacuum-sintered specimens
with larger amounts of plate-like particles was retarded before the
formation of closed pores. The occurrence of neck formation in
the vacuum-sintered specimens with >30% plate-like particles
[Figs. 8(a)-8(c)] suggests that surface diffusion rather than
volume diffusion may be dominant under vacuum conditions at
1700°C.

Figures 11 and 12 enable a comparison of the specimen
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Fig. 14. F values for specimens sintered at 1700°C for 4 h. Filled and open marks represent normal and vacuum sintering,

respectively.

microstructures produced by sintering in air and under vacuum,
respectively. Whereas the vacuum-sintered M30 in Fig. 12(b) has
a porous structure composed of equiaxed grains, the normal-
sintered M30 in Fig. 11(b) is dense and composed of small
elongated grains. The vacuum-sintered S5 in Fig. 12(e) has a
dense structure and significantly large elongated grains are
observed, while the normal-sintered S5 in Fig. 11(e) is dense and
composed of small anisotropic grains. From this evidence, the
vacuum sintering of «-alumina is considered to result in
significant grain growth compared with normal sintering, which
is probably facilitated by the promotion of grain boundary
diffusion by the introduction of oxygen defects followed by
densification. When significant grain growth occurs before
densification, a porous structure with low density would result,
as if a coarse powder compact had been used as a starter. For
dense specimens such as those shown in Figs. 12(e) and 12(f),
significant grain growth may occur by enhanced diffusion.

4.4 Texture of vacuum-sintered ceramics

Figure 14 shows the F values for specimens sintered at
1700°C for 4 h by both normal- and vacuum-sintering. It should
be noted that the vacuum-sintered M100, M60, and M30
specimens exhibited relatively high F' values, even though their
microstructures (Figs. 8 and 12) are dominated by equiaxed
grains. This result indicates that anisotropic grain growth is not
necessarily an essential condition for macroscopic texture in
alumina ceramics.

4.5 Non-uniformity of sintered body microstructure

The layered microstructures shown in Figs. 11 and 12 indicate
that there is significant non-uniformity in the original tape-cast
sheet, in terms of both the amount and alignment of plate-like
particles. For the large and medium-sized platelets (YFA05025
and YFA02025), the weights of the platelets were estimated to be
1000 and 100 times higher than the matrix TM-DAR particles,
respectively. Therefore, the sedimentation of heavy platelets may
have easily occurred during the sheet forming process.
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5. Conclusion

Tailoring techniques for the formation of alumina polycrystal-
line sintered bodies without the use of sintering aids was
investigated. Plate-like corundum particles with a high aspect
ratio and developed a-b planes were blended with readily
sinterable fine equiaxed particles in several ratios, formed into a
green sheet by a doctor blade technique, and sintered in air or
under vacuum to examine whether and how the sintered body
inherits the crystal orientation of the template. Unlike a system
with a liquid phase former, plate-like particles tend to grow with a
lower aspect ratio at high temperatures. Such pseudo-isotropic
grain growth was more notable for the vacuum-sintered speci-
mens with larger amounts of plate-like particles. The addition of
plate-like particles to fine equiaxed powder suppresses grain
growth and densification during sintering compared to a system
with pure equiaxed powder. The degradation of crystal orienta-
tion was considered to be attributed to the rearrangement of
grains during the intermediate stage of sintering. The addition of
30% plate-like particles produced sintered bodies with the highest
texture (F(o 0 6+ 0 10) ca. 0.7-0.8), although some pores still
remained. The addition of 5% plate-like particles resulted in
sintered bodies with full density and medium texture. The texture
in ceramics could be improved by optimization of the sheet
forming process to achieve uniformly-dispersed and well-aligned
plate-like particles in a green sheet.
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