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A Study of Multinary Wurtzite-type Oxide Semiconductors having
Energy Band Gap in Visible and Near-infrared Region
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1-1 BtMFEEDRIR L RE

AL oML E L CofER I Tl < . ZETERTO HA SRR AEAY) O TE -
EBE, $hbbiTEAaRIcEcHls s e nTE S, 61, M- HEIERERTICEHAI N
=Tk, ANEBWD UL ERIGE VS 2 & L-EECch b, EEAEDTE Y %
HEST BT L =2 AN—Thotze NEOBEYMICE T 2 MELBILYTH > 72 D I3,
WESEASHIER |- Ol CEE At TH W U 2w 2 ICHIER | CIRILMIDS KIEICHFETE 5
D HICIED 7R bR\,

BRICBTFZ2 77427 Iy 728 LCOBRYIOMIEIR. Z D@2 FIH L
THREDHRICII L F o7z, BMEROBRBEEEIR 7 vy RICOoWTFHICE VWD, ©&F
TTE L DILAYITBAA A v HERRT, 44 VIEOLAYIE. WATERE & KA TE
WLUEDOM O ¥ ¥ v 7, T b biliE i & mEGOMICHFET 2 28 ol (v F¥v
v 7)) BREL B 720, ffEiEICh ) 3w, BILY ok e L < oFIHIL. 1940-1950
HERD T, 2 v F v 4% 7 2 54 F avF vyl BaTio i fFk & 1 2 LI5S
RICi %3 5, BETH, WAERBLYIZ. TEEAT) —0FERERE L LTE
FiEan sV 2L 2 bu=2 20 KB T 3,

B TR 7o dfifik A ClEH 2 DD, [BEFOE FIC N F—L XA ZEHRL Tx »
VT7ETZFEAT LI C.EREEZIET 52 LA TE S L)k L L Tofl
HbFFoTWB, Y F¥Fx vy 75 3eV LU EDPERIF NI L CGEHTH 5729,
% < DERALYEk A BYIEER & L CHEET 5 2 & 2H 5T %, In,045:5n (ITO) 2024
% SN0 FP 2N fRge & % WAL B B 13, 1990 4E LAKE IC Z08IC FE/E L 72 LCD 72 X 0 &%
T4 A7 L4 P KGEMICBERAIRTH Y, B E -2 L LfEkof Atk
RKEL I/ —XT v 7EINBTLiChotz, IEETIX, TEALTZ 7 A InGazZnO, (a-1GZO)
(o327 L DAL % < — R & L 7= TFT ORFEHF D IEF T, BT W DD X — 7 —
D LCD IZfHEH I N T3,

AR, BB AN EY - A HEEO KM ELE 7' r X BEE AR (Materials for
Environment) EREEEAZ%EE (Design for Environment) & LT, EEHINZ X Hich>T
¥ T B3 I LER IR, GaAs ® CdTe b \ina=2 X4 F¥hrasr 4 Foft
AYREER L 3B, T4V THIMEOERIEETH Y, BEILERITETH 2
7=l BEARBMEMEIcH 5, . BIMIIRAPFCLRETH 270, HTIC
FOTKHEABEREEERZFHL AWVEa X bofliE 7o v X2 HIFT L8 TE 5, B
LPrEgdki:, BREEAMENON T 2 FESE L w2 BRIcsw T, S%E 3 3HH
ZEDTHITEW RV,

I X ICBT 7MY OICHB. T b bIFEARCEHER, EH TFT &, Wbty
T3Sy v T R iBEETH 5, BELYEARR, LED KB X 5 ik rrF -
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BRI AN F — 2 HEM AT 2 0 EERR T IS0 261130 THkR v, Z DK
RO, HBELEEET~OCHICHE L 72, HETFEERROBYEERD Ny F ¥
Yy TOR) T —vavPRmdThihnw Eich b,

EEEFAESI o J 8 R o R 7 5 & 1. PIHSASEEY (Figure 1-1(a) v Vi
A (Figure 1-1(b) &\Wo7zX 4 ¥ v FEEAEETH A, COWEEET 2 JLRD
BE(L 48 R IT ZnO & FIEHEYIE D BeO DA TH 3, Zn0 13T D FEHE bt R B Al oo it
Hick v, L—¥F—FIEEEe LEDP L L CoBERIRE I N T2 DD, 2Dy
F ¥y ZHRENGEID 3376V TH B2 &b, 78— T X IR 1T/ ME I BRE
I, A - FANEEIC B 2 RE LB IE. ZOANV FFry TN - ay
DHENI N, ANATFA VL7 24 FOMEL L toTWw3, Al - RIMERIC S
W, BRBEEAEOE VB OR 2 &2 L2t B A T2 FEHT 2201k, L0
PNy ¥y y 7% 0T 28 L CEETFREBMOBIY LEROEENEEN D,

1-2 =xRBEIFEEFRODELOIRTYI v

N7 R O PAE ARG 12, EEEER A oL AYEER O REN & TH 2 (Figure
1-1(). T ORE&EIL, XA ¥ EY FEESICE T2 IVIRTEL. NEE VIETHE, d LI
NEE VIEIGRIC, $72bb, FEOMETED 4 &7z 2 0HEOM CHAIICERL L 72 fE
TH 5, PIHFHSHIARLED -V Ko =2 X4 F& UVI KO aFrF4 Fid, WEON
VL—a VRERICEATHY, FNOBAN—FTEAY FFr v 7O 30 F —FHIR
X2 NZh InAs (E;=0.42eV) ~AIP (E;=252eV) "L CdTe (E,=1.50eV) ~ZnS (E,=
35eV) FEILigE v, 72, ZR{LAYS O R LEY~ LIRS 2 2 LT, MED
NV T =y aviRIsic8Erlhd, 2R ~ORIE, LEERMAKEEK T 27200
FHAHIEHAHE L < 22 oD, “TTROMEYEEEIE 2 2 REL FRkTE 285505
2720, B 2bEbNTELMEHIETH 2, fHlxI1E, CdTe ® GaAs, InAs ICB 5 H
BRAF IV LPCME, LA VYU LR LOfAZEET L DTE 3 =0k AL
a84 74 MRS (Figure 1-1(a)) @ CulnSe,***1% ZnSnP, PG T IcifE I LT\ 3,

PUHRSASATU RS IS & MRk IC, EEERR LAY LEARORERN AL TH 557 MF D
TV SIRIREEICEWTH, T NE ZILR~ IR L 72, B-NaFeO, BUEE S A H T %
52531 (Figure 1-1(b)), B-NaFeO, BUkE&E X, 11-VI E Y v SEBULEYI O | fETTHE %, | EE
N e TR ICEIR L 72 7 Y SRS OIRERETH 5, NHRARICE T T ALY
FRAUREE & B-NaFeO, UM E D BIfRIE, 7 d R ICH T 2 PG & A3 34 T4
FEIREGE L RIFORGRE S A 5, ZILROBYIEERDO N XYy THRAAN-TES
BRI & v ) AR O E X, e R » b ZT R B~ L IERT 2 2 L T
R CE BRREMED D B,

B-NaFeO, & % A3 2 BULP 8k & L T, B-LiGaO, (Ey= 5.7 eV) ***) p-AgGaO, (E,
=2.1-22¢eV) P8 B-AgAIO, (Ej=266eV) P*¥IpfionThs Y, Rk~ Lk 3L
THLYIEER D N F ¥ vy TR E D H =352 83CE S, LA L, il
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D ZICRBRLYER D 5 Ba[RIC Y F¥r v 7% 6T 5 B-AgGa0, % B-AgAlO, (ZH]
BB H 2P0 | BT~ DISHIC I X v, AT~ RIS CISH B
BBV ERE R =R L REL IR TR ERT 2103, vV L < I3Z DR
AWGEZ G T 87 R EEEES R B R 2 S L R T e 57w,

(a) Cubic (b) Hexagonal

\Y v
v V v v
[1-VI -V
o ¥ .
Zincblend Wurtzite
@ 1/1®:Vvi/v
vV vV
-11-VL, 11-1V-V,

B-NaFeO,-type
© /1@ M/IV@: VIV

Chalcopyrite

Figure 1-1. Schematic illustrations of diamond related crystal structures of simple, binary and
ternary compounds in (a) cubic system and (b) hexagonal system. The blue dashed lines in
lonsdaleite and wurtzite show their unit cells.
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1-3 AHROEHN

TNFE TR TE LMY PEEREZ I & R D e d . RIFFEIZLAUT % HIICET L

776

(1) EEESROBYEERD N —F 2R E LT 5 729, BEFD B-NaFeO, ik
Y% EEERAREERICEBE S 5, b LIk, BEIAERAEY Yy Yy 72672
172 7% B-NaFeO, Bt % i3 &,

(2) FHFEEEREICX 5T, # L\ B-NaFeO, R {L o YL ZH O ricT 22 L, B
XUz oPttofliz 3 &,

1-4 FFRIXDEK
KimXiE, UTOHFIE,ILHEO6EICI VK IN TS,

B LETIE, TR Y Y SRR RO BUR L R B L AT~ ARSI S
VR ¥y T RET BRI R 5 B L AT B &7,

F2ETIE, NV FX vy 70822 eV O =Jt% vV LY B-AgGa0, & ZnO & O
EEA%E 2%y 2 ) v 7RIS X OERIL . 2 o EE 21198 L 72, B-AgGa0, D [EIRIC
XD Zn0O DNV F ¥ x v 7% HEIED 255 eV T TS TEZ2 L H#RHL A,
ZnO-AgGa0; [EliAEM L. ek ZnO-CdO EiEAk L B Y FELELZE L LWV d, Zn0 %
N— R & L2 ER O ML C o IS 2 TEE & 3 2 ERN ARy 8k Y 5 3
TEERBEL,

FIETIE, MMy F ¥y v T2 HT 28 L WY FEEROBEHYE TH 5
B-NaFeO, BtEi& D B-CuGa0, % FHI L. Z DIy - EAUWNIME 29t L 72, B-CuGaO, i,
HEARKGE DO BRI ERRA L 75 147 eV DAY R XYy v 72 HT5 2 &,
pBUREMEZE T 52 &, ZnO L DIFFREMPENL TV L Z 2L I L, HE(ICD
BH LTz, SNHDHEE D &IT, B-CuGa0, id n B ZnO 72 & & @ p/n B4 X 0 2R Hsh 3K
DE R YEIRKG R Z EIHL 5 5, ALEEIUEMEcH 2 LIREL 7,

4TI, BRI X Y B-CuGa0, DE TG ZEHE L. % DYy - BRI
BEMIL 72, REETFRICE T2 HCHAERZMIEL 72 RFEEailis (LDA+U) i<
X V. B-CuGaO, Dffifiid L flifE T O E T EO KM Z X < BT 2. FEMEomE:
SHERER A, SHERBRICE O X, B-CuGa0, PEEEBRIERTHL L, NV
¥ v Z1E FCRIRINGREIT 1.0x10°em™ IC3E L. CdTe < CulnSe, 7 & @ A & bk &
[FIRRETH 2 Z L &R L. B-CuGaO, AR DB 2> b EIEKIGE M ICHE L =M BT H
5L xHHLDITL 72,

FHETIE, B HHEEICX Y B-CuGa0, DL TH LT 7 7+ ¥ 4 P 0-CuGaO,.
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B X UFEIED B-AgGa0, D & FHit % 515 L. B-CuGaO, ' d Cu J& FH o Je kit <o & fb i &
DB HLESLYIE T ST T BRI L 72, B-CuGa0, DX v F ¥ v v 723 Cu & Ga D
FIRFHEPRK L 72y F 2K Eh 3013, CuliT & Galf 7-25RA L 72 B-CuGa0,
OGRS ICHRT 5 2 & B-CuGa0, DIV N CH— VDO RKE L ANERE D 726 F
i 5 T D _RHmiEfE O K Z 2 RAER AL 13, WE3R ISR 4 BAhL 3 % Cu Ji 1 0 JR ATt i i
kT EEWHLIC L, 72, B-AgGa0, DM F-Hr D EAS p-CuGa0, £ b K
ENWCEE, AFVERDNE L GBI T OKRE X ZHIET 27201, BT 2 Ag
JR M DOMEENEL o T3 2 &I X o THMAL 72, 2 OHIfifICHED % B-CuGaO, D Ga*'
D—H%E AP TERT 5 LT, B-CuGa0, DE—LOEMEREZ/NE S L, BEIE R L
T 5 HEERREL 72,

FOETIX, HILHR Yy AYHABYIC XY, BYEEAO AL F - NV F ¥y
T IIRN~ B DL CFEREFAE H A—F 5 bk, 2ho 2 FHoRT~LIHT
DBUCHEL 2 NV R vy =T ) v 7Ok i L. AP EBIEL 72,
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H2HE B-AgGa0, DEFIC L B ZnO DAY F ¥ vy FFu—A v 7

F2E B-AgGaO,DERICEB ZnO DNV F¥ vy TFA—A4 S

2-1 ¥E

LEWEEED N Y B X vy ZHIENT, PEEIISHATRE R O RHFOIL AP, &
THEEOERICHHAOFEMTH Y, WEIZF USRS ERoFEE (R
L 0iTbnd, v iMoo GaN(E;=3.39 eVIM ) ICF U K v § @ InN (Eg= 0.7 eVEY)
REEE 2 2 & CHGPRAS X OEORENFER I N LBe . KGEMRiO 7
nai4 T4 R CulnSe, (Ey=1.04eV®) i CuGaSe, (E;=1.67eVP) A EZ L
T, ZOANY FX %y 7% KGEMICRE R HICHIE S Tn 5 2 L0 AIN (= 6.10
eVI®M) 12 GaN (B, = 3.39 eV) % [E# L 72 AlGaN % FIEE IC v % C & T AlGaN/AIN &
THFREE DI LED AEBRE N 2 2BV o {LAYRERD S v R ¥ v v 7HilfH
IC K o TR I N 2 BEREIIAZE TR DS 72 s

YRS R L, EEESTEERTH D Zn0 b, T DAY F ¥ v v 7 (3.37eV)
R 5 e C, ISR DAV F—#HFAXILT S L IAEETH D, Lo L,
LY RO Zn0 DA, [ UG A A 3 5 HATEELY13 BeO (E;=10.6 eV L 22 7x
W, MBE & CIE#LL 72 BeZny, O IR Tld, BeO & ZnO I3 &Ik < v vy S o Bk % A4
L. v F¥v v 713 337~10.6 eV THIHITE 2 < & A T h T 30023 BeO 135
FEERE WO FERITITEL TRy, TD772H, Zn0 D7 A4 FANY F ¥y v it X
LD L LT, WL EEN MgO & OEFIC X W iThb T a8 Flz 1E, <z —
W — k5% (Pulsed Laser Deposition, PLD) TE#L L 72 Mg,Zn,.,O EVAAEIK T3 x<0.33 @
HiPH < v vy SR O EAA S S 4, 3.37~3.87.eV OFIFHT NV FF v v 7l & T
FO B Zn0 =2 & L7z LED it 2 BTHF OIS H WV b T 3259,

—7Ji. ZnO DF u = F ¥ ¥ v FEOWMFRIZIFEFICT <R, ZnO OFr—oNY FF
vy ZIC DT EEIIEE D CdO(Ey= 2.2 eVP?) & o FEEE 2 X T b B
IKEVA G CIERLL 72 Zn,Cd,0 1F. x < 0.17 D#EiPH T Y v Y SR o EiEES S S, v
F ¥ ¥ v 713 337~2.58 eV OHFIFACHIfICE 2 2 P F72 PLD ikIc X TR, x <
0.08 DHIH CHEAREIEAE O, N Y F ¥ v v 72 3.37~29eV Ofif CcHlfficE 2 2 &
BHEINTHBEE, UL, #FIvaRFECETHY. SHICATZERiIThI
T\, £72, PIHSAIEEID ZnSe & DFEFIC X 2 ZnO D F v — v F ¥ % v 7L b G
TnTw 3By B OB A O BEATIR RS T T T (L LR R
ERT 57007 =4 v OMKHIEHS RO THLWE WO FEREDH 2, D X5 Rikilr
5. ZnO O A[FLETHI COISHIZ, B ITFD SN WIEHE L o T 5,

=JT% B-NaFeO, BE LY & ZnO DEEMKIZ, ZnO DNV F ¥ % v T %Gl T 25 L w7
EDOOEDTH B, p-NaFeO, BRIz v v SRS OEE CTH 5 72D, TRIAWHKE
WicCEET 2 LB HAfFcE 2, EBIC, 56 eV OV F ¥y v 7% FD B-LiGa0, & @
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B2 B-AgGa0, DERIC X 5 ZnO DAY F ¥y v FFua—A v

BICX D, ZnO DAY F¥ v v 7% 40 eV £ TIHT 5 2 & T 258 3.AgGa0, I3,
B-LiGaO, & [ L < B-NaFeO, Bifiii#H L, NV F¥ ¥ v 723 2.1—2.2 eV Sl g 8
RTH 5, p-AgGa0, IZMIEEBBAIEATH 3 -0 2 nHkE LELEHRE T~ LT
322 li3cEhwny, BEEEBMAEARD Zn0 ICEAT 5 2 L T, e N v
F¥xy 7263 3 EEEBMNOBLYEEhE 2 L BHIfFCTE 5,

B-AgGaO, IFFEHEFZI KA TlE. 610 °C LLEICH W TEIE Ag & Ga,05 IR 2170
Zn0 & DEEEMKIGIC X 2 FEEOFRIZED v, 22T, KBTI, ANy &) v
7% 72 JEEH G IT X o T(1-X)ZnO-x(AgGa0,)y, AR EIE O (EHl % 34 72, KED
A Tld, B-AgGa0, # HERE T 2 720 DR ANy 2 Y v IR R L1z, ANy 297
ADRLL S FHRE 72 &% RO EER T X — 2 — & L 155 7z HlE o 5 5
PR, AT A v YR MR L T2, R TIE, 1§50 72 B-AgGa0, il D ERIS I IC
b & DWT, (1-X)ZnO-X(AgGa0,)y, HE Z fFHIL . v vy SRR o A pHIFA & | S 2y
HE ZE L 72,

2-2 REBAE

2-2-1 ERICER LK

TReoMIROHAIEZFERH L 72,
Na,CO; (99.8%. FIEATIETHE). Ga0; (99.99%. EAfiEE(L). AgNO; (99.9%. FIXtid
T ), KNO; (99.9%, FIYEMZE T 3) . Zn0 (99.99%, ~ 7~ 7L F Y v F), Ag,0 (99%.
AR T2,

2-2-2 B-AgGaO, X —74 v b DEE

B-AgGa0; I¥ Ag,0 & Ga,0; D EE SIS T A T & R\ /28, Hillk{A pB-NaGaO, D Na*
% Ag A A st 27RO X ) AL 72, RTERIR B-NaGaO, 13K D X 5 IcA Kk L
720 RJEHD Na DIEFEEE L. £ NayCO3:Ga,0;3 = 1.06:1 THEE L 7257 10~15 g Dk
Ble, =27 —n 15ml & ¢5mm OLELI L a=THKE—L L LHIC80m DF [ 1 v
ARy Ficwh, #EREKR— 0V IAZEH L, [BERE 250 rpm T L IFRERA L 72, AR D R
7=k, 77uvEly =P EHOZSEEE Ny Ficod, 150 °C WML sy P T
— b ECTZR ) —NERREIGUIEL 72, B ONTMERE 0172 mm O X 4 ZICFIHE L, 100
MPa T 1 7rfil—iih 7L A L CHEME L L, EREOMIEICHEL 244 2Ahbna v X
Ig—va vk A —H #1000) THY R\ 72, A& L2 72 R — MIER R Z#E.

BRI TR T 900°C T 20 HEREBERL L 72, B-NaGaO, 13 Wit 235 -C 5 v 72 s B0

BeRi#%13 200 °C ICfRFF LT, SR ZE D L 7258, EBICHEZERICTESG L2, %720 F
1L 72 B-NaGaO, 131 H i 4 A v SRS ISLF I i3 5 Ao, ¥ 72 IRELZEh G RICA 4 v
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H2HE B-AgGa0, DEFIC L B ZnO DAY F ¥ vy FFu—A v 7

AHALFR I L 7=,

A F VRBIEIRD X 5 1cfT 272, L B-NaGaO,AgNO3:KNO; = 1:1.2:1 THEL 7%=
AgNO; & KNOz % FLERIC THIHE S L 7212, B-NaGaO, & 7 7 A d 4 T it A, Hike
SLTRAELE, BRAWMETAIFHZO1T (=yh b -8 SSA-SB2M) 1< L. WA
12T 200 °C T 12 IRl R ¥F L 7212, il £ CHAS L 72, KIS D4R F 72 AgNO3 & KNOs,
RIA B D NaNO; % i#8ffik < 3 [MIpEH LERE L. RN 2 FfE 3 5 72, 3 MH O
BICT & ) — )V CRAMATEH L, Eilh, BEZEH izl L T B-AgGa0; %37z, B-AgGaO, IZ7/K
HCREMDT 7 7 + 44 M a-AgGaO, ICHHEE 3 2 C & AHiE S T 3% 720 | fi
WO PHARIE IR 15 0N EHR E L, HkZRY FRLET Lz,

2-2-3 B-AgGaO, BRERDEHEF v 7/ 2 ) -3V

B-AgGaO, iz, RF~v 274 buvz¥y & (EIKO &, 2 4 vFHRZ Ny &) 1T THE
BlLTee ANy R)VITDR—7 v MICIE, B-AgGaO, K% 2 4/ v F DTN I AL X —
IR, UKD L2 SfECH LE® 72 D& Hviz, B, @Ry 7 2UWEE (7
AT T I8 T AV HTAH Y Z—I1 - EG-10011) 1T 15 mmx15 mm iYW L 72 ¢2
4 v ¥, JE ¥ 0.33 mm D(0001)-Al,0; Hiffifh Ot 7%, TS-11005. WmEEmMITE) % Hw»
7o UIWTL 2 BEMIZ. T YRR (2 222V —v 56, 7y FALERD),
Ke TPy, T2 —=VDIRICZNZN 5 73 OMERIET L, HHEZE S & HfkaRmic
MEICREFIT RO X/ —A%EREL, KEKHICT 1000 °C < 30 7724 Bn#k L < A
S L7z, Table 2-1 IC/RT X DT, RNy 2 ) v 27 2E) 50 ZADMKCES, R
JE% RERF DR T A — 2 —L L, 2NODHE LTI,

Table 2-1. Sputtering conditions used to deposition of each f-AgGaO, thin film.

Sample No. Substrate temp. Pressure Atmosphere;
O,/(Ar+0y)
Sample Al Without intentional heating 0.25 Pa 0% (pure Ar)
Sample A2 Without intentional heating 0.25Pa 10%
Sample A3 Without intentional heating 0.25 Pa 50%
Sample A4 Without intentional heating 0.25 Pa 100% (pure O,)
Sample B1 200 °C 0.25Pa 10%
Sample B2 200 °C 0.25 Pa 15%
Sample B3 200 °C 0.25 Pa 20%
Sample B4 200 °C 0.25Pa 25%
Sample C 300 °C 0.25 Pa 15%
Sample D 200 °C 0.50 Pa 15%
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B2 B-AgGa0, DERIC X 5 ZnO DAY F ¥y v FFua—A v

PEBL L 72 3l 0 A A 2. X R [T 4e i (U 72 %, RINT2500; Cu Ko %) 12 & % 0-20
HIE CHEE L 720 IO L EAAIE = 3L F— 0808 X #5387 (Energy-dispersive X- ray
spectroscopy; EDAX %I, CDU-S; JEOL %! E# AU EE 1 BAMSE(SEM) JSM-5600 (2 2575) 1T
TREL 7z REDENLT + 1Y —L SEM (JEOL ! JSM-5600) (< THIZE L 7z,

W OFEIE A~ 7 b vid, NG (HZ A 7 27 8 U4ooo) TR~ EIL DT
8 (180-3300 nm) 1 CHIE L 7z, HEONENIZ, var7 vt —x— (Keithley Instruments
%1, Model 487 picoammeter) & . TEiREJR (Advantest #, TR6143) % F\»C ¥mvik <l
E L7, AFva—x— (QEOLE, F—F7 74 va—x— JFC-1600) THIEKIC A
ZHERE LA & L 72, Au BB AR I3RS 28 200 nm C . i & FERREEEEEIL 2 2202 mm & 0.5 mm
& L7z, EH50 V EZEMBEICHML, ¥t/ v 7 v 7 (OXiERE, SM-30) oHEto
R T coBEmoZ L2 BIMIL 72,

WD L, K THRER (WYKO #, HD-2000) % HwT., Mt & oBAES 25 o
FRfIE L. % Ol 5 37E L 72, HIEE — FIZ PSI, KL ~ X (Objective lens) 13x5.0,
FOV (Field of View)(Zx0.5 & L 7z,

2-2-4  (1-X)ZnO-x(AgGa0,),, ERDIEHE ¥ ¥ Z 72U — 3~

(1-X)ZnO-X(AgGaO,)y, [l A A 13 (0001)-A|203$%EE'E.§1<);2 FICRE=Z % bayzo<y
2 v TEEETHRIELZ, 50 UORE LZIRICTREALZ Zn0 3K & B-AgGa0, #)
Kx 2 A vForr M AP CiETHLE® T, =7 v be LTHWE, RELIE
(1-X)ZnO-Xx(AgGa0,)1, DFFLICFH T, x =0 (Zn0), 0.0625, 0.125, 0.1875, 0.25, 0.3125, 0.375,
0.5, 0.625, 0.75, 0.875, 1 (B-AgGa0,) & L 7=, (1-X)ZnO-x(AgGa0,), HED R o3 v &2 Y v 7 &4
X, B-AgGa0, I DHERISM 2B % 2 T, Table 2-2 ICid#W o Y & L7z, FHRIL 72
(1-X)ZnO-x(AgGa0,)y, EVAMAHE L H o 4 U 2 ERrE . (LAEHRR. BRIE 7 &1, B-AgGaO;
MR (2-2-3 1T THIR) & RO 5 TR L 7=,

¥ 72, Ag0 & Ga03. ZnO DERAEM K% E NV Agy0:Gay05:Zn0 = 0.04:0.04:0.92 TEA
LizR%E L2 =7 v be LT, ERLERkOFIETRA ANy 2 v 7L, EEZERL 72,

Table 2-2. Sputtering conditions used to deposition of (1-x)ZnO-x(AgGa0,)y,, thin film.

Substrate (0001)-Al,03
Gas flow rate 8 sccm
RF power 50 W
Deposition time 5h
Substrate temperature 200 °C
Sputtering atmosphere 15%0,-85%Ar
Pressure 0.5Pa
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H2F B-AgGa0, DEVAIC X 52 ZnO DAY F ¥y v Fru—4A v 7

2-3 EBRER

2-3-1 BADR/Ny RV TEEICTHERL 7= B-AgGaO, EED IR

FW & e e, fig o 2%y 2 FERAICTHER L 7238 % (Sample A1~A4) @ XRD ¥
2 — v % Figure 2-1 1IZ/8°$, 100%Ar TR Sy &2 1) v 7 L 7-#E (Sample A1) @ XRD ~¥ %
— v (Figure 2-1(a)) TiZ. &8 Ag DEITHRD AAE L, B-AgGaO, D HERIE > & @ [a| i ik
FROLNARD 5T,

10% O, FEPH A CHERE L 7278 % (Sample A2, Figure 2-1(b)) . B-AgGaO, D (002)[E i D
AHBWNTZ, 2D &iF, T OEEA(002)FC A L 72 B-AgGa0, T E T3 Z LR L T
W3, (0001)-Al,0z Hifh S AR EIcHERE L 72 7 v 58S ZnO 12, (0001)-AlL,O; & ZnO @
TR ZE A& T REAA8%) 2 H 2PN b Bb 63, (00)E AT 2 2 AL CALNT VS
(54581 B-AgGa0, & (0001)-Al,05 & DK T REEAIZK E 1 (23.7%) D D D, B-AgGa0, 13 7 >
PALRAREE CH 272, ZnO & [FIERIC(001)BL L 72 L HEZR X 115, 50% O, & 100% O, T
FELL 7278/ (Sample A3, A4; Figure 2-1(a), (b)) X, Z# % 4L B-AgGaO, D (002) & (121) D [A]

Sample A1
pure Ar
Thickness = 590 nm

N~ ]

Substrate

Sample A2
s 10% O, - 90% Ar
g 870 nm
A 1N o
E r N 1 N
=1 Sample A3
2l g 50% O, -50% Ar
> 2 M 170 nm
5 I @n
C
_g_.) " 1 L
= Sample A4
2 pure O,
g 120 nm

B-AgGaO, pc:»_wder

130/ 031
132/3

I
NS «
as o N
- S >}

30 I 40 I 50 I 60
Diffraction angle , 26 / degree
Figure 2-1. XRD patterns of films deposited under various sputtering atmosphere at 0.25 Pa.
Substrates were not intentionally heated during deposition. (a) Sample Al with pure Ar, (b)
Sample A2 with 10% O,,, (c) Sample A3 with 50% O,, (d) Sample A4 with pure O, and ()

B-AgGaO, powder. The peak exists at 20 = 40.5 —43.5 is related to the substrate ALO,.
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B2 B-AgGa0, DERIC X 5 ZnO DAY F ¥y v FFua—A v

PrER I 2 T, 20=37°IC B-AgGa0, TIRFEIETE 20§ 7 r—Fav—27 238/, 2D
[FIHTHR D3R Ag ~DIRICTH % 72 b 1F, WIROFEEEIMET 35133 TH 25, [KONE
WHEERIFTCH Y, B AgOITHICL 2D TIRAV, 2O —2288D X 5 RtHichsk
TERWASLE R TR,

FitoREZRE 2 5 &, HWROHBHE OB A2 51X, 10% O, FHXIC I 2 HERE

(Sample A2) #33.0nm/min T®H Y fixd Hh o7z, T Hid, HEEOHEREHEL 12 2%y 2 R
K[OMERBEOHME & DITEL 72720 TH 5, 10% 0, FHXD R %y 2 FHS CIER
L 72 (Sample A2) 1%, XRD 25 B-AgGaO, HfHTH 5 Z L 2R &, F - HEREE D
HEBCH N Z & b, B Z IR L 72 W T (Sample AL—A4) OHITIE, R TH % &
o 7=,

RN EN 7 L oL L 738 (Sample A2; Figure 2-1) 13, XRD ¥'— 27 23> C 7o — F
Eotz, ThL, HEEORREEOKXITER L Tw 2 DT, B-AgGa0, K i it % A F
THB LMo T, EWREMAL 72 ECHIRL 72, BP0 Cld, 05 °C ML hick:
WAMEL CRES 2 2 &3k TH 5, LA L. B-AgGa0, iF 600 °C LA E T Ag & Ga,0;
WKL CTLE 9 729, B-AgGaO, D7k % i3 2 7= ® 1, 200 °C & 300 °C T D il % 7
Bz,

200 °C iZ BT 4 D 2%y ZFEPSR TR L 7D XRD ~¥ % — ¥ % Figure 2-2 171
$, 10% O, THERS L 7238/ (Sample B1, Figure 2-2(a)) Tl. B-AgGaO, iZfill 2 T4JE Ag 728
L7z O IRFEA 15%LA E D F5BH A CHERE L 7278 % (Sample B2-B4; Figures 2-2(a)-(d))
X, &F Ag OAEKIZR ST, (00)ECA L 72 B-AgGa0, Ml 2315 & 7=, Bl £ 1172(002)
DEPTER I, FBONEAE ¢ FHERE L 2 o2 X W DHL Iy v — 7 TH b | Mz
IC X o THIFRE ) B-AgGa0, HH DS IEA M E L7z, FonzdEf o Ag & Ga DLt

(Nag/Nga) (E. O 23 15%75> & 20%35 50 CHERS L 72 il (Sample B2, B3; Figure 2-2(b)-(c))
T, BB X2z 1lho7, 0,25%FFX CHERE L 72385 (Sample B4; Figure 2-2(d)) Tld. ft
YRR O, Ga V) v F o7, Ga Vv FRHAMOHERICE VLTS, Gay0; D EHTHA
BIICE 20722 2 205 JBFI 7L Ga,03 13T EAL 7 7 ZARTEK L T 3 L HEZR X 3 3 5738

L IE VR R E T 5 B-AgGa0, il 215 2 72 ic, HENGERE % 300 °C & L THER
L 7=, Figure 2-3(a), (b)(%. FLHIEFE 300 °C CHERE L 7= (Sample C) @ XRD »¥ & — v
& SEM R %ERT, 557z B-AgGa0, ik d (002) B HT#R 1. 200 °C ToOHEE Dz LV B
DIPICY ¥ =TI > Tz b DD, 35—40°1C B-AgGa0, CRFEIETE R \w7u— i
BT 2SEIN Tz, HEREDENL 7 + 0 Y — 3D TR —TH b, Z DD | Fl 2 1E point
A Tl Nag/Nga = 1.85 T point B (% Nag/Nga =0.62 TH 2 72 EHFTIC X o TRE S ELL 72,
ZDZ&iE, 300 °C TORMETIE, MR —A#@EIFONBZNT L ZRLTWS, T
o OWETH 6. B-AgGa0, D K IC I FEMGRE 200 °C 2350l TH 5 & Il L 72,

B-AgGaO, D iE i 2~ Z b L% Figure 2-4 12789, FEMGEEE 200 °C, 15% O, FHHA T
HERE L 72 72 (Sample B2) D3 13, EARNEL 7 L | 10% O, ZrBH 5 CHERE L 72 i (Sample
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H2F B-AgGa0, DEVAIC X 52 ZnO DAY F ¥y v Fru—4A v 7

(a) - Sample B1
I g o 10% O, - 90% Ar
< N, /N =0.71

Substrate

\Th|ckness 750 nm

|(b) Sample B2

15% O, - 85% Ar
' 0.97
@mw/\”wu o890 M

Substrate

2]

E 1 L 1 L 1 L

21(c) Sample B3

St

5 2 20% O, - 80% Ar

N| z 1.04

2l A 300 nm

o) 1 L 1 . 1 L

£(d) * Sample B4
! g 25%0,-75% Ar
3 2 0.65
I 3 \_ 340 nm

p-AgGaO, pclwder

1)
N
Pt
©

30 40 I 5|0 I 60
Diffraction angle , 20 / degree

Figure 2-2. XRD patterns of films deposited at 200 °C under various sputtering atmospheres

at a pressure of 0.25 Pa. (a) Sample B1 with 10% O,, (b) Sample B2 with 15%0,, (c)

Sample B3 with 20% O, (d) Sample B4 with 25% O, and (e) 3-AgGaO, powder. N, /N .18

the atomic ratio of silver to gallium in the films determined by EDX analysis.

A2) DZENX Y QEP o7, TDT LIF, 200 °C THERE L 72 B-AgGa0, il icfFfE 4 2 7
T—k v E =t 5 RMGOEEDR, ERMALLOZNLY BEH I EERL TV,
B-AgGa0, F D Ag X EIR TIIEE Ag ICETTE LT W L2 b, KRIGREIZFERZEFLICRE
HL7-bDEEHRIND,

Figure 2-5(a) (<, FEHRE 200 °C T 0.5 Pa DT 1 F CHERE L 72 B-AgGaO, #fix (Sample D)
D XRD XX —v &S, TOEEDO0)E ML THH, F72(002)[EHr#R % 0.25Pa THUE
L 7z # /% (Sample B2, Figure 2-2(b)) & HLEE L TH T Iy v — 772 o 72 RO ML Nag/Nea
2115 TH Y, b X2 L FEmMKZ > 7z, Figure 2-5(0)Icnd LS, ZoKRmMENL 7
A1 Y —3—ThH 572, Figure 2-4 IC/RT X 51T, B-AgGa0, Ml D ZEE |, X ¥y X T
NoLFicEbhoTl L7z, TNUbDOfERE ST 2T, B-AgGa0, MR D 1FHLIC f 7z
ZtFix. Ro¥y ZFERSIL 15% 0, J£77 0.5 Pa, FEAGRE X 200°C TH % & RTE L 7=,

B-AgGaO, D N v F ¥ v v 7R IE L7z, Figure 2-4 IC7R3 X 512, B-AgGaO, il
ICHAES 2 RIGIC & 2 SEWIN A3, N v FREERSIC X 2 Wi @ R EMANC B, Taue’s 7'&
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H2F B-AgGa0, DEHEIC L 2 ZnO DAY FF v v TFFua—A4 v 7

Sample C
Deposited at 300 °C
Thickness = 580 nm

[

Substrate

B-AgGaO, pclwder

Intensity / arb.units

130/031

30 0 50 60

Diffraction angle , 260 / degree

Figure 2-3. (a) XRD pattern and (b) SEM image of the film deposited at 300 °C under
15% O, atmosphere at 0.25 Pa (Sample C). The atomic ratio of Nag/Ng, determined by
EDX analysis was 1.85 for point A and 0.62 for point B.

100

S o2} (e}
o o o
T T T

Transmittance / %

N
o
T

03(|)0 600 960 12|00 15|00 18|00 21|00 24|00
Wavelength / nm

Figure 2-4. Optical transmission spectra of B-AgGaO, films deposited under various

conditions; Sample A2 (10% O, atmosphere at a pressure of 0.25 Pa without

intentional substrate heating), Sample B2 (at 200 °C under 15% O, atmosphere at 0.25

Pa) and Sample D (at 200 °C under 15% O, atmosphere at 0.5 Pa).

Yy MCXBREINE ANV F Xy y TOREAEFEL KPS T2 (20£04eV), XY
BWEETAY F ¥y vy 72RET L7720, KBRARZ PAZHEL 72,

Figure 2-6 IR 9" X 51, 22+ 0.05eV IZB W TRAMARBEIR OB KAHEICEHEZ I 1,
FNVEFr vy SE22eVTHDL EWIE LTz, TOfHIZ, N7 D B-AgGa0, DI F ¥ v
TOMEME (21" -22eV™) LR —ET 3,
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Intensity / a.u.

—~
Q
~

F2E B-AgGa0, DENAIC L 2 ZnO DAY F¥ ¥ v 7Fu—4 v

0

Sample D
N, IN. =1.15

g Ga
Thickness = 390 nm

o]

002

Substrate

B-AgGaO, pg_wder

o
|
~—

132/3

—
N
[sr}

30 40 50 60 20 m

Diffraction angle , 20 / degree

Figure 2-5. (a) XRD pattern and (b) SEM image of the film deposited at 200 °C under
15% O, atmosphere at 0.5 Pa (Sample D).

5

w
T

Current / nA

N
T

19 20 21 22 23 24
Photon energy / eV
Figure 2-6. Photocurrent spectrum of the B-AgGaO, film deposited at 200 °C
under 15% O, atmosphere at 0.5 Pa (Sample D).

2-3-2  (1-X)ZnO-x(AgGaO0,)., BRED{LFHERK & 4 FiAR

Table 2-3 1T, ZnO & B-AgGa0, %X DK TIRA L7242 —7 v b2 LAERLL 723Dt
PR AR R T, x=0.0625 £ 05<x<0.75 DX —7 v b+ & THERE L 72385 Tl Nag/Nea
BRELIDLOEBL 72D DD, 0.125<x<0.375 &, 0.875<x iICFH\TIL Ag & Ga DIEFE
B IZz KL, BoNHEEZ Zn0 & B-AgGa0, DEEA L L CitibL TRE %2 5 T
Hb, INEBE 2 URRIZ SO N2 EE % Table 2-3 12773 X 9 1T, (1-X)ZnO-x(AgGa0,)y,
DMK IC BT x TRT L LT D,
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B2 B-AgGa0, DERIC X 5 ZnO DAY F ¥y v FFua—A v

Table 2-3. Chemical composition of alloy films fabricated using targets with various
B-AgGaO, concentrations. Composition parameter x donates alloying level in
(1-x)ZnO-x(AgGa0,)y/.

Film composition

Target composition, x Atomic ratio . ..
Nominal composition, x
Nag:Nga:Nzn
0 0:0:1 0
0.0625 6:2:92 0.08
0.125 10:7:83 0.17
0.1875 15:13:72 0.28
0.25 16:17:67 0.33
0.3125 22:20:58 0.42
0.375 26:22:52 0.48
0.5 22:34:44 0.56
0.625 31:39:30 0.70
0.75 35:41:24 0.76
0.875 41:45:14 0.86
1.0 53:47:0 1.0

Figure 2-7 IC. 15 5 172 D XRD S & — v %78 9,20 75 28° 705 38° DR FEMICIE,
ZnO EED (002)[EHTAR DR M D [FIHTAR & D DD TR, T DRy XTIl
< (001)AL L 7z ZnO AR b5 Z & 2R L T %, B-AgGa0, DIREDIEM T 5 Icoh
T, (00D)ACHIFF5 < 22 V. (002)[EIHT#RAI 7 m — Nz o7z, 72, x<0.33 DFEIKICE T
2T X COEFTHRDIN ST bR 7 v SRS CHREUT U 23T % B-AgGaO, /& D N ic ff:
5 (002) [EHT AR DA I ~D > 7 b SEABICEEE S iz, T b OfERIZ, x<0.33 ICB W
T B-AgGa0, 28 ZnO HICHEA L 72 RS b2 2 L /R L Tw5b, x=042 & 0.48 O
ICDWTIE, (002)EIHTHRA ZARICHH L 72, ZOmAEMO v — 7 (&L, x=0.33 ©(002)
mifroZzh e b L2 — L., TEKAENO v — 2 {7iE X x=0.56 O (002)EHT#ED Z 1L
EEBLZ Lz, 2D LT, x=042 & 048 DHEEA DR &b 20l EoHDES
MchHstiERLTWS, £72, Figure 2-7(b)ic/~n$ X 512, x=0.56,0.70, 0.76, 0.86 D
JEED XRD ~¥ & — v Tld, 20 = 36° 1 v LY iAlE X 0% o B C I E U c & 7
RSNz, X o T, 0.35<x<0.875 % ZnO & B-AgGaO, A3 A L 72 W LA FEIE <
%o (1-X)ZnO-X(AgGa0,)y, K 1 (002) ALl TiddH % b D D, 20 =55° I F>T (Figure 2-8) .
728 b b BHEE 72 (L10) mIPTAR 23 B & 7z, (110)[mIFTHR o A7 13 s B oo M I ik 2 371
IT—ETH Y. B-AgGa0, DEIAIC X 5 ZnO DIG T EREICIT BRI WL D 5 Z L %R L T
w3,

Figure 2-91Z, v v §i7(1-X)ZnO-x(AgGa0y)1, D& T-iE £ & A& TR O MUK E M % 7R 3
T E R ag & cold. N ZF 1 (110)F K UN(200) D [HIHT#E 2> & 3K 72, #&T-1E Bagld FHA I X &
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(@) (b)
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28 30 32 34 36 38 26 28 30 32 34 36 38 40
20 (CuKa) / deg 26 (CuKa) / deg

Figure 2-7. (a) XRD patterns of (1-x)ZnO- x(AgGa0,)y, thin films in the 20 between 28°
and 38°. The composition levels x of the respective films were determined from EDX
analysis. The red triangles indicate the diffraction attributed to the ZnO-AgGaO, alloys, and
the blue indicate the diffraction from the B-AgGaO, or unidentified B-AgGaO, rich phase.
(b) XRD patterns in the immiscible region. Closed triangles indicate diffractions from an

unidentified phase.

T—ETH 72203, colIx<0.33DMMTHEML, x>033TlE—EL o7z, TDI LI,
7 LY SRR O R O £ K EIPH 3% < 0.33TH % & I XRDS X — v 1 b iF - flam % LFF L
TWw3, Ag eGa® DA 4 v DV IEFNF R 1,000 pm& 470 pmTH VB 2Py

(735 pm) 1Z. Zn*" DA F 2k (600pm) X b b K\, Figure 2-91C78 L 72 p-AgGa0, D
I X BT E R X U AR OBEIIZ, Zn*' 82 X b K& 4 4 v (Ag' e Ga®)
KXo TEEEEI Nz W C T HEETE 2,
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Figure 2-8. XRD patterns of (1-x)ZnO- x(AgGaO,),,, thin films in

172
the 26 between 52° and 60 around (110) diffraction.
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Figure 2-9. Variation of lattice parameters a, and c,, and lattice volumes with

composition level x for the (1-x)ZnO-x(AgGaO0,), , alloy system.
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2-3-3 B-AgGaO, PERICL 5 Zn0 D/ FF¥ v v TEAL

Figure 2-10 1., (1-X)ZnO-Xx(AgGaO,)., EAAHEEE D . A ~ARINC BT 2 EEA <7 T
VIR, Table 2-3 1R L7z bl ic o < & B 7 ovy SBIRE S % F7 0 [EA AR
i (x<0.33) 1%, (LR TH 5 NagiNeaiNzy = yiyi(ly) 226 bThICTN T3, &
DAL R 2 b D F I X o TR E iz RO FRIN L, 350~450 nm i 53
B-AgGa0, i3 X UN(1-X)ZnO-x(AgGa0,)y, MlVAMEE D KR IG & Hx > TH Y, KE
DEWASY FFEY y TERETIICEES o7z, L7z > T, B-AgGa0, & [EEIC,
BIRARTZ PLICL BNV F Xy vy Z7ORER RS,

Figure 2-11 12, (1-X)ZnO-x(AgGa0,)y, EAAHEIE D KB A~ 27 P v &R T, W Dfl
KICEBWTD, BB H LR BPEEIN, R—RATAVLEDREIPOLHF ANV FFx
v TRRET S LB TE Iz, Figure 2-12 12, (1-X)ZnO-x(AgGa0,),, EAE A E K D AgGaO,
BEAR X (IS 20658 F¥ v v 7O%{L %, (1-X)ZnO-xCdO I1C D\ T DIl & 4tic
R P-AgGaO, IBEDE 2 2 &NV F X r v 713 L, x=0.33 ICHWT 2556V (FkAs
DolHOOHIHIETE2Z A LF¥—) £ THIEL %, ZnO-AgGa0, % D [ A fE 5 1%
ZnO-CdO ZFDZN XV bIED 27203, FfETE 2H/ND NV F ¥ ¥ v 713 ZnO-CdO £ D %
NER58eV)t BB L ZRILTH -7z, NV F¥ vy T7EBLDR—4 v 7 ks 5o $h)
IZ. ZnO-CdO 2D Z N & b /hNX L, ZHi ZnO & B-AgGa0, Dl fbid o FE{LIE I A
T LMEIND,

100

80

Zn0)

60+ T

40

Transmittance / %

600 900 1200 1500
Wavelength / nm

O 1
300

Figure 2-10. Optical transmission spectra of (1-x)ZnO-x(AgGaO,), , films.
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Figure 2-11. Photocurrent spectra of (1-x)ZnO-x(AgGaO5,),, alloy films.
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Figure 2-12. Variation of the optical band gap of the (1-x)ZnO-x(AgGa0,)y,
alloys as a function of alloying level x (red open-circles). The blue open-circles
indicate the optical band gap of the (1-x)ZnO-xCdO in Ref. 37 for comparison.

Figure 2-13 IZ, #8FEBM o L NV F ¥ v v 7020 % R, NV F¥ v v 7 x=
0D cup=5259pm 75 x=0.17 D ¢y =527.1 pm T TEABUCTA L. x=0.17 D ¢y =527.1 pm
225 x=0.33 D ¢p=531.8pm F TW 25 LIS L7z, B-AgGa0, D ZnO ~D [EHFEDHIHAIC
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BB FF vy 7O ANE T DIRFEELE ~D Ag 4d BB D% 5533 7 i
KThsEeHfEIND, ZnO OiFE THIZTIC O 2p FLEAREK L T2 2o, 02p ittt
f)?%ﬁiu_lz LF—DE Ag 4d FLUEHA D T2 T FHG T ANE 7 OB KB ILE

BRI, BZoETH Ny 7oAV F—3ac LA T2, 20720, EHiED
%}Jﬂﬁ BTl ZnO & B-AgGa0, Difit fifiiE D FALLIE IC X o THEFERL D ZEAL A3 ELE Y/ IN
TR, NV FFry FIIRECD L HERING,

3-2_ T T T ™

@
o
T
1

N
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Energy band gap / eV
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~
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Figure 2-13. Variation of the optical band gap of the (1-x)ZnO-x(AgGaO,),,

alloys as a function of lattice parameter c,.

2-4 EE

2-4-1 (1-x)ZnO-x(AgGa0,)y, D EATEIE,

Zn0 & B-AgGa0, D fiti it D FELUE D S HIFE X T 7238 D L (1-X)ZnO-X(AgGa0,) 1% D
[ 7ATEEIE x < 0.35TH V. (1-X)ZnO-xCdO% D AT x < 017X 0 Ko7, L
L. (1-X)ZnO-x(LiGa02)y,® Z# (x<0.5%%) X b b b F ek 572, THITITRD 2
ORFERE 7o T B EER L7z, Bk, By LY IARE L L 72FEDB-AgGa0, & ZnO
DI DT AREEE DS, aglili & cofil TZ N ZN4.6%L52%TH Y, ZnO & B-LiGa0, DI 1A 34
& (aglihT3.0%, ¢l t3.8%) LV D KEVWZI L THS, F I, B-LiGa0, TIELITD 4 A v
% (590 pmPY) & Ga¥t D A A v EfE (470 pm) AL\ =0T, T LY SERIZN0 A b D f L
HEED O F BN E WD, B-AgGa0, TIZAG D A A v 2% (1 000 pm) (ZGa® %+ (470 pm)
LV HREVWZDIC, UALYEHLLDOTARKE Y, TDI &L, Figure 2-14173 3 X

\ B-LiGaO, Tix /1 F 4 v &l & L 7= PR D A3 R L — X T, ZnOIC i Wiz L
T2 23, B-AgGa0, TlxZ DEAE B Zn0» b KE L VFTATHE L »rbbhr b, Tibh
DR FIC X 5 T, B-AgGa0, & ZnO ® .?@‘l‘iﬁ)B-LlGaOZ EZn0D Z N X VKT L.
Zn0O-AgGa0, % TD v v HLBUAH @ A Bt & fked 7= & H#E5E 5
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B-AgGaO, B-LiGao,

%9 %

yererie
727

ineC 0@ Ag@GCa@O@ LICGa@O@

Figure 2-14. Schematic illustrations of the crystal structures of wurtzite ZnO and
B-LiGa0,, B-AgGa0,. These structural data were cited from Ref. 60-62.

2-4-2 AQ0 & Ga,03 %X —7 v b LRIy ZY T

B-AgGa0, DL TH 57 7 7 # % 4 P a-AgGa0, IC D\ T ¥, a-AgGa0, & X —7 v
b L7 PLD IC & 2 MO ERI G X T 528 ) pLD o X 2 plisid, kI
RHEED IRE)BIRCTE 22 bbb b L HiC, HTIL_ALTETT S, 20720,
B-AgGaO, fH & 0 3 BN S22 IC A 7x a-AgGaO, fHSHERE L 72 2 & 13, B AR & vz
%, KW TIZ, B-AgGa0, % 2 —7 v h & LTRSSy 2 ) v 7422 LT, a-AgGa0, i

TlE7 { B-AgGaO, HHDHEE #1152 2 & 23T 7z, BAIIEMICHERE 7 B-AgGa0, 78 A ¥
vy R )V TRIC X > THERECE 72013, 2 —7 v + D B-AgGa0, ST L _AIT AT R T
o2 LTARASNYy XY v 7 EINZDOTIERL, BT 4 XD B-AgGa0, 7 7 A
R—=L L TARYRY) VT INTLEEERZIND,

DEloz btk o e, AgO & Ga,0; &2 —7 v b & LTHWAERIBER Yy 2Tl
B-AgGa0, 1315 H Nin W L HEHI X L5, 7272 L, B-AgGa0, DI 237\ (1-X)ZnO-Xx(AgGa0,)
[ A 2 (R BRI, AR D Ag & Ga i 11, ZnO ~3 F—7 & 7= Ag & Ga

CRBZENTE.ZNO & AQO BL U Ga,0; DIREMKEZ X =7y b e LRSSy &Y v
BN TH, VY HIEBE O N2 AR D b, Zn0-Ag0-Ga,03 iR A KK % Hv T
FRHE U 72 3D XRD ¥ % — v L i A= 7 + )L % Figure 2-15(a), (0)IC~"d . £—7 v b
1. 0.85Zn0-0.075Ag01/»-0.075Ga0s, DAL TIRA L 72K (L (1-X)Zn0-x(AgGa0,)y,
CEWTiH, x=0151CHEF %) ZHWVE, Tbid. ZnO & B-AgGa0, DRI K% £
—7 v P LTEH L 72 x = 0.08 DD XRD 4 — v B X UOHEHA <2 P Lt bl X

Z—H LT, 2N OFERIT A7 & D B-AgGa0, DIRE DMK W FEIFIC 1 T i, B-AgGa0,
EZn0 DIREMEKE X —7 v F & LTHW 2 DIZHETIZ L Ag,0-Ga,05-Zn0 DIEAH)
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Figure 2-15. (a) Optical transmission spectra and (b) XRD patterns of films fabricated
using ZnO-AgGaO, and ZnO-Ag,0-Ga,0; target.

Kz z—7"v b+ & LTHOTY, (1-X)ZnO-x(AgGa0,),, FAMAHE # FRlcX 3 2 L 2R L
Tw3,

2-5 fE8

AREETIL, B-AgGa0, DFEEIC X Y ZnO DS F ¥ v v 7 A chlflld 2 2 £ % H
e LT, ko BRIF7s B-AgGa0, MK Z FHIC &% 2 &FoRL, 22T 272
(1-X)ZnO-x(AgGa0,), B A D FRL %2 1T 5 7=,

it it D RAT 75 B-AgGa0, HRAMERIC & 2 5% . 2%y X A DM, HAiR
Ji7e e IERF QTR AT A — &2 — L L THRE L7z, ERZMBETIC, ANy ZHRD
MR EEZTAANYy 2 Y v 7 LTI5E. 10% 0,3 X IN50% O, FFAIC BT, (001)fLH
L7- 5D B-AgGa0, Wil G b iz, F 7=, FMzNE L CHERE S % & B-AgGaO, HH D
paPE2s 1A b U 72250 HEAGRAE 300 °C CHERR L 72 @ IX M dE O HIm 23 b 7= 728
B-AgGaO, |ZFEMEE 200 °C TIERI S 2 DA RETH 5 & fhamft 7=, £/, 2y XA
DETI% 0.25Pa 75 05Pa ICZH T 2 &, FildHEN LA L7720 EEBOMKT IZEFER
FAICHRKL T2 LRI b, 15% O, FZHA T, 200 °C 1T L 7 Hipl HIcHERR L 72
B-AgGa0, 13, 1ZIFLFRFMME TH —ARAEL 7+ v —2HL Tz, Fbhi
B-AgGa0, FED N v F ¥ v v FIIHERART bbb 22eV EREI N, ST DY
F¥yy 7RO, B-AgGa0, #iflE % fEH 2 oI fmdl 7 HERA S &2 v T
B-AgGa0, & ZnO DIREMKEZ X —7 v P L TRy 2 ) v 5L, 24— v FKIC
B1J 2 B-AgGa0, #EME (x) 2% x=0.0625 & 0.5<x < 0.75 DIH D RHEEED AL Nag/Nea 25 1
2 Bk L 7223, 0.125<x<0.375 & 0.875 < x ICFH W TIE, Nag/Nea 2355 & Z 1 DL D
JE 23S 5 72, (1-X)ZnO-x(AgGa0,)1, @ XRD »¥ &% — v iZ x < 0.33 DTy vV il L —
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BML7zo 720 M TER ¢ 13 x<0.35 DFESH T B-AgGa0, DEE A < 72 % 1D 3L THEfihy
KR L 7ze BLED S| (1-X)ZnO-x(AgGa0,)y, D FIATEIK 1T x < 0.35 TH % & ffamff i 72,
Zn0 DY F ¥ v v 73, B-AgGa0; DIREAE K 7 2 I 2N CHEfEMICHA L, x = 0.33
BT 2558V (S EOICHIET 3 40 ¥—) £CEEL, ZnO-CdO % & FIfLE £
TFur—Fvv L35 &HATEM, ZnO-AgGa0, %, CdO-Zn0O RicEF2H K IV
LD X BREELHEEETI R0, Zn0 R — X & L 7= Al CIG R A RE 2 iR {28
ROFREICEHMNT 2 2 L AHIFTE 2,
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BIE FHRFIO—F vy THERKB-CuGaO, DERK

3-1 #8

9528 ClE, B-AgGa0, % ZnO ICIHIET 3 2 & C., EHEFAERR -cul D eaas i S Al
REZR BRI EBR R RR L7225, 2DV F¥ v v 73R/ TH 2.55eV (485 nm D i st
JET BT ANF =) FTL2EEL 2 o7z, BILYEERE X SICR Wk ICIGH
T5201CE, XVNSANYEF Yy 72ET 208 AREZRBT 2 LERH 5,
ARETIE, ERNEIC AN Y F ¥ >y v 72 H T 5 BETFAMEB Y S0 & L <.
ﬁﬁké%ﬁcwmh%ﬁf Z DB ERARTZ, 5572 B-CuGaO, DAL FEAHL AL i ik
EENT L. Z ORFH - BRUWEE 25T L 72,

3-2 FA—Frv v T=mnRVILYIEBLYFLEFRDOIREDIERRE

SRV HAEE A L, ROMEBICEEETA ¥ ¥ v T2 BT 3 HTHERILY & RER
THICH->T, BTG LERWEEDB LS SIFENRTZRE L., #Hi & R 2{LEY%
FREt L 72,

EHEARMNO ¥ v v T2 G5 2BV EEERIZ, A, #lX1X ZnO % CdO. Cu,0 D

S0, d BB 1T 2407 % Ff 7 7o W HURST ﬁ@ﬁfﬁ/~¢&bﬁmn&m%£i¥kn3®\
b L < IE(n-1)d"ns® (n>3) BEBFEEDHF A v olkInsg, —Fh., 2o diilz
ODEMEBRBOH T A Vo HBYIE, TRz N Ty d Buliic k> Tovy
F¥vy 7B MENns, ddBFIZ7 R 7l X villE 3EHERCH -0, BEE
BxEGUBIMITEMONY F ¥ vy T2 H IR0, Lo T, BEEFEMO ANV E
¥y 7HET IR UV OMBOTE R, A4 A VIZIAKE (LY, Na', K '
). L IBIE (Cu',Ag' AU &), B" A 4 i3 1B & (AP, Ga™*, In*' 72 &) IcRiE
Ihz,

¥z, SR UV B (B-NaFeO, BIfEiE) X3 _COBFF 4B TH 5720,
AF VRO RE ARICHRIFMEE v, HlziE, K IR i34 iAicEs T3 07 DR A &
VEREMIEREGBATw B0, ARMBEEZ LV Ob W, LzdioT, A AFV ik
Li*, Na", Cu*, Agic. B" 44 v iz AP, Ga®" IcfRiEE 1 3,

RO SR W75 =00% v vy SRR L) < miﬁ’%@ﬁfﬁﬁiﬁénfm&
WL, B-CuGa0, & B-CUAIO, DA TH %, Cu'k&DLaWL, @ A2 ETLaI L
Al Ui & 2 H 42— 213 \ﬁﬁﬁ@AmOuﬂmLTCmoﬁﬁfbm\7771
F 4 P a-AgGa0; & a-AgAlO, 5 X U a-AgInO, I Xt L T a-CuGaO; & o-CuAlO, 5 X
0-CulnO, RTETET 287 ¢, B-AgGa0, & B-AgAIO, BFETET 5 Z L 2 EBT 5 L,
B-CuGaO, & B-CUAIO, IZ T icfFfEL 9 % LT a1 5,
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B-CuGa0, DN v FHidi (¥, B-AgGa0, D Z NICHDE | KD X 5 iR I %, Figure 3-1
ISRT X 9 I, B-AgGa0, Tlx, Ag 4d HLED T AL F—2, 0 2p &V dE 7206 figE
T LI fEIC Ag 4d BB 5T 5, 2T X Y B-AgGa0, iE. ZnO * In,0; %D,
fifi %5 7 Hr 2% O 2p Wil & FITHK I N 2L & D /NS vy F‘ﬁw vy FlhoTw3,
DX 97 B-AgGa0, DE T Ic -0 & | B-CuGa0, DA 14 » it %1%, Cu 3d #l
BRFICHFG T2V F2OMEHENS LHHIZN 5, Cu 3d $ﬂk@lfr\/uﬂ€~ci\ Ag 4d
HEDZN LY b EW20, B-CuGa0, DfiEE 17 LD T 4 ¥ —Ik B-AgGaO, £ ¥ b 15
{3, XoT, B-Cu(;ao2 DAY FE vy 7iE, p-AgGa0, (Eg=2.1-22eV) P13 v /)
XL RAMEICERES 5 L HEE I NS,

B IZ—H%EIC n i#zv:rfztmé D, p BUEEDOEFIIH L v, ZOHH I, (i) fifi &5
WO LR SRR T O 2p MIEDOFHF G AR E WAV PO hs Z eick by, fiifd
THEHOZANLF—2MELS D, A=A DFEADARER T AL ¥ — %5%?577%7
AT 20D L WO THY, £z ()RKICF—ADBFEATERLL LTH, i

RO O 2p Bl Ic sk 3 2 8 v R, RTEMEDE BN E < ~/WD$Z$JJF"F
BN Wb THb, —F., Cu® Ag' 2 & DI LY Clx. Ag < Cu DB d #E Ml EE
WANDFELGT 5 LI X VliEFHFLEmOZAALF =B LAY X5 dijuEe O 2p HiE
DIRIKIC X9 57 HASK & < 725 720 p BRI 2 2E U3\, FEFR, Cu0 %0 a-CuAIo 14,
a-CuGa0,™**1 a-Culn0,'"*8, Ag,0M4 4-AgGa0, X%t p MBI ZH T 5 T L AHI S
NTw3, L7z2->T, Cu' 2 & p-CuGal, it p BUmEM 2R3 2 L bIARFTZ 5,

(a) B-AgGaOo, (b) B-CuGaOo,
A CB CB
[
>
5 22 eV cu*3d0 <26V
G| A% “_ 02 2ps F‘T ————— 02 2pb
- } 07 2p°  -101eV NO~2p
126ev S, VB VB mm
- -14.2 eV - 1426V

Figure 3-1. Schematic illustration of the chemical bonds between an oxide ion and
monovalent silver or copper ion in (a) p-AgGaO, and (b) B-CuGaO,. The energies of

atomic orbitals were cited from Ref. 8.
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3-3 EEBRAE

3-3-1 ERICHERAL-HE

TReOHIRDORIEZMHEH L 72,
Na,CO; (99.8%. FIYEHIIK T ). Ga,0; (99.99%. mEffifE(2%). CuCl (99.9%. FIJ¢ifik
T3),

3-3-2 B-CuGaO, DA

Cu0 & Ga,03 & DEIREMKIG TR, 77 7 4 %4 FA 0-CuGa0, 2343 5720
B-CuGaO, IXfFfE L7 & L CHHELREMTH 2 Ll S b, = & T, KfffFETld. p-NaFeO,
o B-NaGaO, % Hilili{A & L .p-NaGaO, Fd Na'% Cu'~ & 4 A v Zffad % £ & T, p-CuGa0,
DA% R ATz,

2-2-2 L [AKED J7iE CIEBLL 72 B-NaGaO, & CuCl %, €IS B-NaGaO,:CuCl = 1:1 & 7x
X5 ra—7Ry 7 ANTHREL, AAHTREALZ, BOoNEME%E o172mm O X 4
AT, 100 MPa T 1 3fEl—lili 7V A L, kR e L7z, EMEROMIEIC A L7244 205
DaAavERIF—vavyikrAY—H# (#800~1200) THLY R\ 7=k, 7 3 FHLR — bicHl
B, =Y =R TR L CEZEICLZERIFN T, 250 °C T 48 RFEMMEA L 72, Hih
i X OMBLERF D BRI < 1 Pa 72572, 4 4 v o o4 g NaCl
MUK T L, BRI TEZER T L 72,

3-3-3 B-CuGaO,DF v 772UV — 3>~

WARFRL O LA X, ICP T (4 2 —4 v 2y 8 SPST7800) %ML 72,
Cu fEHeE (R CEEFT . 1000 ppm, Merck) & Ga fE#eE (- WGRE AT, 1000 ppm.
¥ o LML), NatHER (R FIOEEER. 1000 ppm, Merck) % i8R L 72 A5 HE A0 & FH >
THEREZL Wz,

ARSI D E A 13, X #RErEE (U A 278 RINT2500; Cu Ka ##) 1 X 3 0-20 #Hl5E
TRHE L 7z, HIRGEEFETREIHR T, ZRE TS (JEOL &, JEL-2100) T, 200kV T
50 pum O il FRAEEFL D 1 TR L 7,

fEA G L RIETAN-FPPI 2 2 — R 2 L2 — P R_A MNEC X o T L7z, 7u 7 7 4
NEBUC 3 EE 7+ — 27 PR V2, U — PR MR OB OEHEEOREL 2 5
Rp i¥xX (1), Rwp i3 (2), Sz (3) ozt hke sz, 2721, Reidx (4)
B3RO Yo (TFRIREL, yio [ LFTRIREE, wi (FEAMFTET. N Xy, 027 — 28 P X
TR DB % RT,
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N . — .
Rp _ {Zl=1|2]110 ylcl} (1)
i=1Yio

N 1

R = {Zi:l w; (Vo — yic)z}z
WP Zévzl Wi()’io)z

pr
Re

- (2)

S =

- (3)

1

Ro={—t P I 4
¢ {Zﬁv=1wi(yio)2} ( )

ARG DB AT # 1, T RIS R (HZoN 4 7 7 81 U4000) 12 TR
#ifH 180-3300 nm T, KELD Y 77 L v 2 & LT MgO ZH-CHllE L 7=,

B-CuGaO, D & XHIFFE DR 1< Fl W 7= BERS IR X, TR 77 X < BERG2EE (SPS Sintech,
SPS 511S) TYEHIL 7z, @5 mm DX 4 AT B-CuGa0, # 0.5g #5¥ . 1 GPa T—ifili 7'L &
L7235 400 °C T 5 S[MIMENL 72, 195 N2 BEfb R 0 % I HEERE L D 80%72 5 7=,
B-CuGa0, D EXUSEE 3, ZIC T i i CHlE L7z, PtE&EMIZ, 7 v FEIOE (3.0
mmx4.5 mmx4.5 mm) DRz, 4+ a2 —%— (JEOL #, JFC-1600) I TR ¥y X L 7=,
EyiEJE (Advantest 8, TR6143) <. ®EARMIC-40~40 V DERELEZEIML ., Eiiz &
a7 v A—%— (Keithley %, 487 ’F”) THIE L 7z, B-CuGaO, DEMEE S X, T &~
F A — % — (Keithley 1, 2100 ) Ic CTERCTHIE L 72, BIROY v 70— % JH T T
Ti®, 10°C DREHAE% DT /-7 W’ﬁ@f@.ﬁfﬁ ZHE L 7=,

3-3-4 B-CuGaO, D&

3-3-2 T R7z v 7 B-CuGa0, DIFELE ity . HiBk{A L L T B-NaGaO, i Z FHE L.
Z DA F AT X B B-CuGaO, D HEDEHR % 54 72, Filik{A B-NaGaO, HilE (L. RF = 2
FhmyRANy 2 (EIKO#, 24 vFhRA Sy 2) ZHCTERL 7z, A8y 2 Y v
DX =7y MiCiE, 2-2-2 L [FERRD L CTIERL 72 B-NaGaO, k% 2 4 v F o 7 I #lk
NE =K, UKD L2 SfE T LE®D 720 D& vz, Bz, 2-2-3 L FRED S
Yk - «5’54%Lf¢(0001) AlLOs Hif i % Fl 7z, S Table 3-1 DaE Y & L 7=,

Table 3-1. Sputtering conditions used to deposition of p-NaGaO; thin film.

Substrate (0001)-Al,04
Gas flow rate 8 sccm
RF power 100 W
Deposition time 4h
Substrate temperature 550 °C
Sputtering atmosphere 100% Ar
Pressure 0.5Pa
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B-NaGaO, D 4 A4 v ZZHalx, KD 2 DD JkTikA 7z,
(i). B-NaGaO,#fiE% CuCl ¥k & Efeiih < 2 2 ik
Figure 3-2(a)IC/R 3 & 9 iC. B-NaGaO, #ifii% CuCl ~L v b kic, &l 23~ 1
y MCEfT 2 X ICHEAHEL, v—% ) —F v 7ERERL CEZICLZERE
N THIZA L 72, B-NaGaO, < CuCl DWE L T 3K % 7K X ¢ 5729, 150°C
T 15 R L TH 5 300 °C IcHiR L€ 8 BEfIfRFF L7z, CuCl =L v FiE, 1 gD
CuCl (99.9%., FIEHi#E T2) % ¢17.2 mm D X 4 ZICFHE L, 100 MPa T 1 />[H—
7L A L CERIL 72, FiRT s X MBI o B2 13 0.1~ 1Pa 72 - 7z,
(ii). p-NaGaO, #fii % CuCl Z&5 iR 357k
Figure 3-2(b)IC/R$ & 512, 920 mm. K& 100 mm O —iwP U D AH 7 RE NI
B-NaGaO, il & 0.25 g @ CuCl ikz AhCTr—& Y —K v FCTHZREICT W, #
TAERHATE 2N E AT 2 EST (HERERE, /NYESIE Mini-l) i<, 4
7 AENOEE L CuCl Iy RAFE X NG+ MBS A friEE ch 7 2%
FNICHEA L 72, B-NaGaO, i CuCl DE L T 3K % RFE X ¢ 57290, 150
°C T 15 /3 fRFF L T2 5 300 °C I HiR L T 8 BRI FF L 72, FiErh B X oo
HOEZERET 0.1~1Pa 72 5 72, CuCl IF5UH TIXIZIT T X TH CusCly & L CTHAET %
ZEAMEINTEH Y 300 °C 12 BT B CusCly @ FHZERE X Figure 3-3 ISR T
Y 0.2PafiETH 5,
A F v R OO R ICHKE L7z CuCl ZFRET 5729, 60 CICMEAL 2T+ =

(a) Contact with CuCl powder

Substrate
Thin film
~—— CuCl pellet

(b) Exposed to CuCl vapor

o Glass tube
Thin film
sy Thin film
Rotary pom
£ y pomp Substrate
CuCl powder

Box furnace

Figure 3-2. (a) Schematic illustration of ion-exchange reaction by direct contact between
B-NaGaO, thin film and powder CuCl and (b) cross-sectional and frontal schematic illustration

of the apparatus for ion-exchange reaction by exposing 3-NaGaO, thin film to CuCl vapor.
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MUV (99.5+%, FEAMIEETZE) iR, ke 5 8% 300~500 rpm F2EEC 15 73 LA B
L7z, 2Dk, RIEICHE L7z NaCl 2FrET 2720, A& 7 —L (99.8+%, FIEHi3E T.3)
CRIT, 133 EFTOoK Y IR THEFLE, THF=ZFI VL AR =L TOUE
Ha, RAEICZETOMDIRL 72,

PESRLL 7R D 2B B . X FREITEEE (U 472 8L RINT2500; Cu Ko ##) 1 X % 0-20
HIE CRIE L 72, %E?H%@i%ﬁ%ﬂ/? A1 Y — (3 R Y A Y FE - PR (FE-SEM, JEOL
Bl JSM-6335F) THEIZ L. L2EHAKIZ FE-SEM IO = 4 L ¥ — 388 X SRk E

(EDX, JEOL !, JED-2300) % FH\>THHT L 72,

IR DFEBR A7 b i, NS (HYi4 7 78 U4100) 12 CERI~EILDHE
# (180-3300 nm) 1 THIE L 7=,

RO BRRE X, T HEER (WYKO %, HD-2000) % T, H & o2& %8
FRfIE L. % Ol 5 37E L 72, HIEE — FiZ PSI, K41 ~ X (Objective lens) 13x5.0,
FOV (Field of View) 1¥x0.5 & L 7z,

1 = -
10 Cu,Cl,

Pressure / Pa
—
o
T
1

10*¢ . . . . -
100 200 300 400 500 600

Temperature / °C

Figure 3-3. Calculated equilibrium vapor pressure of CusCl; as a function of temperature.

This figure was modified from Ref. 27.

3-4 EBRER

3-4-1 A F a3t DR & £ AR

Table 3-2 1T, 4 F v ZHALERE DB D ICP T DFE R %R, Hid THE D Na 25 H
INzb oo, FilkiR p-NaGaO, H D Na' 23 ZITTELEIC CuU'~ e RINTWiz, /A VR
ot DB 5 1E. ZF OO T kDo 72,
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Table 3-2. Chemical composition of the sample after ion-exchage

reaction determined by ICP analysis.

Element Substrate temp.
Cu 1.00656
Ga 1
Na 0.0015

Figure 3-4 1T 4 & v 23t D kD XRD X% — v %R T, 4 v 1tk Dkl o XRD ¢
£ — v (Figure 3-4(b)) (%, B-NaGaO, ® Z L (Figure 3-4(a)) &1 Rixo Tz, iz,
20 = 36° & 4P I HITHICHOND Cu0 ICHKT 2T v — 27 ZFR\»T, 3 XToOEHTE
— 7 H, T ‘Yﬁﬁéiiﬁifﬁi%@%ﬂrﬁ% B-NaFeO, Bt CTH#UT 17 T % 72, £ 7=, Figure 3-5
IR L 72 il BRAAEFEE 7 M9 I 12, [001]/5 AT 5\ T vy BUREE o [mIHT I il 2 <. HARE
7e RS T BT DS B AL 72 LXLOM%S'E# 5. B-NaFeO, Blffi& © B-CuGa0, DAKICHKIN L 7z &
il am i 3 72,

Figure 3-6 I, B-CuGaO, D U — F ~v MM ETHER 2R3, AP D Cu,0 205 @E?ﬁﬁ )
N7z 36.3°~36.8° 5 L U 41.5°%42. 52 I3 fENT ISR & L e o 72 BRI IMENEIX, ozt
BNz —v e JERIC K S —B L 72, %72 DN OEHER 113 R, = 1.48%. R,,=228%. S
=129 L TPRIERr o722 &b, BEAMITICEYILZL T2 5, 300G 7
A —X% —% Table 3-3 I/~ L, ZHUCEED W -fEEE ORI %, Figure 3-7 IC/R T,

(a) B-NaGaO, powder

(b) lon-exchanged sample

1Cu,0
! T .
(c) B-CuGaO, calc.
oS
°t § 3 37
20 30 40 50 60

20 (CuKa) / deg

Figure 3-4. XRD patterns of (a) p-NaGaO, powder and (b) ion-exchanged sample together
with (c) calculated XRD pattern of p-NaFeO,-type p-CuGaO,
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Figure 3-5. Selected area electron diffraction in the [010], [101], and [011] zone axes.

The arrows indicate double diffraction. No superlattice diffraction appears in the [010]

and [101] zone axes, and all diffraction spots correspond to the fundamental diffraction
of wurtzite. For the [011] zone axis, the diffraction spots, as indicated by the triangles,
correspond to the fundamental diffraction spots of wurtzite, and superlattice diffractions
are observed.

S

O

2>

‘0

C i

2 ]

£ | H 1

" A JUUU i Vi JU';.J\’LJJUL

20 30 40 50 60 70

20 (CuKa) / deg

Figure 3-6. Powder XRD pattern of B-CuGaO, experimentally obtained (black dots) and
calculated profiles by Rietveld analysis (orange line).
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Table 3-3. Structural parameters of B-CuGaO, obtained by Rietveld analysis.

Lattice parameter (A)

20 bo Co
5.46338(4) 6.61522(5) 5.27728(4)
Atomic parameters

Atom site X y z B
Cu 4a 0.4268(2) 0.1306(5) 0.4766(4) 1.04
Ga 4a 0.0665(2) 0.1204(5) 0 1.04

0o(1) 4a 0.4020(8) 0.1339(18) 0.8867(7) 0.49
0(2) 4a 0.0694(9) 0.1104(15) 0.3341(6) 0.49
Bond length (A)
Cu-0(1) 2.172 Ga-0(1) 1.949
Cu-0(1)y’ 1.999 Ga-0(1)y 1.940
Cu-0(2) 2.042 Ga-0(2) 1.791
Cu-0(2)’ 2.073 Ga-0(2)’ 1.912
Bond angle (deg)
01-Cu-02 110.32 01-Ga-02 109.94
O1-Cu-01’ 106.72 01-Ga-0O1’ 107.49
01-Cu-02’ 106.93 01-Ga-02’ 110.94
02-Cu-01° 117.68 02-Ga-01’ 107.43
02-Cu-02’ 105.76 02-Ga-02’ 115.12
01’ -Cu-02’ 108.98 01’-Ga-02’ 105.51

ZnO B-CuGaO,

b-te
AdALL.
" AdAL.

Zne 0@ Cu@Ga® 0@ Ad@Ga@ 0@

Figure 3-7. Schematic illustration of the crystal structures of ZnO, p-CuGaO; and p-AgGaO..
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B-CuGa0, ® Cu-O & Ga-O DGR IFZNZ4 2.00~217 A & 1.79~1.95 A TH H, 0-Ga-0
& O-Cu-O DFEEAILIEMYE AR 109.5° 1T A - 72, B-CuGaO, 25& T Cu'd A4 7 v 25813
600 pm TH V. Ga¥ D Z i (470 pm) LT\ 728, CuO, & GaO, PURIAD ¥ 4 X A3 [FFLfE
Y YAV Zn0 25DV AII/NE WV, TD T it AgOs & GaO, Uik D ¥ 4
AHRKE L Bin s p-AgGa0, DA EIES 7 LV 8 ZnO 2 H K E L EL D &I TH
2 B-NaFeO, U 13 v v SEAURE & O K THEE T H 2 720, p-NaFeO, BiE&E D (L&
VIO ERBUL. Figure 3-8 1IC/R 3 X 5 ic, BN v v RIS (Y v SRR S)
DIETER ay I T 2 2 L B8 TE 3, Cu' 't Ga DA A v 2% (540 pm) 2% Zn D A4
A v 28 (600 pm) LT\ T & 25 B-CuGa0, D7 v SRR E D& T-E#T. ay = 3.231
A.co=5277A TH Y .Zn0(ay = 3.249 A.co = 5.206 A®) & D% AL 13 ab HIPI T 0.6%.
CHE/TMIT 1.4% E/NE o7z, DX D /NS R TAESIE, Zn0 FHRKL Zn0 Ny 7 7
—J8 L TD B-CuGa0, DT v’ & F v vy VIKRICHFI L 5 5,

- @
a +a"
w ="

é; a:” Cw = CB—NaFeO,
() H

ks ‘ :

2 &

Dg',_ “a’ r_ aB—-NaFe0,
: 2 X cos 30°
: v -

"o bB—NaFeOZ
2
v
[
Gererrannnnnnnnaans aB-NaFe02 .................... >

Figure 3-8. Schematic illustration of conversion relationship between

B-NaFeO,-type lattice and pseudo wurtzite-type lattice.

3-4-2 B-CuGaO, DIFHIME

Figure 3-9 iC., B-NaGaO, & B-CuGaO, DHEH %R, B-NaGaO, I HETH 525, 4 4 V=&
fate D B-CuGa0, IZ M7 572, BuTH B Z L1, B-CuGa0, DY F¥ v v 725 2eV LA
TORIEBICH 52 L ZREL T35,

Figure 3-10(a)iC. B-CuGaO, DX A~ 27 b L% /RS, 1.47eV X D b Ez 40 ¥ —fllCci
WIRIN B DTz, 72, WINDIEWIEIEO 2= 7 P ATIREBE T 2729, Ga0; KT
# L 72 B-CuGa0, DKUY 2~ 2 + L% HIE L 72 (Figure 3-10(b)). 2 eV LA LD T 41 ¥ —
DFIHIC BT, 147 eV IEFEUIMTIIRINS B o e dr o7z, L, 147eV ICTIHE 2%
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b ——

(a) B-NaGaO, (b) B-CuGaO,
Figure 3-9. Photographs of (a) B-NaGaO; and (b) B-CuGaO..
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Figure 3-10. Optical absorption spectrum obtained using diffuse reflection spectroscopy of (a)
B-CuGaO, powder and (b) B-CuGaO, powder diluted with -Ga,03 powder.

N H P RIFHERLIC X 2 b D THNIT, ZOWIUREITZNIZERE R DD L ITHRD
v, L7285 T, Ga03 TR T IR, 2eVELEICH 23T DAY F¥ vy I TE
%133 CTHh %, Figure 3-100)ICR"T X 91T, 2 eV EICH 2RI R bhad oz &
22H. 147 eV TIRE 2 WL, AL RIGHERIC X 2 b D TIEZR <, v FEERKIC X
ZWINTH B LE LD, &oT, B-CuGa0, DNV F X% v 713 147 eV TH % &ifamo T
726

3-4-3 B-CuGaO, DESHIIEE

Figure 3-11 T, ZHiRIC B 1F 2 Ui FiE CTOEBXURELMIE IC X % B-CuGa0, D & - T Ff
MR, BI-BEREERAICEL L., HE 2 b BLAGERE X 1x10° Sem™ & RE S
Too 72721, ZOMEREIT, HEREEILD 80%DHEEARICH T 2{ETH 2720, HOER
REEIZCNID BECD DL WFFTE 2, B-CuGa0, DEIEE /113 400 pVK' 72572, &
N, B-CuGa0, 25N 7 K — &' v 7% L7z iREET p B (Native p-type) TH 5 Z & Z/R
LCTWw3,
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Figure 3-11. I-V curve of sintered B-CuGaO, sample measured by two-probe method.

3-4-4 B-CuGaO, DEETL

Figure 3-12 (b)Ic, A%y 2 U v 7ic X W fEHLL 72 B-NaGaO, i#E D XRD X % — v % /R T,
FTXTOREHTHRDS B-NaGaO, THEET T TE | B-NaGaO, LG bz 2 & 23b i o 7z,
F 72, 200 & 320 OEFTHEOEED, hOEIHREL D D RE VI &h b,  OEfEIZ(100)
BLUE)ECM L T3 Z LRI N, VAV HA ZnO 1£(0001)-Al,05 B fLEAR I ic
(OL)fiL iy CHERE S 2 IS H 2 Z L AHMLNTH VA v v RREFETH 3
B-NaFeO, Bl D B-AgGaO, 23 [FH 12 (0001)-Al,05 Hifk fb b I ¢ (001) AL I < HERE 3 2 B
—7J5C. FEED B-NaFeO, ! B-NaGaO, 75(100)F & IN(320)icfici % L =Bz vwEo e 2 5
FHHTH 5 .15 5 1172 B-NaGaO, WL DL~ A 1L EDX IC & 5 T Nya/Nga = 0.9 & PIE X i,
DI Na BRI LMK E 7o Tz,

B-NaGaO, #fiE L CuCl =L v M ZEEEME 2 2 L T 4 v RELIEE L 72 D b P
L 723Eld XRD »¥ % — ¥ % Figure 3-12(c)IC/R3 . T D XRD »8& — ¥ Tl, FETE L\
v — 27 DA, B-NaGaO, % CuCl <L v b & il X & 2 /574 Tld. B-CuGaO, HifE73 15
BN EBbholz, ZOHMBIZOWTIE, B-NaGaO, HE & CuCl ke DA + %
PSS TE T L 724210 b RN K O ¥y K CuCl 23 7E 3 % 72 ® B-CuGa0, & CuCl Df# ¢
LA E 7200 5 72 L HEE L 7=,

—7Ji. B-NaGaO, #ii% CuCl ZZRICHES 2 & TA A VIR L 720 b ki L 723kl 054
X, TRTOETHRD B-CuGa0, TIREMfTIT TE 22 L2 b, 4 4 v HrIT X - T B-CuGa0;
AR L 72 C L AR & iz (Figure 3-12(d)) . B-CuGaO, fHifilid XRD ~¥ 4 — v Tld, 200
& 320 DEHTHRDOIEEE D E N T & 2 b, HTBARTERE & [FAR 12 (100) 3 & UN320)ACM % L T
BTEDBHO LR ot, TDT &I, Na't Cu'DIHI IG5 i D FEAE % % HEHF L 7z
BOETL T L, ThbbIDAFVIMRIEH N REX 2T 4 v 2 IGTH B Z
EERLTWE,

55 N7z B-CuGa0, DL 1T, EDX 1T X 5T Noy/Nga = 0.9 & HE ., Na (3
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(a) B-NaGaO, powder
N
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(c) lon-exchanged film (contacted to CuCl powder)
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Figure 3-12. XRD patterns of (a) B-NaGaO, powder calculated based on Ref. 34, (b) f-NaGaO,
film, (c) washed ion-exchanged film reacted by direct contant to CuCl powder, (d) washed

ion-exchanged film reacted by exposure to CuCl vapor and (e) B-CuGaO, powder,

HEhhdh oz, 44 Vv IRGEOHIEOMBIEIZ 500 nm 725722 &5, A7 < &b 500 nm
DEXFTiE CuBIEELL ., 4 4 v HDHETT 2 L BRI N7z, A A VMR X o THE
AEND Cu'4 4 v ORIFHEBEFICHFEST 2 Na 44+ vORBTHRESI NS DT, Na RED
FHEK D B-NaGaO, Ml % 4 4 v 55#as 2 2 & 1T X o T 7= B-CuGaO, il A Cu KIB DAL T
Hol-Dix, YARDOERLS 25,

Figure 3-13 I, HiER{A B-NaGaO, il & | B-CuGaO, I D G H % /r ™, 1% 1 7 i B A i flsd
X, A A R BEIZ{L L TE D, B-CuGa0, SERL TWE Z & ZRBL T3,
Figure 3-14 I, B-CuGaO, L D FE i A = 7 + L% IR T, B-CuGa0, EEL D iE i A = 7 b i,
700-800 nm i CiEMAH S AWIALT L, v FREERIC X 2 HKIEWIR A A 5 iz,
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Dsakq,

Dsaka
Naal

(a) B-NaGaO, precursor film (b) B-CuGaO, film

Figure 3-13. Photographs of (a) B-NaGaO, precursor thin film and (b) p-CuGaO, thin film.

TDARY P A%FIC Taue's 77 v b % L, B-CuGa0, D NNy F¥ % v T2 WE L 7z

(Figure 3-15), Tauc ®-¥ v FHEEBOHEHTIZ, KD (1) XY LD LRI NT
VBB

(ahv) = A(hv — Eg)" -+ (1)

IR, 7 7 v 7 BB viIIRBIEL Eg v F¥y v 7, AEKTHY., ok
B-CuGaO, W DM EM B EHFTA CTH 2 LIEL Tn=12 & L7z, Z DfEE, B-CuGa0;,
HED NV F ¥ v v 713146 eV LIRETE ., Z DOfHIE B-CuGaO, K D ILHU S A~ 7 |
ABHRDI ANV FF vy 7 (147eV) (Figure3-7) L R —EL 7=,

100

B (@2} o]
o o o

Transmittance / %

N
o

300 700 1100 1500 1900 2300 2700 3100
Wavelength / nm
Figure 3-14. Optical transmission spectrum of 3-CuGaO, thin film.
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Figure 3-15. Tauc’s plot of B-CuGaO, thin film.

Figure 3-16 (a)IC B-NaGaO, HIE D K SEM & %2~ 3, B-NaGaO, DR M IC X, BRI
um~+H um BEDO% OB T v X L7 /TR TEMICA > Tz, & D B-NaGaO, H#fiE
% FICFRLL 72 B-CuGaO, HifIc & Rtk B A>Tk Y (Figure 3-16(b)). A A v 2Hi
ATDBHNA Vv HEICD ZDFE TR o 72 LR I NS, B-NaGaO, I3 23R o T &
QB3 Rt IE % DB 7 B-NaGaO, il I3 E F 0l E O KR ICIR T L B~ T
KiET 5, Lo T, B-NaGaO, WK DRIMIC 4 & 7z BZIT, WaRIC X 2 (BREIFIR & .
Z DHDOEZERTOHLY IS ) FEERIC X 2 RREINRIC K > TER L - L RS n 3,

IR IE % D B-NaGaO, HE Z# [EH 1C SEM B3 2 &, BRI D bl o7 (Figure
3-17()) s T DEBZLD 72\ B-NaGaO, [l # KL fEHL L 7= B-CuGa0, Hilic 5\ T b . il 7«
BN E 5 N7 (Figure 3-17(b)) » Table 3-4 12, B-NaGaO,P4¥ X Uf B-CuGa0, D& FEE & .
ZNODELRTT, a B LU ¢ W AOIHERIT 1%L T TH o 72235, b fili/7 ) D IHES 1%
8.2%TH VD TR E v, RIFFEICTHE S L7z B-NaGaO, ik 1 (100) [ TH b . Z DRLIA
CHEWTIE b EXEAN A Z AW T 572 (Figure 3-18(a)) . A A v RIEMZICTERK & 17z
B, p-NaGaO, 2 5 B-CuGaO, ~DHAEREIC & 72 5 b Hl/7 M D IHFICHEER T 5 & %R
ENd, Li->T, b B2 EEEST A % A7z B-NaGaO, [, 3 7b b (010)E M L 7=
B-NaGaO, 235 b i, Tk 4 4 v RT3 56 OHENTT R OFEREIE XN X <,
BT B-CuGa0, il 2515 & 11 3 Al REME 25> (Figure 3-18(b)) .
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Table 3-4. Lattice parameter of f-NaGaO, and B-CuGaO,, and their difference.

Direction B-NaGaO,’ B-CuGaO, Difference
o 5.498 5.463 -0.64%
bo 7.206 6.615 -8.20%
Co 5.298 5.277 -0.40%
- =y

A
w

7
fn, ry 7 J

"5'.' ‘Q
f’ | v_"i&

e
N

m & ,.._m‘

(a) B-NaGaO, thin film (b) B-CuGaO, thin film
(After exposure to the air) (Obtained from B-NaGaO, film
which was exposed to the air)

Figure 3-16. SEM images of surface of (a) p-NaGaO; thin film after exposure to
the air and (b) B-CuGaO; thin film obtained by ion-exchange of B-NaGaO, thin

film which was exposed to the air.

(a) B-NaGaO, thin film (b) B-CuGaO, thin film

(As deposited) (lon-exchanged without exposed to the air)

Figure 3-17. SEM images of surface of (a) p-NaGaO; thin film which was not
exposed to the air and (b) B-CuGaO, thin film obtained by ion-exchange of
B-NaGaO, thin film which was not exposed to the air.
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(a) (100) oriented (b) (010) oriented

a  Crack formation b No crack formation

A

IAb /I/A/a //

Figure 3-18. Schematic illustration of oriented f-CuGaO, films.

3-b EE

3-5-1 BEXGEMOEBIMIMEL L L TORIBEME

Figure 3-19 12, FERD NNV F ¥ ¥ v 7 & BEEA KRG E it o B EH IR A 453K o B 1%

(Shockley-Queisser limit?®®) % 7R3, ABFFEIC TH 5 72 B-CuGaO, DS v K ¥ % v 713 1.47
eV TH Y, TNIFHGFRBRALIENRRARE 5NV FXx v 7TICHIET %, koML
PIcld. Cu0 (Eg=2.1eV) 23 d K& IR IR ZER T 2WE L LTHIb
TWizh, B-CuGa0, iF Tz K& (A, HEEAKRBGEMICRER NV F ¥y vy 72 (T
% ME— DALY ERTH 5, NHEAWHR T ZEB T 51, phEEBPLESIRTH 5
AL ER D% 1 n BURERCTH 0 p BURE %2 R TYE 13D T 78 v B-CuGa0,

w
o

N
o

[EE
o

Efficiency / %

0 1 1 1
0.5 1 15 2 2.5

Energy band gap / eV

Figure 3-19. Conversion efficiency of a solar cell as a function of the band gap
energy based on a semiconductor in the Shockley—Queisser limit (Ref. 38) using
an AM1.5G spectrum as the illumination source.
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O p BUREM X BRI D A DA A DE T EARIEKRT 2 ETT F v T =V 3,
B-CuGaO, 23 BEAIMEF~DICHICHE L TV a2 L ) »E2IRET 2EHELRKFA v M X,
ZNPEZBBRTH I NI DTH S, $7-. b L B-CuGa0, BEHLERThHNIE, %
DAY FEGHEE TOWIURE K E %720, HERBGEBOERIUE L LTHW2 Z
ENTE D, B-CuGal, L [H U B-NaFeO, 1D B-AgGa0, % B-AgAIO, I LB & Hifk X
N 3PN B iGa0, IRTEHEER & b ) P ZERIRE A & O e S
HFBHOREZREL T WE DI TEENE S, 5D &3, B-CuGaO, DI B DRI

RET 2 EBRRAHUIME 20, ZAUCB L CIRRE CREllIC AT 3,

3'6 l\ng

ARETIE, v VIRIREBED ZTTRBILY DY F Xy v T O Hh N —3F 2 PR
ZRIMESE A~ ETRT S 2 &R HE LT, B-NaGaO, % Rk & L7z 4 4 v ZHIGIC & -
T B-CuGa0, D& ERA T, 4 A v RfIc X VEEHF D Na'ld Cu™& e Ic I I .
B-NaFeO, Ufi& D B-CuGaO, 152 Z & IC/P L 7z, B-CuGaO, D ¥V F ¥ v v FILifE/R4t
TEID 1.47eV TH O, WIFFHE L NV F ¥ v v 7P FRNERICH 2 F 0 -~V FXr v 7
B L8k 2 fF R C & 72,

SV 7 D B-CuGa0, & [AIERIC, B-NaGaO, i D A A v 2&Hfic X ) B-CuGaO, il %z 5%
EDTE 7z, A Nna/Nga = 0.9 D Na KABHHK D B-NaGaO, il A A v ZHuic v 7=
&5, B-CuGa0, DA K 1 Ney/Nga= 0.9 & Cu RIEFLTH v, %72 % OFKIMITITATEK
hD B-NaGaO, A KA T DK Z IR L 722 LI X 2BAND - 7=, (LB T,
RF 72 FLHEIRAED B-CuGaO, M % 155 7= ic X, {LFEImMK D B-NaGaO, ik # HiiEk A
ELTHWw, RRUCHEZ FICA & v i d 2 2 L 3B Z L b o7z,

ek, BALY PRI 31 2 HECRGE ML, N F¥ v v 7 21 eV OEEEBN
JOEAR Cu0 ZHWCHEE X T2 205 UL, 21ev oy F¥x v Skl 2 B
FRAAEHNRITH 20%TH D, CdTe % CulnSe, 72 ED AL a 7 F 4 FHER I 5 A
R TOEREIR RV, THETHE IR TS Cu,0 KIGEM D RK DI HRIT 4% T
& oV R LB R B S ERINE & L 7K B O IR S CIERTH o 1
VR 7R\, B-CuGa0, DY N ¥ v v FIIHERIR AR K L R 2HTH O . %)
KD ETIE, CdTe ® CulnSe, = & & T HiFTE 2 KT v vy v e T %, B-CuGal, it p
BB AR L, BeYEko% {2 n BRERTH 2 2 L2 b, BtV O RoMAE
bETO ph#EAPERTE 2, Fic, ZnO 13 B-CuGa0, & DIE T RIEL AR D T/N X -
% (ab MM T 0.6%., c#ili/7HT 1.4%). p & B-CuGaO, & n I ZnO & D THO~T B T "X
¥ ¥ 7 pin AT L 2 2RI KGEBO KBS CE 2, B-CuGa0, % M4l
VIKBGEMICICH 3% 72911t B-CuGa0, 2 EIEFFAEBAIC, MW ERINEEL 52 &
DBUHEDEEE D, T b ORI LHIMTICIZ, RE RS 2 i35Sk o (El
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BT DOBFEEZ L2 0l e b av, SREWATL 2, HE AT 70 —F b 5RO E R
HTHL 9,
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FA4E F—FEEFEICL B B-CuGa0, DEFIEE & Wit n T

4-1 #E

B 3ETIX, HIPHE B-CuGa0, # FH L. ZNIFHEAKGEIC 1) 2 HERRAR A )
KPR L 2% 147 VOV EFYy vy 72EFLTEY, ThpMpEREZRT LD,
ZnO 72 & D n IR & pin A 2T 5 2 & ©, 2RIV KBEBOEHAZHEFCE 3
e, TDOXI . L WLEYPFERDNAR - AN LR 2 2 2 &
X, PERFE L WO AR Rl COBEEMEZ T TR, FHEOT NS A~ LG L 72 B
DHREEZH LA LOHELE S &\ ) TNl <d KE REW®E b2, FFIC p-CuGa0, D
Bitrid, RKGEitoNTINE L L COICHBR I NS 2 &2 b, Z DNFEER D EEET
BEMTH 20 E DD, WIRBORE S, & - F—VOAMEEZHAN S Z LITEET
Hb, BIEDL A, 2D X5 Y% FZEaMICHIE W HE 7 B-CuGa0, D HLAS i %o & e
HEIZE O LTy, (o TAETIE, B FHEFIRICESWTETHELZIHEL, %
o DY % FHIE L 7=,

SEREMOEELREE T 2 Tk 1 oic, HEFEISE (Density Functional Theory,
DFT &) #3® %, DFT Bk, X (1) WiRF X5, IR T v v ru(r)D 72T,
B A RARDOEERED T AV F - ERFEEp(r) T BINCREI NS Z L L IEL W
JEIRFED p(r) et L CED R/IMEZ & 3 X 5 72 3 ILBIKF oM FET 5 2 L Ha iR e
LTw3,

E = j v (M@ dv+Fp] (1)

%ETRDOFHEICEBNTIE, p(r) TR BEDRE ik FtE 2 Ko 2 2 L iaikm w0,
o0 EEANT IHELED DL, THETIC, BADIELEAIREINTED, EF
BRI KT H 5 & A TR L%E (Local Density Approximation, LDA®)
2. BT HE DB ZHIE L 72— L A BT B (Generalized Gradient Approximation, GGAP!)
BIESHWONTE 7z, LD EHWIZEAICEERO NNV FXr v I7HRE LS
INESKFEFHHEEINE LW REZWART %272 ®, sX-LDA % (Screened-exchange LDA,
sX-LDAM®) % Heyd-Scuseria-Ernzerhof i (HSE®) 7 UL InCwv 3, %7-. AR
BrROFREICE. HCHAMFHZMIEST 25 (U) 2 AL 7 LDA+U i GGA+U kA3
REI TV AU, B FEE IR IE D R L oMK T H v | G PLERUC
KIFS 2 70, EY R JBEBIIYE ITKTET 5, FHREBROEEME L. FHEE & kL
D—OBREIC X VFHIIT 2 & W) HFERLLHLNT WS,

ARETIE, L DY EBER T v > ¥ v 2T B-CuGa0, DE FHEE X L. f5
MG L lEFHOBIE, NV F¥ry 72 EREE L, 20— OMRE 53
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DIEFEMEZFHI L. ol 2 it B 2 Gt L7z, b BB X I L 23R IcH
DV, B-CuGa0, DI EEH O, JEINRE, EF L —roFWERER L. KGEM
DO HIAREICE T 2 8k e L CEHEEARYE 2L 72,

4-2 FHEBLUERAE

4-2-1 F—REFHE

TRCOFEICIE, FHE = — F CASTEP® % Hiv: 72, GGA (PBE for solid®®) & HSE06!*'%,
sX-LDA"? | | DA+U D 4 S LB M L. SHHEEZETL 72, #ET v v 1T,
OPIUMMI-GAE R L 72 7 v R 7R 7 v o v AL | CASTEP ICHEENTWB YLt 5
V7 MERTF VIR ALIALE TV 7 MEET VY v (Onthe-fly) Bz fdif L 72, LB
BICGGAZHH L2 2 DA NV IRIEHER T v o v VI ARIRED 2 HO UV T
7 MR T vy EHOEREEZITV, 2 OO EEH L 25613 7 v LR
KTV Y LDBRERCTEHEZITo 72, Table 4-1 17, FPBEBAEMEHAL 2R ICET 3
fit R 7 v > ¥ v (Pseudo potential) & 7 v b A7 T AL ¥ —_ Monkhost-Pack 7'V » F (MP
grid) OKE X, G Z R L 72RO NREN 2R3, JRFA0E 13 22 Pna2, TR
BT TREMLZ, 3 XTOFMEICE T, Cu3d, 4s,4p. Ga3dd, 4s,4p 5L U025, 2p &
ZAMETF & L7z FLBIEIC LDA+U Z V725 Tt Ul Cu3d BuEICEA L, Z Dffilk
0~12eV DHiBH T 1eV A TEL ¥ 7=,

4-2-2 HBFHK

3-3-3 TR 72 L CIE#L L 72 B-CuGaO, Béfbiik %z v 7 & LT, flilFH D X ftHE
F435% (X-ray Photoelectron Spectroscopy; XPS) A2 kL% i EIRAE = 2 L F —
TR A A L 72 6 0 E  (Kratos Analytical %L, Axis Ultra DLD) % {#f L TEiL T
HIE U 720 NI I o -A3EkihIc & 0 iU L 72 AgLo #t (hv=2984.2eV) 2L 72,

JEH) T AL F — 233 keV DTET D B-CuGa0, ' ¢ D ¥ H A THE X 5 nm AL T H 5 <M,
K25 10 BEOHEI 2O DONEFIIMPBIN TS LFEZ TV Eo T Agla #it%
ik & L7z XPS A~~7 b iz, A2 otz toic kKL Tw2abD e LTHlZ %,
PV IAERRO—ERIC Au iz 28y 2 Y v i X VB L | % D 4f,, BT ORI 4L
¥—%840eV ez koM I AN F-—DEEMIEL 2, £z, AulEO 7 =1 3
Ui b AR D o 72 HE O T AL ¥ — o fRRE X ATIR O MIE S IC B W TR 05eV TH 5 7z,
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Table 4-1. Detailed conditions of each calculation using various functionals and pseudo potentials.

Convergence conditions for the geometry optimization

Cut off
Functionals Pseudo potential V) MP grid  Energy convergence Maximum ionic Maximum force ~ Maximum stress
e
(eV atom™) displacement (A) (eVAY (GPa)
Norm-conserving 6 i 5 i
840 5x4x5 5.0x10 5.0x10 1.0x10 2.0x10
(based on GGA)
GGA Ultrasoft 440 5x4x5 5.0x107° 5.0x107* 1.0 x 10 2.0x107
Ultrasoft 6 4 2 -2
610 5x4x5 5.0x10 5.0x10 1.0x 10 2.0x10

(on-the-fly generation)

Norm-conserving 6 " 5 »
LDA+U 880 5x4x5 5.0x10 5.0x10 1.0x 10 2.0x10
(based on LDA)

Norm-conserving " = 5 »
sX-LDA 806 3x2x3 1.0x10 1.0x10 3.0x10 5.0x10
(based on Hartee-Fock)

Norm-conserving " = 5 71
HSE 726 2x2%2 2.0x10 2.0x10 5.0 x 10 1.0x10
(based on Hartee-Fock)
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4-2-3 FHEBEROZJMOTESE

T 2 DYLEEE Z F v 72 B-CuGa0, D& — R HHEIRIC X D 5 b N7 f5R 13, LT o#lm2 5
D% FH L 7=,
(). FEBRIICHE X T 2 i RREE O E
BIHR SRS IR & %0 w7 v SRR 7 & T R LAY ER O K RS E 1. T FRIE DS
B\ 7z 0% K OJRFHBRPREMOE % A3 5. Fl 2, PIHERIEEREE CI3s E
oay DIEPICIZAMICAR S AT A =2 —3FEEET., YA VIRESEST 7 7 94
UGS T, ST ER agB LV o LEFED 7 BIEELSMCHHICR 237 A — X —(Z
Wl 2D X5 LAY OEE. FIRT OME % BT L e, B
EORERNC X > CHEBE RO AHEND 2 REME2OKE ERIET 2 2 & i3hw
ikt L B-CuGa0, 13, T _T DR T- 25— MEANALE % fiH 4 2 o ol 1 Ek
ay, by BL Wl 4DDFETD X,y B Wz BIEOETHHMA AT A -2 =Lk 5,
Z D70, BIERANC X o TR LNk s, ZERITE Pna2, O FREZ R L Tz &
LCh, HEFHEOHERECHEND 2 X EEOHPAL O K E RIS 2 AlREE:% 2 T,
¥ 72, B-CuGa0, IFMELREMTH V., REMICEE T AN F =2/ & 75 5 G
TRV o T, FHTZMNBEECEERT v ¥y i X o TIEERAIC X > THET
T 7R WATHEME D B B, B-CuGa0, D & dt & (XA & T L 7280 oK X BRIEHT @ Rietveld
FRNTIC X o> CTHRICIRE S N T 5 0T, BEERANC X o TR L NG 2s . F254k
FICIRIE T T 2 ff e 2 A 3R 2 #i el 2 pEm it X b, MR O 24
% FFA L 72
(ii). fifi¥E ﬂ@xw@ﬁﬁ
fili % 1 #r i _E356 (Valence band maximum; VBM) 3765 D B i 1x. & — VOB,
t%ﬂ%ﬁ&&@%<@%@%&%@%&m?éo%@t . RHE X NIAE O
BIHEZENL 72 XPS A~<7 P EHIRL, FHRMROZYMEZFHIEL 72, Fric,
B-CuGaO, T, i T D _LfAFIC Cu3d #uEs» SR E 5D T, Cu3d NV FoD
I AN F =080 p-CuGa0, DF 1 — N F ¥ % v 7' p BUREME: D FHIC K\ Ic
HELTwatiffRans, coXdaBlirs, MiEFHD XPS 2=7 L ZEHEIC
Ko THEHTE 20821, FHEGROZYEDOFHEICE W TRICEERL L X 5.
(iii). N v F ¥+ v 7OFEENE
GGA % LDA Z# B E LCHOWAFHE TR ASAY F ¥y v 728RM L 0 b/ & <G
BHahs BRI bnTE 2 Bamub@;oﬁ&wﬂvb#y/7¢%¢
TlE, "V F¥v vy 7820 (w4 FRERD) WEEERRVICHE, NV FF
«yiﬁ%#&ﬁhﬁ¥ﬁ%kLf@%ﬁ%%ﬁ?é:&ué<ﬁ%&wotﬁt\
RAEOE—JFHZHEIZ. SV FFyy 7ORZIZHEMTE ZEBICIEE>TnAawn
DT, NV FF 2y IREMERTEDPORNED 57 LTH, ZNF+H0IcHEF
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NTEXBHERLLTRWEA S,

4-3 FHEBLIUVERBRLEER
4-3-1 @4 DNBEEIC & V) k&7 B-CuGa0, DIt @iEE & BEFHEE

4-3-1-1 #FAM\E

JLBE%UC GGA & LDA+U (U=0,2,3,4,56,7,9,11,12eV), sX-LDA % fli[f] L #it#zAl
L7zBRIcf b e il iE o < 7 X — 2 —— % TEH & Cu-0, Ga-O i, O-Cu-O,
0-Ga-O, Cu-O-Cu, Ga-O-Ga ¥ & Uf Cu-O-Ga fi A fi—& . 2ho L EHIfEPIE o2 20
Z 3 Tables 4-2~4-10 127R 3 (7272 L LDA+U Z{Hf L 723854 1coWTi2.U=0 3,6 9, 12 eV
TORBEMRO L 2B L 72), £/, BERNIC KV Fon K ER. #olls Lo
e e TG L 0% NBROMEEE U Offiicxt LTI L 72 X% Figures 4-1, 4-2, 4-3
BLO4-41TRT,

GGA Z B LTHHAL, YA IV 7 REET Vv AT TV 7 MERT Vv
v v (On-the-fly) % Fv CHERI L 7= 5 G O R 7 EBUE, ML 07 (Figure 4-1) #3
35 WA TTHY, BHUREMEZHHL Tz, La L., Cu-0 ik (Figure 4-2) o—
1% 8%LL I b FHHIED ST 7z, FRIC, Fed R\ Cu-O BEfEIE 24 Acd U, Cute
OP DA F VHEEBZNEN0.60A L 1.38ATH2Pc L #EET 2 L HHWICZALD
FERHEAL TV E1EE 210, CUTE 3L L X3+ 1 BifiifEe 72 o> T,
Cu-O PR FME A 5 K E {Fh 5 D L [FAIERIC, O-Cu-O, Cu-0-Cu ¥ & U Cu-O-Ga i &
bz Nz 15%LL EFEIES ST CTH Y (Figures 4-3, 4-4), T DIEFMEE D Cu0, &
OGaCu, A DR 1L, FERITICIRIE L 72 B-CuGaO, T D Z N L I KE S B0z, Th
ORI, YTV 7 MERT vy v L E V72 GGA TOEME T B-CuGa0, Dk
RFEBTERNC LERL TS, BBL7 X512, B-CuGa0, DI 0 BT Mikic it
Cu d UEDOFHF G B KRE V., bbb, CulfTAILDRFTHEEX Cu 3d PuBDILA Y ICi#
(BT LDEELNEDOT, YA LTV 7 MERT v v L2 GGA JFLEISIC X
patEMR A IIC L ¢, ETMEoFlZERT 2 2 LI TE R LR L .

PBEEIC GGA (/) N LEFREER T v 2 v L) & LDA (LDA+U (U=0¢eV)) ZH\7-3
BLC X o TR D U ARFINEE T, M TR a0 & by DHEIIREED 5> O F1IE 3%LL T TH
- 7= (Figure 4-1), LBIEIC LDA 2 W72 EHHE TlL GGA Z w75 & X WA T ERBD /N &
CEME a2 e LN TE VB KEEICEWLTD ay, by, o @V FHICHWTH LDA
BAEI L 7 3RS RO J7A0 N & 7 o 7, Figure 42 (RS X 5 12, AR D Cu-0 B,
GGA THK 5.2%. LDA THRA 73%FEMEED Z 16T Tw7z3, MAD Cu-0 it
FUFROBA S 20-22 A DENICH Y, CulRTFIR 4RI E V25, L LAdD,
O-Cu-O, Cu-O-Cu, Cu-O-Ga &3 MG O ZNh 0 10%RETNI Db RoN
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7= (Figures 4-3, 4-4) . L 7223 > T,/ V LREFRIEER 7 v o v L 2 -l W ILEA% % GGA & LDA
& L7tE T Cu Ji+D 4 BfHE ZHE T & 2 5 O DERIICHIE L 72 B-CuGaO, D
EEEEEZTERICHELTWw LI b o7,
LDA+U 7% FH W CEHAE L 72 AIE T ld. #&TFEEL ag, bo, o DT 4% U <3 eV DHil T
1T U fEDHEK ’ﬁﬁw%‘ ICEHMEICITD %, U >4 eV TIREIEISTWE (GEHEIEE 0%
IRARTD 1.2%) TIRITETH - 7= (Flgure4 1) % 7=, Cu-O ffiffi<> O-Cu-0O. Cu-O-Cu,
Cu-O-Ga fE&fMAd. U OEAIC L VKT E FITFERRICEHE~ LD VT o7

(Figures 4-2, 4-3, 4-4), 121, U =6 eV @ LDA+U D TlZ., O-Cu- o,umﬁa [ES TS
HIFE E TNAEETHEFLT%TH Y 4eV UL EDO U ZEAT 2 Z & THEEEMWITHE X
NG REES LK HREIND Z EBHL 2 E o Tz,

MNBIBUC sX-LDA % LEHRE L 72 MidiEid, #&TE a s L U by & Cu-O FEfEIc s
WTERHARHE E OEPKE VST LDAU (U > 4 eV) DX NI RIE R >72b DD
(Figures 4-1, 4-2), FEERIICHE X -G 2 MR ERL 2L 52 %,

4
o
o a
34 © © °
. o O b,
S X 24 o © %
w\
22 60
o§1- ~o<}<}g O i
E® o O0—0—C
238 o0 © Vel
8 o o o/d
c O
o E -1-
o
o 21 88 U parameter / eV
3 0:2:4:6:8  10:12
) O wo<
DQLZ>9 1 , J
<N <3 )
O RO *
O <« O g
QO a
Q)

Figure 4-1. Difference in lattice parameters ao, by, and co of B-CuGaO, between the
experimentally observed and calculated results for GGA with ultrasoft pseudo-potential (GGA
US), GGA with ultrasoft pseudo-potential (on-the-fly) (GGA US-OF), GGA with
norm-conserving pseudo-potential (GGA NC), sX-LDA and LDA+U. The observed lattice
parameters (Ref. 21) are set as the zero axis.
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10 -
X Cu-0
~ —O0—Ga-0
T 0
S
52 91 g
g2 o
-8-8 80 S/ k’i’%*hfz
£S 0f %0 3 S ee———88
20
8(6
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- ) U parameter / eV
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Figure 4-2. Difference in Cu-O and Ga-O bond angles of B-CuGaO, between the
experimentally observed and calculated results with various functionals. The observed bond

lengths (Ref. 21) are set as the zero axis.
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Figure 4-3. Difference in O-Cu-O and O-Ga-O bond lengths of B-CuGaO, between the
experimentally observed and calculated results with various functionals. The observed

bond angles (Ref. 21) are set as the zero axis.

57



FAT HFHEERIC K 5 B-CuGa0, D& TG & YTk FFf

25
20
fo) O
§§15- o 5
$§10— O
'8%5_ o O p
IS © o
el
g5 04 98©§
g2 oo 88
€391 5 o0
§Q210] ©©°
E= o O
o 154 o © U parameter / eV
0 2 4 6 8 10 12
_20 U)LLU< 1 1 1 1 1 1 1
DO.ZE 1 5 J
< 0 T -]
o:$>é +
O« O S
Q 4
©)

Figure 4-4. Difference in M-O-M bond angles of B-CuGaO, between the
experimentally observed and calculated results with various functionals. The

observed bond angles (Ref. 21) are set as the zero axis.

®cu@®ca@o0

Figure 4-5. Schematic illustration of crystal structure of B-CuGaO, obtained by

structural optimization with HSE06.

BT HSE06 % fifiF L 7z A& 12, Figure 4-5 1IR3 X 912, T XTOJFE T2 6 Bz
& ) BRI L S TH o 7z, T B, HSE06 Tt B-NaFeO, Ui @ B-CuGaO,
el HHTERr o7,

Figures 4-2, 4-3, 4-4 25 b2 % X 5 1c, WTFNOPEKZH W28 A& T Ga-0 Hife
0-Ga-0 & X Uf Ga-0-Ga fi & A IF E M E D Z N L IEFIC L L —HL T 5, BB DE
HN B D3 Cu-0 i+ 0-Cu-0, Cu-O-Cu ¥ X Uf Cu-O-Ga i, +7/4abb Culi DB
DEFERICOWTTH D, TDI EiE, GaO,MUfifAl: Ga @ 4s i e O @ 2p BEIC X 3
sp’ IR A L E LB —J7 T, CuO, PHTHi{A X Cu 3d il & O 2p BiEic X 2 B0
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O d-pREAIC X o TR ENTWE L LEEERH 2 L BbND, UDEAICKY Culi
T DBED B A D FEEER 1 FEASEHIE ST OV 72 2 & 13, Cu 3d WL & O 2p WED d-p ey
RS 27291 Cu 3d MO HEHAEREZHIET 2 2 LM ESL 5722 L 2R LT
%,
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Table 4-2. Lattice parameters, atomic parameters, bond lengths and angles of p-CuGaO, obtained by
structural optimization for the GGA calculation (Calc.) with ultrasoft-pseudopotential and differences
(Diff.) from experimentally observed results (Obs.). Large differences (> 5%) are emphasized with bold.

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ay 5.354 5.460 -1.9%
bo 6.453 6.610 -2.4%
Co 5.440 5.274 +3.1%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.456 0.441 +1.5%
Cu 4a y 0.173 0.129 +4.4%
z 0.558 0.505 +5.3%
X 0.086 0.078 +0.8%
Ga 4a y 0.12 0.123 -0.3%
z 0 0 +0.0%
X 0.424 0.407 1.7%
0(1) 4a y 0.129 0.141 -1.2%
z 0.912 0.909 +0.3%
X 0.439 0.442 -0.3%
0(2) 4a y 0.606 0.6 +0.6%
z 0.842 0.849 -0.7%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(1) 1.951 2.144 -9.0% Ga-0(1) 1.877 1.862 +0.8%
Cu-O(1y 2.197 2.026 +8.4% Ga-O(1y 1.897 1.879 +1.0%
Cu-0(2) 2.462 2.256 +9.1% Ga-0(2) 1.865 1.848 +0.9%
Cu-0(Q2)’ 1.934 2.074 -6.8% Ga-0(2y 1.869 1.837 +1.7%
Bond angles
0O-M-O Calc.(deg) Obs.(deg) Diff. M-0O-M Calc.(deg) Obs.(deg)  Diff.
O(1)-Cu-O(1y 104.8 108.4 -3.4% Cu-0(1)-Cw’ 1175 100.3  +17.1%
0(1)-Cu-0(2) 111.8 106.6 +4.9% Cu-O(1)-Ga 94.9 104.0 -8.7%
O(1)-Cu-0(2y 137.2 1129 +215% Cu-O(1)-Ga’ 110.0 109.7 +0.3%
O(1)’-Cu-0(2) 85.5 1024  -165% Cu’-0(1)-Ga 122.1 118.0 +3.5%
O(1)’-Cu-0(2)y’ 110.4 122.4 -9.8%  Cu’-O(1)-Ga’ 99.4 106.0 -6.2%
0(2)-Cu-0(2y 94.9 102.2 -72%  Ga-O(1)-Ga’ 1135 117.8 -3.7%
0O(1)-Ga-O(1y 110.5 111.3 -0.7% Cu-0(2)-Cw’ 80.1 93.9 -14.7%
0(1)-Ga-0(2) 109.0 108.5 +0.5% Cu-0(2)-Ga 126.3 110.0 +14.8%
0O(1)-Ga-0(2y 108.0 109.2 -1.1% Cu-0(2)-Ga’ 100.1 1135 -11.8%
O(1)’-Ga-0(2) 105.2 107.0 -1.7% Cu’-0(2)-Ga 114.0 107.6 +6.0%
O(1)’-Ga-0(2)’ 1111 110.8 +0.3% Cu’-0(2)-Ga’ 106.0 106.5 -0.5%
0(2)-Ga-0(2y 113.0 110.0 +2.7%  Ga-0(2)-Ga’ 121.9 1215 +0.3%
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Table 4-3. Lattice parameters, atomic parameters, bond lengths and angles of -CuGaO, obtained by
structural optimization for the GGA calculation with ultrasoft-pseudopotential (On-the-fly) and the
experimentally observed results. Large differences (> 5%) are emphasized with bold.

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ao 5.344 5.460 -2.1%
bo 6.452 6.610 -2.4%
Co 5.427 5.274 +2.9%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.454 0.441 +1.3%
Cu 4a y 0.171 0.129 +4.2%
z 0.556 0.505 5.1%
X 0.085 0.078 +0.7%
Ga 4a y 0.121 0.123 -0.2%
z 0 0 +0.0%
X 0.423 0.407 +1.6%
0(1) 4a y 0.13 0.141 -1.1%
z 0.912 0.909 +0.3%
X 0.44 0.442 -0.2%
0(2) 4a y 0.605 0.6 +0.5%
z 0.841 0.849 -0.8%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(2) 1.956 2.144 -8.8% Ga-0(1) 1.870 1.862 +0.4%
Cu-O(1y 2.195 2.026 +8.3% Ga-O(1y 1.889 1.879 +0.5%
Cu-0(2) 2.443 2.256 +8.3% Ga-0(2) 1.859 1.848 +0.6%
Cu-0(Q2y 1.940 2.074 -6.5% Ga-0(2)’ 1.862 1.837 +1.4%
Bond angles
0O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg)  Diff.
O(1)-Cu-O(1y 104.9 108.4 -3.2% Cu-0(1)-Cw’ 116.5 100.3 +16.2%
0O(1)-Cu-0(2) 112.0 106.6 +5.0% Cu-0(1)-Ga 95.6 104.0 -8.1%
O(1)-Cu-0(2y 135.9 1129  +20.4%  Cu-O(1)-Ga’ 109.8 109.7 +0.1%
O(1)’-Cu-0(2) 86.2 102.4  -158% Cu’-O(1)-Ga 121.7 118.0 +3.1%
O(1)’-Cu-0(2)y’ 110.9 122.4 -94%  Cu’-O(1)-Ga’ 99.8 106.0 -5.8%
0(2)-Cu-0(2y 95.5 102.2 -6.6%  Ga-O(1)-Ga’ 113.9 117.8 -3.3%
0O(1)-Ga-O(1y 110.5 111.3 -0.7% Cu-0(2)-Cw’ 80.6 93.9 -14.2%
0(1)-Ga-0(2) 109.1 108.5 +0.5% Cu-0(2)-Ga 125.4 110.0 +14.0%
0O(1)-Ga-0(2y 108.0 109.2 -1.1% Cu-0(2)-Ga’ 100.5 1135 -11.4%
O(1)’-Ga-0(2) 105.4 107.0 -1.5% Cu’-0(2)-Ga 113.8 107.6 +5.8%
O(1)’-Ga-0(2)’ 111.0 110.8 +0.2%  Cu’-0(2)-Ga’ 105.9 106.5 -0.5%
0(2)-Ga-0(2y 112.9 110.0 +2.6%  Ga-0(2)-Ga’ 122.2 1215 +0.6%
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Table 4-4. Lattice parameters, atomic parameters, bond lengths and angles of -CuGaO, obtained by

structural optimization for the GGA calculation with norm-conserving pseudopotential and the
experimentally observed results. Large differences (> 5%) are emphasized with bold.
Lattice parameter
Direction Calc. (A) Obs. (A) Diff.
ay 5.470 5.460 +0.2%
bo 6.584 6.610 -0.4%
Co 5.457 5.274 +3.5%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.425 0.441 -1.6%
Cu 4a y 0.143 0.129 +1.4%
z 0.524 0.505 +1.9%
X 0.086 0.078 +0.8%
Ga 4a y 0.121 0.123 -0.2%
z 0 0 +0.0%
X 0.421 0.407 +1.4%
0(1) 4a y 0.134 0.141 -0.7%
z 0.897 0.909 -1.2%
X 0.428 0.442 -1.4%
0(2) 4a y 0.609 0.6 +0.9%
z 0.851 0.849 +0.2%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(1) 2.033 2.144 -5.2% Ga-0(1) 1.918 1.862 +3.0%
Cu-O(1y 2.126 2.026 +4.9% Ga-0(1y 1.934 1.879 +2.9%
Cu-0(2) 2.160 2.256 -4.3% Ga-0(2) 1.921 1.848 +4.0%
Cu-0(2y 2.053 2.074 -1.0% Ga-0(2y 1.919 1.837 +4.5%
Bond angles
0O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-O(1y 107.9 108.4 -0.5% Cu-0(1)-Cw’ 110.3 100.3  +10.0%
0O(1)-Cu-0(2) 115.2 106.6 +8.1% Cu-0(1)-Ga 105.3 104.0 +1.3%
O(1)-Cu-0(2y 119.0 112.9 +5.4%  Cu-O(1)-Ga’ 107.7 109.7 -1.8%
O(1)’-Cu-0(2) 97.1 102.4 -5.2% Cu’-0(1)-Ga 115.8 118.0 -1.9%
O(1)’-Cu-0(2)y’ 112.2 122.4 -8.3%  Cu’-0(1)-Ga’ 104.1 106.0 -1.8%
0(2)-Cu-0(2y 103.4 102.2 +1.2% Ga-0(1)-Ga’ 1135 117.8 -3.7%
0O(1)-Ga-O(1y 108.8 111.3 -2.3% Cu-0(2)-Cw’ 94.0 93.9 +0.1%
0(1)-Ga-0(2) 109.6 108.5 +1.0% Cu-0(2)-Ga 116.3 110.0 +5.7%
0O(1)-Ga-0(2y 110.0 109.2 +0.8% Cu-0(2)-Ga’ 104.9 1135 -7.6%
O(1)y-Ga-0(2) 107.8 107.0 +0.7% Cu’-0(2)-Ga 113.2 107.6 +5.2%
O(1)y-Ga-0(2)’ 108.8 110.8 -18%  Cu’-0(2)-Ga’ 107.4 106.5 +0.9%
0(2)-Ga-0(2y 111.8 110.0 +1.6% Ga-0(2)-Ga’ 118.2 1215 -2.7%
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Table 4-5. Lattice parameters, atomic parameters, bond lengths and angles of -CuGaO, obtained by
structural optimization for the LDA (U = 0) calculation with norm-conserving pseudopotential and
the experimentally observed results. Large differences (> 5%) are emphasized with bold.

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ag 5.414 5.460 -0.8%
bo 6.520 6.610 -1.4%
Co 5.400 5.274 2.4%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.421 0.441 -2.0%
Cu 4a y 0.142 0.129 +1.3%
z 0.523 0.505 +1.8%
X 0.087 0.078 0.9%
Ga 4a y 0.121 0.123 -0.2%
z 0 0 0.0%
X 0.422 0.407 +1.5%
0(1) 4a y 0.135 0.141 -0.6%
z 0.897 0.909 -1.2%
X 0.43 0.442 -1.2%
0(2) 4a y 0.608 0.6 +0.8%
z 0.851 0.849 +0.2%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(1) 1.988 2.144 -7.3% Ga-0(1) 1.902 1.862 +2.1%
Cu-O(1y 2.098 2.026 3.6% Ga-O(1y 1.921 1.879 +2.2%
Cu-0(2) 2.114 2.256 -6.3% Ga-0(2) 1.906 1.848 +3.1%
Cu-0(2y 2.020 2.074 -2.6% Ga-0(2y 1.905 1.837 +3.7%
Bond angles
O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-O(1y 107.6 108.4 -0.7% Cu-0(1)-Cw’ 110.0 100.3 +9.7%
0(1)-Cu-0(2) 117.2 106.6 +9.9%  Cu-O(1)-Ga 105.7 104.0 +1.7%
O(1)-Cu-0(2y 120.5 112.9 +6.7%  Cu-O(1)-Ga’ 107.0 109.7 -2.4%
O(1)’-Cu-0(2) 95.9 102.4 -6.3% Cu’-0(1)-Ga 115.6 118.0 -2.1%
O(1)’-Cu-0O(2)’ 109.7 122.4 -10.4% Cu’-O(1)-Ga’ 104.6 106.0 -1.4%
0(2)-Cu-0(2y 103.1 102.2 +0.9% Ga-0(1)-Ga’ 113.7 117.8 -3.5%
O(1)-Ga-O(1y 108.4 111.3 -2.7% Cu-0(2)-Cw’ 93.6 93.9 -0.4%
0(1)-Ga-0(2) 109.7 108.5 +1.1%  Cu-O(2)-Ga 118.0 110.0 +7.2%
O(1)-Ga-0(2y 110.1 109.2 +0.8% Cu-O(2)-Ga’ 102.6 1135 -9.6%
0O(1)’-Ga-0(2) 107.6 107.0 +0.6% Cu’-0O(2)-Ga 114.7 107.6 +6.6%
O(1)’-Ga-0O(2)’ 108.5 110.8 -21% Cu’-0(2)-Ga’ 107.3 106.5 +0.7%
0(2)-Ga-0(2)’ 112.5 110.0 +2.3% Ga-0(2)-Ga’ 117.6 1215 -3.2%
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Table 4-6. Lattice parameters, atomic parameters, bond lengths and angles of f-CuGaO, obtained by
= 3 eV calculation with norm-conserving
pseudopotential and the experimentally observed results. Large differences (> 5%) are emphasized

structural optimization for the LDA+U for U

with bold.
Lattice parameter
Direction Calc. (A) Obs. (A) Diff.
ay 5.483 5.460 0.4%
bo 6.586 6.610 -0.4%
Co 5.329 5.274 1.0%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
0.426 0.441 -1.5%
Cu 4a y 0.129 0.129 +0.0%
z 0.506 0.505 +0.1%
X 0.082 0.078 +0.4%
Ga 4a y 0.123 0.123 +0.0%
z 0 0 +0.0%
X 0.41 0.407 +0.3%
0(1) 4a y 0.142 0.141 +0.1%
z 0.894 0.909 -1.5%
X 0.434 0.442 -0.8%
0(2) 4a y 0.608 0.6 +0.8%
z 0.854 0.849 +0.5%
Bond length
Cu-0 Calc. (A) Obs. (A) Diff. Ga-O Calc. (A)  Obs. (A) Diff.
Cu-0(1) 2.069 2.144 -3.5% Ga-0(1) 1.890 1.862 +1.5%
Cu-0(1y 2.083 2.026 +2.8% Ga-O(1y 1.900 1.879 +1.1%
Cu-0(2) 2.137 2.256 -5.3% Ga-0(2) 1.893 1.848 +2.4%
Cu-0Q2y 2.062 2.074 -0.6% Ga-0(2y 1.890 1.837 +2.9%
Bond angles
O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
0O(1)-Cu-0O(1y 109.6 108.4 +1.1%  Cu-O(1)-Cw’ 103.6 100.3 +3.2%
O(1)-Cu-0(2) 109.9 106.6 +3.1% Cu-0(1)-Ga 108.0 104.0 +3.9%
O(1)-Cu-0(2y 111.9 112.9 -0.9% Cu-0O(1)-Ga’ 109.7 109.7 +0.0%
O(1)’-Cu-0(2) 103.5 102.4 +1.1%  Cu’-O(1)-Ga 113.4 118.0 -3.9%
O(1)-Cu-0(2)’ 1165 1224  -48%  Cu’-O(1)-Ga’ 105.7 1060  -0.3%
0O(2)-Cu-0(2y 104.6 102.2 +2.3%  Ga-O(1)-Ga’ 115.7 117.8 -1.7%
0(1)-Ga-O(1y 109.3 111.3 -1.8% Cu-0(2)-Cw’ 98.1 93.9 +4.5%
0O(1)-Ga-0(2) 110.3 108.5 +1.7% Cu-0(2)-Ga 111.2 110.0 +1.1%
0(1)-Ga-0(2y 109.7 109.2 +0.4%  Cu-0O(2)-Ga’ 110.9 1135 -2.3%
0O(1)’-Ga-0(2) 108.7 107.0 +1.6%  Cu’-0(2)-Ga 109.3 107.6 +1.6%
O(1)y-Ga-0(2y 108.7 110.8 -1.9%  Cu’-0(2)-Ga’ 107.1 106.5 +0.6%
0(2)-Ga-0(2y 110.2 110.0 +0.2% Ga-0(2)-Ga’ 118.3 1215 -2.6%
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Table 4-7. Lattice parameters, atomic parameters, bond lengths and angles of -CuGaO, obtained by
= 6 eV calculation with norm-conserving
pseudopotential and the experimentally observed results. Large differences (> 5%) are emphasized

structural optimization for the LDA+U for U

with bold.
Lattice parameter
Direction Calc. (A) Obs. (A) Diff.
ay 5.495 5.460 +0.6%
bo 6.607 6.610 -0.1%
Co 5.327 5.274 +1.0%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
0.423 0.441 -1.8%
Cu 4a y 0.13 0.129 +0.1%
z 0.506 0.505 +0.1%
X 0.082 0.078 +0.4%
Ga 4a y 0.124 0.123 +0.1%
z 0 0 +0.0%
X 0.41 0.407 +0.3%
0(1) 4a y 0.142 0.141 +0.1%
z 0.896 0.909 -1.3%
X 0.436 0.442 -0.6%
0(2) 4a y 0.606 0.6 +0.6%
z 0.854 0.849 +0.5%
Bond length
Cu-0 Calc. (A) Obs. (A) Diff. Ga-O Calc. (A)  Obs. (A) Diff.
Cu-0(1) 2.083 2.144 -2.8% Ga-0(1) 1.886 1.862 +1.3%
Cu-0(1y 2.100 2.026 +3.7% Ga-O(1y 1.896 1.879 +0.9%
Cu-0(2) 2.140 2.256 -5.1% Ga-0(2) 1.890 1.848 +2.3%
Cu-0Q2y 2.075 2.074 0% Ga-0(2y 1.887 1.837 +2.7%
Bond angles
0-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-0(1y 109.0 108.4 +0.6% Cu-O(1)-Cw’ 103.2 100.3 +2.9%
O(1)-Cu-0(2) 110.4 106.6 +3.6% Cu-O(1)-Ga 107.7 104.0 +3.6%
O(1)-Cu-0(2y 111.8 112.9 -1.0% Cu-0O(1)-Ga’ 109.0 109.7 -0.7%
O(1)’-Cu-0(2) 103.5 102.4 +1.1% Cu’-0(1)-Ga 1135 118.0 -3.8%
O(1)’-Cu-0O(2)’ 116.7 122.4 47%  Cu-O(1)-Ga’ 106.3 106.0 +0.3%
0O(2)-Cu-0(2y 105.0 102.2 +2.7% Ga-0(1)-Ga’ 116.3 117.8 -1.3%
0(1)-Ga-O(1)y 109.9 111.3 -1.3% Cu-0(2)-Cw’ 97.7 93.9 +4.0%
0O(1)-Ga-0(2) 110.3 108.5 +1.7% Cu-0(2)-Ga 110.8 110.0 +0.7%
0(1)-Ga-0(2y 109.7 109.2 +0.5% Cu-0(2)-Ga’ 110.9 1135 -2.3%
O(1)’-Ga-0(2) 108.4 107.0 +1.3% Cu’-0(2)-Ga 108.9 107.6 +1.2%
O(1)-Ga-0(2y 108.8 110.8 -1.8%  Cu’-0(2)-Ga’ 107.3 106.5 +0.8%
0(2)-Ga-0(2y 109.8 110.0 -0.2% Ga-0(2)-Ga’ 119.1 1215 -2.0%
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Table 4-8. Lattice parameters, atomic parameters, bond lengths and angles of f-CuGaO, obtained by
= 9 eV calculation with norm-conserving
pseudopotential and the experimentally observed results. Large differences (> 5%) are emphasized

structural optimization for the LDA+U for U

with bold.
Lattice parameter
Direction Calc. (A) Obs. (A) Diff.
ay 5.520 5.460 +1.1%
bo 6.624 6.610 +0.2%
Co 5.316 5.274 +0.8%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
0.422 0.441 -1.9%
Cu 4a y 0.127 0.129 -0.2%
z 0.502 0.505 -0.3%
X 0.081 0.078 +0.3%
Ga 4a y 0.124 0.123 +0.1%
z 0 0 +0.0%
X 0.406 0.407 -0.1%
0(1) 4a y 0.144 0.141 +0.3%
z 0.896 0.909 -1.3%
X 0.437 0.442 -0.5%
0(2) 4a y 0.606 0.6 +0.6%
z 0.854 0.849 +0.5%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-O Calc. (A)  Obs. (A) Diff.
Cu-0(1) 2.098 2.144 -2.1% Ga-0(1) 1.884 1.862 +1.2%
Cu-0(1y 2.104 2.026 +3.8% Ga-O(1y 1.894 1.879 +0.8%
Cu-0(2) 2.140 2.256 -5.1% Ga-0(2) 1.889 1.848 +2.2%
Cu-0Q2y 2.088 2.074 +0.7% Ga-0(2y 1.885 1.837 +2.6%
Bond angles
0O-M-O Calc.(deg) Obs.(deg)  Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-O(1y 109.5 108.4 +1.0% Cu-O(1)-Cw’ 101.7 100.3 1.4%
0O(1)-Cu-0(2) 109.4 106.6 +2.6% Cu-O(1)-Ga 108.3 104.0 4.2%
0O(1)-Cu-0O(2y 110.2 112.9 -2.4% Cu-0O(1)-Ga’ 109.2 109.7 -0.5%
O(1)’-Cu-0(2) 105.3 102.4 +2.8% Cu’-0(1)-Ga 112.6 118.0 -4.6%
O(1)’-Cu-0(2)’  117.0 122.4 -44%  Cu’-O(1)-Ga’ 106.9 106.0 0.8%
0(2)-Cu-0(2y’ 105.0 102.2 +2.8% Ga-0(1)-Ga’ 117.1 117.8 -0.6%
0O(1)-Ga-O(1y 110.1 111.3 -1.1% Cu-0(2)-Cw’ 98.7 93.9 +5.1%
0(1)-Ga-0(2) 110.3 108.5 +1.7% Cu-0(2)-Ga 110.0 110.0 +0.0%
0O(1)-Ga-0(2y 109.7 109.2 +0.4% Cu-0(2)-Ga’ 112.0 1135 -1.3%
O(1)’-Ga-0(2) 108.4 107.0 +1.3% Cu’-0(2)-Ga 108.3 107.6 +0.6%
O(1y-Ga-0(2)’ 108.8 110.8 -1.8% Cu’-0(2)-Ga’ 106.9 106.5 +0.3%
0(2)-Ga-0(2y’ 109.6 110.0 -0.3% Ga-0(2)-Ga’ 119.0 1215 -2.1%
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Table 4-9. Lattice parameters, atomic parameters, bond lengths and angles of -CuGaO, obtained by

structural optimization for the LDA+U for U =

pseudopotential and the experimentally observed results.

12 eV calculation with norm-conserving

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ag 5.528 5.460 +1.2%
bo 6.642 6.610 +0.5%
Co 5.316 5.274 +0.8%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.423 0.441 -1.8%
Cu 4a y 0.126 0.129 -0.3%
z 0.502 0.505 -0.3%
X 0.08 0.078 +0.2%
Ga 4a y 0.125 0.123 +0.2%
z 0 0 +0.0%
X 0.405 0.407 -0.2%
0(1) 4a y 0.145 0.141 +0.4%
z 0.897 0.909 -1.2%
X 0.438 0.442 -0.4%
0(2) 4a y 0.605 0.6 +0.5%
z 0.854 0.849 +0.5%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(2) 2.105 2.144 -1.8% Ga-0(1) 1.884 1.862 +1.2%
Cu-0(1y 2.111 2.026 4.2% Ga-0(1)’ 1.893 1.879 +0.7%
Cu-0(2) 2.147 2.256 -4.8% Ga-0(2) 1.888 1.848 +2.2%
Cu-0(2y 2.095 2.074 +1.0% Ga-0(2y 1.884 1.837 +2.6%
Bond angles
0O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-O(1y 109.5 108.4 +1.0% Cu-O(1)-Cw’ 101.2 100.3 +0.9%
0O(1)-Cu-0(2) 109.0 106.6 +2.3% Cu-0O(1)-Ga 108.2 104.0 +4.0%
O(1)-Cu-0(2y 110.0 112.9 -2.5% Cu-0(1)-Ga’ 109.3 109.7 -0.4%
O(1)’-Cu-0(2) 105.3 102.4 +2.9% Cu’-0(1)-Ga 112.6 118.0 -4.6%
O(1)’-Cu-0(2)y’ 117.5 122.4 -4.0% Cu’-0O(1)-Ga’ 107.0 106.0 +0.9%
0(2)-Cu-0(2y 105.1 102.2 +2.8% Ga-0(1)-Ga’ 117.4 117.8 -0.3%
0O(1)-Ga-O(1y 110.2 111.3 -1.0% Cu-0(2)-Cw’ 98.5 93.9 +4.9%
0(1)-Ga-0(2) 110.1 108.5 +1.5% Cu-0(2)-Ga 109.6 110.0 -0.4%
0O(1)-Ga-0(2y 109.6 109.2 +0.4% Cu-0(2)-Ga’ 112.4 1135 -1.0%
O(1)y-Ga-0(2) 108.5 107.0 +1.4% Cu’-0(2)-Ga 108.2 107.6 +0.6%
O(1)’-Ga-0(2)’ 108.8 110.8 -1.8% Cu’-0(2)-Ga’ 106.9 106.5 +0.4%
0(2)-Ga-0(2y 109.5 110.0 -0.5% Ga-0(2)-Ga’ 119.2 1215 -1.9%
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Table 4-10. Lattice parameters, atomic parameters, bond lengths and angles of B-CuGaO, obtained by
structural optimization for the sX-LDA calculation with norm-conserving pseudopotential and the

experimentally observed results. Large differences (> 5%) are emphasized with bold.

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ay 5.569 5.460 +2.0%
bo 6.811 6.610 +3.0%
Co 5.296 5.274 +0.4%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.425 0.441 -1.6%
Cu 4a y 0.124 0.129 -0.5%
z 0.495 0.505 -1.0%
X 0.076 0.078 -0.2%
Ga 4a y 0.126 0.123 +0.3%
z 0 0 +0.0%
X 0.398 0.407 -0.9%
0(1) 4a y 0.152 0.141 +1.1%
z 0.906 0.909 -0.3%
X 0.445 0.442 +0.3%
0(2) 4a y 0.599 0.6 -0.1%
z 0.852 0.849 +0.3%
Bond length
Cu-O Calc. (A) Obs. (A) Diff. Ga-0 Calc. (A)  Obs. (A) Diff.
Cu-0(2) 2.187 2.144 +2.0% Ga-0(1) 1.871 1.862 +0.5%
Cu-O(1y 2.175 2.026 +7.4% Ga-O(1y 1.877 1.879 -0.1%
Cu-0(2) 2.200 2.256 -2.5% Ga-0(2) 1.875 1.848 +1.5%
Cu-0(2y 2.161 2.074 +4.2% Ga-0(2y 1.869 1.837 +1.7%
Bond angles
0O-M-O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Cu-O(1y 108.8 108.4 +0.4% Cu-O(1)-Cw’ 96.4 100.3 -3.9%
0O(1)-Cu-0(2) 106.7 106.6 +0.1% Cu-0O(1)-Ga 107.4 104.0 +3.3%
O(1)-Cu-0(2y 107.2 112.9 -5.0% Cu-0(1)-Ga’ 108.8 109.7 -0.8%
O(1)’-Cu-0(2) 106.4 102.4 +3.9%  Cu’-0(1)-Ga 1135 118.0 -3.8%
O(1)’-Cu-0(2)y’ 121.7 122.4 -0.6%  Cu’-O(1)-Ga’ 107.1 106.0 +1.0%
0(2)-Cu-0(2y 105.1 102.2 +2.8% Ga-0(1)-Ga’ 120.8 117.8 +2.5%
0O(1)-Ga-O(1y 111.0 111.3 -0.3% Cu-0(2)-Cw’ 97.2 93.9 +3.5%
0(1)-Ga-0(2) 109.5 108.5 +0.9% Cu-0(2)-Ga 106.6 110.0 -3.1%
0O(1)-Ga-0(2y 109.9 109.2 +0.6% Cu-0(2)-Ga’ 115.8 1135 +2.0%
O(1)y-Ga-0(2) 108.1 107.0 +1.0%  Cu’-0(2)-Ga 106.1 107.6 -1.4%
O(1)’-Ga-0(2)’ 110.0 110.8 -0.7%  Cu’-0(2)-Ga’ 106.5 106.5 0%
0(2)-Ga-0(2y 108.3 110.0 -1.5% Ga-0(2)-Ga’ 121.5 121.5 0%
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Figure 4-6. XPS spectra of p-CuGaO, calculated for GGA with norm-conserving
pseudo-potential, sX-LDA and LDA+U with U =0, 3, 5, 6, 7 and 9 eV, together with observed
one. The XPS spectrum based on HSE calculation was shown for the purpose of reference

because the structural optimization was not performed in this calculation.
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DI ANLF—ZBKFMT 2 2 LB ONTE D, Cu(l) & Cu,0 *° 0-CuAlO,. a-CuCrO,
mEDFHREICBEWTCHME T EHOREED T Cu 3d NV FARAEZALF—ICHNS
T L AHE TN T BB sX-LDA % HSE Tl Hartree-Fock JHDE A ic X - T, HEMHA
ERIC X 23REDHIIE T L2 A3, T CHMiEE T L&D Cu 3d ¥ FIZFEHIXPS &L b
05~leVBEFIAALF—ICHN TS, THICKH L LDA+U ZHW/-5HHE CiE, U OEA
XV HEHAEFRIC X 2EMHIES N U AT 2icoNTCuldd v For—2x
INF—HEZ AN F—l~EBD NV FDIED AN 572, U=5~TeVDXPS DY I 2
L—va VIFFEHO XPS AX7 Pz KSHBLTWwz, SHICUEEZARLZU=9eV
T, CuBd Y FDOE—27 3HEHMARZ PArDEFNIVEZFIALF—ITHEL, NV FiE
DAV EBEFERD XPS #FIH L CTW7x\y, 37b b Figure 4-6 IS/ L 725 o Tl U
=5~7¢eV & L7z LDA+U IC X 251528, EMIL 72 XPS A~=7 b Zixd K HHL, A8
M7fliE OB HELX 525 LT X5, 200 DffiEFHOEEKRD NV it 9-9.5 eV
TH Y., EHIXPS D 10-11 eV ICHARD T IT/NE WA, F— L OEINE & FERER I 75
EOPMEICKRELSHET 201 VBMIEFOBEBFHECTH L L 2EET 5L, NV FIFED
2 7B/ NIl A DRI B LW TR E AEE R AL hw e Bbh 3,

4-3-1-3 Ny FF¥yy 7
Figure 4-7 I GGA 3 L U LDA+U Z LB L LAGtRIC K Yk o7y F ¥ v v 7

GGA LDA+U
1.2¢

1.0t
0.8}
0.6
04}
0.2+
0.0F&

Calculated energy band gap / eV

0 2 4 6 8 10 12
Hubbard U / eV

Figure 4-7. Variation of the band gap of B-CuGaO, calculated with GGA with

norm-conserving pseudo-potentials (open triangles) and LDA+U (open circles) functionals.
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%3, LDA ° GGA 7z DFT 5HELCIX, AR L 72 & 512y F ¥ v v 738/l
INBMEAHD %, B-CuGa0, DEAICHE WTDH, GGA ¥ LDA (U=0eV) TNV F¥»
v T3P R o7z, UREALZEHETIE, U>5eV TV F ¥+ v 7235 &, U 231
ZBICONTAY FX vy FIIHMALEZUDBKICHES>TAY F¥v vy 72 KT 5 DI%,
cu(l) & REICED Ag(l) % & e Ag,0 %2 AgsPO, 7z & @ LDA+U T 21 EP v [k o < »
%, B-CuGa0, 3N v FF¥ ¥ v 7 147 eV OFERTH Y NV F ¥ x v T ORI 70\ EtHEAE
REHWZETERV, o T, U>5eV 272 LDA+U IC X B51ER, NV FF vy
TOBED O IR LR E 52D LR TE 5,

—J T, sX-LDA ZUBE & L 25T, N FFx v 73 274eV &7 0, EHllfE%
KW@ R FHM L Ty 7z, sX-LDA 1. Hatree-Fock il & LB TH 2720, 74 F
NY FXxy 7HREEONY X2y T ELCHETE200D, NV FXrv v 75 2eV L
TOPERICOGTIEAY F ¥y v 7% KIBIOERFHE T 2 HA38HE T hTwa Pl K
WFe CoRMEMED 20 X 5 fEm BB TV 3,

4-3-1-4 @Y7

Table 4-11 12 ffi 2 O FBERE F W 72 5HELIC X 0 15 6 7= 4 s | il 3 1 o B 1,
NYRF ey Ih, BNz EOREREIL CWw 2t T LHTRT, LDA+U

(U=5~7eV) ZIBEE L25HRI, 2hoonThoRillFT—20 XSHRELTED,
BHEEOEVHERRE2 522 2 L BHL DL TH 5, 6> T KIHD S 13 LDA+U (U=6¢eV)
BB LCEIRE L. B-CuGa0, DY % ik 3 5.

Table 4-11. Reproducibility of crystal structure, electronic structure of valence band and energy band

gap calculated with various functionals.

Reproducibility of Reproducibility of electronic Reproducibility of

Functional
crystal structure structure of valence band energy band gap
GGA (Ultrasoft) X — —
GGA (Ultrasoft y
on-the-fly)
GGA (Norm-conserving) AN X X
LDA (U=0¢eV) AN X X
© © VAN
LDA+U
(U>4eV) (U=5~7eV) (U>5eV)
sX-LDA QO VAN VAN
HSE X AN —

#Calculated without structural optimization
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4-3-2 F—FRIEFEIC L YKz B-CuGa0, DEFHEiE

Figure 4-8(a)ic. LDA+U (U=6¢eV) Til# L 7z p-CuGa0, ® E-k K% /~"3, ZDKITH W
T, B-CuGa0, DIxE R i M (Conduction band minimum; CBM) & VBM i3 & %I T £
HY., B-CuGa0, BEHEEBRMTH L L E R L T»5, ZoOfRIZ, MEEERNTHE L
W& I TWBFEL B-NaFeO, B ED B-AgGa0, % B-AgAIO L 13875, [ L
B-NaFeO, BIfEE DALY FEAETH ZICH DL LT, TDO X ICHFEBORIHE A 51
FICDOWTIE, RED 5-3-3 I Caf L Kb X %, 2 KAEZ L (Density of States; DOS) & PDOS
% Figure 4-8(b)IC/~R S, CBM iIf513F1C Cu ds & Ga 4s B, X U0 2p & Cu 4p HuEids
BOBRRLEZRE,LS R, DFPIC02s & GadpHEDHFSG A5 Fbhr, T LT
HF A v D s BTG CBM ULHE K % @ i3, 2 1F ZnO % SN0, d X 9 7 d'%° & 1-AciE
DAFH v BETBIC B TE—BRN 2 RETH ) B3 p-CcuGa0, b L[
N—TOYETHDHZ LICX B,

i . N F 1 (0-2eV) &V Il (35-6eV) BLXUNYF I (6-75¢eV) @
FE 72 3 D DFEIE A LIRS L TH Y (Figure 4-8(b)). S~ F 1 & 11iE, Cu 3d & O 2p
WA TR &> Twb, NV FIICiECu3d & O 2p#uBEichlz, Cuds & 4p BIiE,
Ga 4p B D ZH G LT w345, Culd &bR2 e ZDFH5IIIEFIT/NE v, Cul3d Ny FoD

(@) () —s —p —d|
Total Cu Ga [e]

Y}

% _ _
= it 3
== ALY L
== Lk B

' Y S ' X URO 20 40 0 20 0 20 0 20
Density of states / states eV-* unit cell*
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Figure 4-8. Electronic band structure of B-CuGaO; calculated with LDA+U for U = 6 eV.
(a) Band structures along the symmetry line and (b) corresponding total and partial density

of states.
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FATE FFMEEREIC X % B-CuGa0, D& i & ¥t o FH

@235 X % 55eV &JA <. Cu3difiiEd DOS 23D TR E W &5, B-CuGaO, DfiE
WOBTHEEIRX Cud Ul Ic KR I N TR LS o TRV, NV FIIHE, FiC Gads & 02p
BLUE2HER L CTH D, Ga & O D spiliAHEICHTICT 2N FThbLFZ 5,

4-3-3 B-CuGaO, DHZFH - EXIMEE

Figure 4-9(a)ic. LDA+U (U=6¢eV) TiIH L 7z p-CuGaO, ® CBM iff#IC 1) % —XILE
THE B~y 7%R~T, Figure 4-8(b)ic/~ L7z PDOS Ick5< &, Cu & GaBllicdH 2 E 1%
Eomeilit, &ETo sl L pIEIcHEsT 2, CNODOETEORTIEIL. 25
CpHLUEDTHICERL T3 iR ans, E7HE~y 7 Tli, CuliT e BREETS
X U Ga Ji T L BERIE T O I kb IC 72 /N Wil () 2Rl o b, 2o &,
CBM ifif#51x Cu B X U GaJi D 4s 35 X U 4p Bl & | O 2p Wil O SAS G PE#E CRERK & L

(a) Conduction band
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(b) Valence band
[100] oL
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Figure 4-9. Two-dimensional electron-density contour plot of the calculation with LDA+U
for U = 6 eV corresponding to (a) the lower part of the conduction band within the energy
range of E-Ecgm = 0-4.09 eV and (b) the upper valence band region (band I) within the
energy range of E-E\gm = —2.16-0 eV. The left and center panels show the ab-plane
located at z = 0.5109. The right panels show the bc-plane located at x = 0.8680 and the
ac-plane located at y = 0.8760.
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TW3ZLeZRRLT2S, GaflilOEFHEOEWTEIL, Culdozn Xk A>T
B, T CuELOEBETEEDORE OB E OB > TWnd, TDOT LI, Cuk GaDZED
SHUE TR X N 2 RIE D ERIIC O AR > T3 2L ZRLTHY, REF~DET F—

T TR L, FERTEROEVEEE L RS Z e ARF I NS,

Figure 4-9(b)iC, VBM iif5 D RILE %~ v 7%~ 3, Figure 4-8(b)IC7~ L 7= PDOS
OHEEIE NS X ST, Culit &R DOEFICIZ, Cudd 3LV O2p WUl IcxInd % E
B ORWEIEDH o 72, Cu R JE P OB 7B O m IR EFE O 2 i~ p 7
DRELIEAR>TWw5, L2L, CulRFREMOEFEEIX. Cuoflrrbi 0.9AHEN S
CRBMITNES AR BT 2 CURTHICETEEO R OHEEAEL 2 ETITEE-> T
7\, ZOZ YT, Cu 3d Wil & 7 B ZERIAICHERE L 22 B ENR S b3, Bz
CulfBiEESET €2 2L 2RLTW5, 2D Cu3dED/ENEIZ. F— L oHEMERIC
RELSHEST 13T CTH D, EFE B-CuGaO, DR Cu JiFHEEEE (317 A) 13, @izl
Mo p B & LTSNS Cu0 (3.02 AP%)) % ¢-CuGa0, (2.98 AP) X v ¢5Ew, <
DT LiE, B-CuGa0, D= — L DIEENEA Cu0 ¥ a-CuGal, £ W/NXWZ & ZREL T
%,

X (2) DIBWIFRERLZ Vv TR L 72 B-CuGa0, DET & A — VO HXEE % Table 4-12

;ﬂ_\‘j—o
hz
= 2
E = <2m*>k 2)

B-CuGa0, DETOHZNERE (BALIIHHETFEE. m*/my) 12021 THo7z, U=6eV %
it Ic s W T, B FH O EAR & EHllo XPS 28— L 7223, {ZEHICDO VT
BT HEIEEZERBL ThiRnizd, ZONEBIEL W2 E S » 2T LT
¥\, 7277 L. B-CuGa0, DETDHMER (m*me = 0.21) 1%, d°S"EFRED H F+
v CRERL & N 3 BRI MR8k O fill, 511 213 ZnO (me*/mo = 0.28) %> Sn0, (me*/mg
=02) B ERETH Y AENARERZ L VWA, Lo T, ¥+ U 7TET % p-CuGa0,
ICHEAT B 2 I hiE, B-CuGa0, IZE v n BUGEN 2/ Rd L Wi an g, —J7., &
— L OHNEE(M*m) 1Z 1.7~51 TH Y .7 7 7 + ¥ 4 b 0-CuGa0,(my*/my = 0.58~2.04)
Bl 2~3 f5RERIETH B, L72H>T, B-CuGaO, D+ — L DEEIEIZ, p BEEED
0-CuGa0, £ V b /N X WiTE W,
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Table 4-12. Effective masses (in units of free electron mass, mg) of electrons
and holes for B-CuGaO, calculated using LDA+U for U = 6 eV

Hole Electron
Direction® my*/mo Direction® me*/mg
I'-X 5.1 I'—>X 0.21
I'-Y 17 r—-Yy 0.21
I'—Z 4.9 -z 0.21
I'-R 2.7 I'-R 0.21

*The k-vectors of T' =X, ' =Y, ' >Z and T —R in B-CuGaO,
corresponds to the (010), (100), (001) and (111) directions in the real
space, respectively.

B-CuGaO, 23 K IGE D KWIE & L CHIHRIRETH 2 % 1355 720, % OFHPINZ
BEEE L 72, %ft B-CuGa0, Ic DT LDA+U (U=6eV) TalHE L 72 IR D¢
FVF — R % Figure 4-10 ISR 3, KD Ny F¥F v v 7k, FHIE 147eV ~> 7 P L
ThHd, £, KF D B-CuGaO, AL DI A~ 2 b v it Ref. 40 7551 L 72z EERfE©H
% o B-CuGa0; DWIUFRE (@) 13, N F¥ ¥ v 7H L TRIBICHA L. 1.7eV IZH T 1x10°
emt ICEBE L 72, CofEild, KRB E M ORI R E L CBEIcERALE T2

5105_ CulnSe,

102 - - - -
0.8 1.2 1.6 2.0 2.4
Energy / eV

Figure 4-10. Absorption coefficient of polycrystalline B-CuGaO, calculated with LDA+U for U =
6 eV together with experimentally observed spectra of other representative absorber materials
(cited from Ref. 40). The energy band gap of B-CuGaO, was rigidly shifted to the experimental
band gap (1.47 eV).
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CulnSe,*1° CdTe L W LHTCTH 5, ZD X 5 k= RWINREE. B-CuGaO, D IEIETA
BNy F¥ry 7e, VBMIERHOKE 72 DOS ICHK L TH Y| B-CuGaO, % Wik ;& ith
WKIGHT 3 ECREARTFANYTF =V LR 3759,

44 $E

ARETIL, B-CuGaO, DE NG % 56— FHIFHRIC X Y kD, ZhicH O E B-CuGaO, @
SR Wt R SRR L 7. B JREREIEIC B\ TIZ GGA, LDA, LDA+U, sX-LDA, HSE @
HHEPLBIE 2 L. B-CuGaO, i, i oE &, v FFx v 72 HEl
T LB EBRET L. U=5~7eV & L7z LDA+U ZH\W 2% Z & TEERMICHE L 722508
ICHREINE L EZBHLICL T,

U:&MVkLthuu%ﬂ%WkLt%% X b, B-CuGaO, ® CBM & VBM i, 3t
KT RICH Y, B-CuGal, BEHHEBRINERTH 2 Z AL L oTe, TDT LI,
chab%k%ﬁﬁ%%ﬁf¥$®t“w%$¥wmmi%L@k%&@&ﬁ%%t%To
CBM Diif#13. Gads & Cuds BB DRI X 2IERHEEDR Y F ok Eh, 10
ﬁ@gi(mmm>ioma%%énto:®fimoﬁa&%%%ME@ﬁfﬁ/%a

n M YEERO Z N FARETH Y, mWETOBEIEIHEFINS, —/7. VBM
L&i%ﬁﬁ@%wCuwkomﬁmﬁiofﬁﬁéhﬁ R oBERER (my/m)
21751 THYEF—LOBEE IS T YV HAFTE v,

N EBEPERETRER CTH D &L VBMIEED DOS VK& W Z 21 X b, BIL
%@%WW%%iCM@%Cmm%aﬁ%@lu&uﬁk&&aﬁ%énto:@%mﬁm
INE HEARGEROMAmRALENEPIRAK L D 147 eV OV FF ¥ v 7iF,
B-CuGaO, # W & L 7= KIGE M 2 AFF X 2 2 RELFHHL F 256725 5,
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

BH5E F—REFHEICLD aCuGaO,. a-AgGa0, & U
B-AgGaO, O B FiEiE d 5 (i
5-1 ®E

FIFETIH, 147 eV OV FF vy 72 HT 5 p BEEEDOF v —F v v FHERK
B-NaFeO, &l B-CuGaO, # AL L. F H4 BT FIERE» O Z 0B FHELFIREL
B-CuGaO, S EIEMRAINERTH Z 2 L, BB I ETF—LDOHNEE (m/my, my /mp)
BENFN 021 BLULT~51TH 3BT b, Y PR T OEIIUREAS 1.0x10° cm™ ©
B Y SRR DK Z > CdTe °° CulnSe, 7e L EAEK 5 it 0 F I E I v b 2 LEY
JEARLFEFECTH L LR EEHLPIC LTz, 44 v HEDOBCER{LYEERD % 13T 4
KAV FXry 7200 n BRERTH Y, B-CuGa0, D & 5 At u—F v v 7T p BnENE
¥ETIMIMIENTH L, BlaiE. ALHMKROT 7 7+ %4 M a-CuGaO,M i3,
B-CuGa0, & ARk p BUmEM:# /R 25, BOD B-CuGa0, & IZRIBMIC A eIkt L CiFE
Hch s, o Xk 5ic, [ @ﬁﬁf@% bbb d oWk KE B Did,
VMEDRIEDS Z O OFE RS & BRICEBL W T L ZEKRL TWw5

ARETIZ, FHHEFEICK ST B-CuGaOz DEWTHET 77 494 F’_f'é 0-CuGa0, ¥
;Uﬂ%@Bm&mﬁsAmab@%%%ﬁ%%%Lﬁcwabw%bwm%%&%ﬁﬁ
BEE LRI RIS T E R Ham L 72,

5-2 HEBLURRAE

5-2-1 LDA+U IZ & 3E—HEETE

0-CuGa0, ¢ B-AgGa0, X ¥ a-AgGa0, D —HFHEHR X, F5H 22— CASTEP ZH W
TfTo7z, 4% T B-CuGa0, DHEMT — X 2z d R B L7z LDA+U % JLBI%E L.
OPIUMBICA ik L 72/ v RAF T R 7 v & % A & v 72, 0-CuGa0, D EHELC I3 Cu 3d &
TICU ZE AL, B-AgGa0; & a-AgGa0, DEIH TIX Ag 4d B TICEA L7z, U Dffiix 0~
12 eV OHFIPHT LeV T LICEHR L 5 5 L7l 1417 O T T HEiE 2 EMl L 7= fifi 77 © XPS
27 P L R L, &b TRAIGE % FEBRIVICHIE X T 2 iSRS L ok L <,
FHFT—2%2ROBELLHERT2 UEZRE L7, 0-CuGa0, & B-AgGa0, ¥ X U a-AgGa0,
® Monkhost-Pack 7'V » F (MP grid) ® K% X3, £ £ 41 10x10x10 & 5x4x5, 10x10x10
& L7zo GRS Z 8RR L 72 BR O PCRSE 1. 4 B Table 4-1 ICREE D LDA+U D5 &
L& L7, a-CuGa0, & a-AgGa0, D ThiE (d 2l R3m T, B-AgGa0, D i T 1%
Pna2; TR % 2 \FHEFI L 72, B-CuGaO, D —JF B R IL, 4 W CholE & flfE N U=6
eV & L7z LDA+U 2B, R T v v Tt/ v ARERZ v CfT o 72, 3l

79



F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl

4FED 4-2-1 ICEHH D& B TH B,
5-2-2 HEBEFHIAERDFHRHESL

XPS DHIE IZ 272 0-CuGa0,. a-AgGa0, F X ¥ B-AgGa0, D &%ikkH. LI F D /7ikic X
DERLL 72,
[a-CuGaO,] Cu,0 (99.5%, FIEHIIE T ) & Ga,0; (99.99%. FffiE L) ZlEE+R—1
T 1R A L. @17.2mm © X 4 2T 100 MPa C 1 43—l 7' L 2 L, N, EFS T T 24
IKFfE] 1100 °C CHERLT 2 < & TIERLL 720, 155172 0-CuGaO, ¥y KIZ. FE 7 7 X~ bk
& (SPS Sintech, SPS511S) THERG L 720 @l0 mm O — R v HLXA A4 2T a-CuGa0, % 1 g
FHE L, Ar ZPAS NG, 100 MPa C—iili 7' L A L 72235 900 °C T 5 RIME L 72, Boh
T BERG R D% BE X R L D 80%TH - 7z,
[0-AgGa0,]  2-2-2 & ARk D 7k CTIEBLL 72 B-AgGa0, #3K % 60 °C I NZh L 727k @ H TR
LOKICT I8 HERIIR & 5 4% 2 & CIEHL L 72 a-AgGa0," %, 910 mm D X 4 AT 100 MPa
TRl 7 L A LRI L T 5,0, FHESAOERIFICT 500 °C < 12 KefilEfE 35 2 & T
ERLL 72, 153 D N7 BERS IR O B B X BRER S 2 D 50%72 - 72,
[B-AgGa0,]  2-2-2 & [AlEkD 5k CIESLL 7= B-AgGaO, K % SPS ThERE 9% & & TIERI L
720 B-AgGa0, K%, @20mm D H —F v HIL 4 )29 FHE L, Ar FFHSH T, 10 MPa
Tl 7L A L7t 6 550 °C T 15 3B L 72, 3 b N7 b iR o B 13 R FE O 47%
72 o7,

5-2-3 HBFIL

0-CuGa0, & 0-AgGa0; D XPS A~ 27 b vl JIEHEIC a-f ekt i X v #ifb L 72 Aglo
Bt (hv=29842¢eV) ZHVTHIEL 7=, XPS 222 P ADRIEICH L 723 E B X 0
BY. 422 ICEEO LBV TH B, HETALF -3 keV ONEBF D, 0-CuGa0, L
a-AgGa0, 1 C D HHITHEIE. B-CuGaO, H & [AKRIC 5 nm 2T H 3 oM Ko
10 m BEEOEI 2L ONETEIHRE I TVWE EE 2 TL\w, L8> T, o-CuGal, &
0-AgGa0, IC B VT, fHF 5 N7 XPS 227 b I~ A7 DIEREZ T ICKL T3 b D
ELTHA D, AuTEEED 7 =)L Jiih b A D o 72 RE DO T 4 VX —fFRE L. Z OWE
FFICBWTHI 05eV TH 5 72,

B-AgGaO, D X ST Y 143 >¢ (Hard X-ray photoelectron spectroscopy, HXPES) &=
27 R vid, SPring-8 D — 247 4 v BLISXU ICCERTHIE L 72, X RO T AL F—(F,
5949.8 eV IC[EE L 7z, EE)T AL X —236 keV DFE T D B-AgGa0, 1 T D H TR X
FEZ10mm TH 3T HXPESHIEIC X > THO N ZA=Z FAlE, SA 27 DfF#R %
FHEKBRL T3 EEZ T, Y IAEHDOa Y2 I3 —vay (RIWKE) B
S5DCIsBFORMBI AN F—%2848eV &7 X H5M A L ¥ —Dflix MiEL 7.
Fz. AuERD 7 2V L b AR D o 72 BE O T AV F — 4 fiERE . S OMIESMICE
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T 0.2~03eV TH o7z,

5-3 EERER

5-3-1 HER UEDRE

5-3-1-1 HEFHOBFHE

Figure 5-1 1T, LDA+U Z W 7518 A2 6> T 2 L — F L 7% a-CuGa0, & a-AgGa0, D XPS
A7 kv, B-AgGa0, D HXPES A= 7 F L% ZNZENDEBD R ~L7 b HiTiRd,
XPS A~ 7 boviE, FIHE L 72 PDOS I Ag Lo X #fF 7213 6 keV @ X FRiCx 32 F 1D
A F AW % 200, HEO LA F—REETH S 05eV £7213 03 eV TTu—
F=v 7325z Tkos,

0-CuGa0, ® U =0 eV D FHHE I, i 14 L ICfZiE T % Cudd N v Fo v — 27 13£-1.9
eV &, EBHlZ=Z7 FATOME (27 eV) L) 08 eV ZEEmIprrF—icHlnss:

(Figure 5-1()), 7z, Cu3d Y FOIREIZHI35eV TH Y, FHHARZ P LD bdeV &L
RB LR, FHXPS ZHEHLTWR EIFEALRV, ThIE, 4313 Thib~7=k5
IZ. LDA CTOFHEIZETOHCHAEMERIC X 2822 & 720, FEEDH Cu 3d X~
FOZANF—Z @KL T2 6THL, UDENPKELRBICONT, Cudd NV
Fov—2 3Rz a v F—icEy, XY FOES RS -7, 20X 5 AZ{bi, 4-3-1-3
IC Tk~ 7z B-CuGa0, D Cu3d v Fo UfHICH T 2 Z(L LAk TH 5, U=3~4eV & L 7=
EEXPSDOY I alb—ya VIFFEHOD XPS D Cu3dd Ny PO —Z{EPCALT FAE
KEICHRELTWAZ, ELICUEEALZU=5eV Tlt, Culd v Fovr—727 3%
HARZ PADZNE VEZ AN F—ICLE L, Culdd NV Fo v — 7R b il & i@,
%%HIJ@ XPS ZFH L T\, L7228 > T a-CuGa0, iIc 5\ Tld.U=3~4eV & L 7= LDA+U

CXBEMED, FEMDOXPS A7 bvikid IKHEHET L B8HL 2L o7,

0-AgGa0, D U =0eV DFtHE T, il 7 EFIChiiE T 2 Agdd NV F o v — 7 13-4
eV &7 FEHZRZ P (#-5eV) XY 1eVIEEEmT X —icH7z (Figure 5-1(b)) .
T it Ag 4d WA Cu 3d B8 & [FIERICHEEA S <. U=0eV TORRETIZHCHAFH
DAL o TITAALF—PHEIGHE I N T E 25 TH S, UDEIKEL RDICONT,
Agdd NV FIHEZ ANV F—llicKE 57z, U=2~3eV & L75HHETD Agdd "V Fo v —72
friEix, EllZ X SHEBELZA U=4eV & LR TIRFEN X VK A0 ¥ —HlicizE L
TWwiz, L7z - T, a-AgGa0, ic B W Tk, U=2~3eV & L7z LDA+U TOFHEDR, 2D
XPS A7 b Zid KT L LBHLN Lo Tz,

B-AgGa0, D U=0eV TOFETIE, Agdd Y FDO Y — 27 23H-2.4eV IChiiE L, Eillo
AT PO —IETH 5-3~4eV X D LeV mx 4L ¥ —IcH 7z (Figure 5-1(c))
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(a) a-CuGaOo,

(b) a-AgGaO,

(c) B-AgGaOo,

B JFHERIC X % a-CuGa0,. a-AgGa0, ¥ X UF B-AgGa0, D & 1 @ F-ifl

1210 8 -6 -4 2 0 -12-10 8 6 -4 -2 0 -12-10 -8 6 -4 -2 0
LDA LDA LDA
U=0eV uU=0 eVE/ U=0eV \//\
LDA+U LDA+U LDA+U
u:aevf\_/ U=1eV£/ U=1leV \/¥
/\/
LDA+U LDA+U LDA+U
U=4e\//§/ u:an U=2ev ~/ N\
/ .
LDA+U LDA+U LDA+U
U=5eV u=3evJ U=3eV X/\"y
/
XPS (Ag La) LDA+U LDA+U
ﬂ/\ u:4ev/ U=4ev >/\\f
TN /
12 10 -8 -6 -4 -2 0 [xPs(AgLa) HXPES | e\
Energy relative to the VBM / eV J J \
777777777 . _________,'f"/ o X_
12 10 -8 -6 -4 -2 6

, 0 12-10 8 6 4 2 0
Energy relative to the VBM / eV Energy relative to the VBM / eV

— Cu 3d/Ag4d — Ga4s — O 2p — Sum

Figure 5-1. (a) Ag La XPS spectra of a-CuGaO; and (b) a-AgGaO,, and (c) HXPES spectra of
B-AgGaO; calculated with LDA+U for various U and experimentally obtained. The green, blue
and red lines indicate the contribution of the Cu 3d or Ag 4d, Ga 4s, and O 2p orbitals,
respectively. Calculated spectra were generated from cross-section weighted density of states
and spectral broadening of the instrumental resolution of 0.5 eV for a-CuGaO, and a-AgGa0,,
and 0.3 eV for B-AgGaO,.

¥7-, Gads TR INB v — 21378 eV ITHIiE L, EHMZ~<2 FrDf)-75eV X b,
DIPIEZ AN F Nz, U=2-3eV e L7zEE, XPSDOY Ialb—v 3 VIiFHE
HD XPS D Ag 4d NV FDOE—Z{ESRARY AR EZ IS HBELTWE2, U=4eV
LR TIZAg4d N Y FOEIL VK A F—lICfE L Tz, Ko T U=2-3eV
& L7z LDA+U IT X 3352, FEHlD XPS 2227 F % kzd KK HET 3 Ll
o7,

5-3-1-2 #EA\E

Figures 5-2(a), (b)IC 0-CuGa0, & a-AgGa0, DAEFIFEE DS EL %, U EDBE L L7
oy FLAZbDERRT, K2OHL2RE 9 IC, BT ERIT U EICIZE A SIREETIRIE
—ETH o7z, i 4 BT~z B-CuGa0, DIHE Tld, HTEEBD UEICKE (KIEL 72D
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(a) a-CuGaOo, (b) a-AgGaO,
2+
3
£
3 @ 0—0—0—0—0—0—0—0—0—0—0—0—0
e = a _o—0°
£ & a 0 00"
0 0 e
o C e e
= 8 1+t 00"
8 o o0~
c © c
o= o c
pCIE.) —_ 0
e 0 2t
0 2 4 6 8 10 12 0 2 4 6 8 10 12
U parameter / eV U parameter / eV
(c) B-AgGaO,

3r Figure 5-2. Difference in lattice
? o 2 O\O\O\ R parameters of on—CuGaO2 and a-AgGa0,,
[T G ©-o_
§ 2 1t O*O‘\o\O,,,,O,,,O%O%O B-AgGaO, between the experimentally
o .
E% o 000" observed and calculated results with
[e] O
K=o} _ A O— .
2540 b 8/648/8/0104 0—0=0 LDA+U. The observed lattice parameters
c 9 _o—0"u" .
2% ) o o7 cited from Ref. 7, 9 and 8 are set as the
= - -4 O
a o~ Zero axis.

3k ao

0 2 4 6 8 10 12
U parameter / eV

I TH B (4% Figured-1), 2D &iE, 77 7494 METO T RCOFR T
DSRFIR A AL IS TP e S 5 720 W) BRERAIIC BT 28T 2 — 2 — BT ER & 5
JRFD z BEEDOHTH 2D Z LICHEKRT 2D D LHET 5, 0-CuGal, & o-AgGa0, Hic, %
TR O FERIE. U=0-12eV DT _COHPHT, FEHHEE DD ay, co & D IT 1%H(
®“THY, UEICBD S FTEHAMED XS BRI TWwz,

Figure 5-2(c)C . B-AgGa0, DFEMIEE DIF T ER Z  UH%Z ¥ T XA — X — L L T/RT,LDA

(U=0eV) TORIMHETIX, ag& bo % ZNZ 25%& 1A%/ L TH D, g% 23 %
BERFHE L Cwa7z, B-CuGaO, DIEMIEE DI T ER A, U<3eV £ TUEME KT 2ICD
NCEEICEIEICSEDNTWE, U >4 eV TEHICEWVETIZIE—ELRo7- (4%
Figure 4-1) @ & 137 0| p-AgGa0, TlI U 23K E £ 72 2 I O TR A ICFEHNTIT DT
272, U=0~12eV DT X TOHF T, ag, by, oDV EHIEE DL 3NATTH Y,
K ERIEE FIRL 72,

0-CuGaO,. a-AgGaOzj’o‘J:(F B-AgGa0, D fEAIE D U fEHIcxf 3~ 2 28{kik, 4 & Cib~7z
B-CuGaO, D& L 1387 v | FHE TR 7 BAINGE & FERIVICIRD b 7= fE g & okt
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B2b U fERRETCE2I1ZERELENE DS S d 57, Tables 5-1, 5-2, 5-3 I,

a-CuGa0,. 0-AgGa0, ¥ X U8 B-AgGa0, D FERAYICHE & 7z fl gl e | il nr-
i FmOEFHEEZ LS HHELAZUME (a-CuGa0, s U=4eV, a-AgGa0,; U=2eV B &
O B-AgGa0, ;s U =2¢eV) Til®E L ZZEAIE O FERCHOR. ek L ofE 7
x—&~\xiv%nak%@a@%%m?ow?n@ﬁwﬁL BLThEHEDL SO
FEINE K, EBRWICHE S i miE % X CHEL Tz,

LI E2 5, 0-CuGaO,, a-AgGaO, X Uf B-AgGa0, ® LDA+U TOFHEICH T 2 ki 7Zx U
flEld, FEERIICHIE I N7l OE G L midzs KLCHHT 2 L0, Zh
ZhU=3~4eV, U=2-3eVELUNU=2-3eV ERE LT, TNOLDfHIZ, 4FEICENT
B-CuGaO, DaMAICHIE S L E L7z U = 5~7 eV L RS 2 L/h& <, FRIC Ag(l) % & Tl
iz L VNS R BHADLD o7z, ZNEDIEDZLSEICDWLTIE, RIEICTREL
a3 %,

Table 5-1. Structural parameters of a-CuGaO, obtained by structural optimization for the LDA+U

calculation with U = 4 eV and the experimentally observed results sited from Ref. 7.

Parameter Calculated Observed Difference
ag (A) 3.010 2.977 +1.1%
co(A) 17.362 17.171 +1.1%

Volume (A% 136.2 131.8 +3.3%

Cu-Cu (A) 2.977 3.010 +1.1%

Cu-0 (A) 1.871 1.848 +1.2%

Ga-0 (A) 2.016 1.996 +1.0%

Table 5-2. Structural parameters of a-AgGaO, obtained by structural optimization for the LDA+U

calculation with U = 2 eV and the experimentally observed results cited from Ref. 9.

Parameter Calculated Observed Difference
ag (A) 3.014 2.989 +0.8%
Co (A) 18.456 18.534 -0.4%
Volume (A%) 145.15 143.39 +1.2%
Ag-Ag (A) 3.014 2.989 +0.8%
Ag-0O (A) 2.054 N/A? -
Ga-0 (A) 2.018 N/A? -

% This structural data was not reported.
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Table 5-3. Lattice parameters, atomic parameters, bond lengths and angles of 3-AgGaO2 obtained by

structural optimization for the LDA+U calculation with U = 2 eV (Calc.) and the experimentally
observed results (Obs.) cited from Ref. 8 and differences (Diff.) between them.

Lattice parameter

Direction Calc. (A) Obs. (A) Diff.
ao 5471 5.562 -1.6%
bo 7.063 7.148 -1.2%
Co 5.575 5.469 +1.9%
Atomic Parameter
Element Site Direction Calc. Obs. Diff.
X 0.437 0.450 -1.3%
Cu 4a y 0.144 0.125 1.9%
z 0.512 0.499 1.3%
X 0.076 0.062 1.4%
Ga 4a y 0.124 0.124 0%
z 0 0 0%
X 0.591 0.622 -3.1%
oQ) 4a y 0.850 0.827 2.3%
z 0.420 0.430 -1.0%
X 0.549 0.542 0.7%
0(2) 4a y 0.414 0.417 -0.3%
z 0.333 0.336 -0.2%
Bond length
Ag-O Calc. (A) Obs. (A) Diff. Ga-O Calc. (A)  Obs. (A) Diff.
Ag-0(1) 2.280 2.418 -5.7% Ga-0O(1) 1.887 1.836 +2.8%
Ag-O(1)y’ 2.300 2.364 -2.7% Ga-O(1y’ 1.888 1.811 +4.3%
Ag-0(2) 2.377 2.453 -3.1% Ga-0(2) 1.884 1.862 +1.2%
Ag-0Q2y 2.241 2.328 -3.7% Ga-0(2)’ 1.879 1.828 +2.8%
Bond angles
0O-M-0O Calc.(deg) Obs.(deg) Diff. M-O-M Calc.(deg) Obs.(deg) Diff.
O(1)-Ag-O(1y 105.4 110.6 4.7% Ag-0O(1)-Ag’ 100.3 87.6  +145%
O(1)-Ag-0O(2) 111.2 102.7 +8.3% Ag-O(1)-Ga 102.8 103.2  -0.4%
O(1)-Ag-0(2y 116.3 106.3  +9.4% Ag-O(1)-Ga’ 107.3 1095  -2.0%
O(1)’-Ag-0(2) 94.5 1020 -74% Ag’-O(1)-Ga 122.2 1173 +4.1%
O(1)’-Ag-O(2y  124.8 131.1 -4.8% Ag’-0(1)-Ga’ 102.3 1005 +1.7%
0(2)-Ag-0(2y 101.9 1000 +1.9% Ga-O(1)-Ga’ 119.6 1305  -8.3%
0O(1)-Ga-O(1y 109.2 110.1 -0.8% Ag-0(2)-Ag’ 85.0 87.5 -2.9%
O(1)-Ga-0(2) 108.8 106.9 +1.8% Ag-O(2)-Ga 104.4 109.7  -4.8%
0(1)-Ga-0(2y 108.3 110.8 -2.3% Ag-0(2)-Ga’ 110.7 118.0 -6.2%
0O(1)-Ga-0(2) 108.5 1075 +0.9% Ag’-0(2)-Ga 108.7 106.6  +1.9%
O(1y-Ga-0(2’ 1119 1115  +0.3% Ag’-0(2)-Ga’ 104.7 102.2  +2.5%
0(2)-Ga-02y’ 110.3 109.8 +0.4% Ga-0(2)-Ga’ 129.0 129.1 -0.1%
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5-3-1-3 UfEDZ M

0-CuGa0, DEHHICH T 2 i 7x U flx 3~4eV TH Y | B-CuGa0, TD %+ (U=5~7¢eV)
X0 L/NE NV, 72, B-AgGa0, & 0-AgGa0, D LDA+U ICk 1 2 idi7Ze U X, &b i
U=2-3eVThY., Lidd Cul)ZETIEME Y /NS ote, TUHREICHEYTH S H
Z. [ Cul)dB LT Ag(l) 2> 5 75 2 iR TH % Cu,0 & Ag,0 IC2TdD LDA+U
RIS L L 728 — AR A O BT L 72,

Figure 5-3(a), (b)iZ. Cu,0 ®FEHID XPS I X U UPS 2= kA leMy | DA+U 12 X 25
BHabeIal—hFLZXPSEBLWUPS 2=7 FAERT, XY, U=3~4eV iCHBNT
Y 1al—FLAERRZ PADBEHOXPS ELNUPS A7 P LSHHELTWS I E
Bbnb, LI-EEENGEOKRTTERIZIU=3eV DL ¥ 2g=4275A T, U=4eV D L ¥ g
=4280ATHY ., EHHED 4260 AL D IZTVFND 03%LL T &40, KishiEs 1<
HHINT WA, LEdoT, Cu,0 OEAOERE U fElt U =3-4eV THH. Tt
0-CuGa0, D Z N & —8 3 %, Cu0 & a-CuGaO, F D Cu Ji 713 HICHESR L 1EHR 2 Bhifks &
LCTWw3, Cu 3d EFDHCHAMEHAPFHERERIC ’5%5*5# I. Cu-O D& i EChL
LHEDIZIR 7 & D Cu D FFTGE ICE S KFd 6 LS I N2 729, Cu PO JET
& A3 F U a-CuGa0, & Cu,0 & Tl UfED —3 L 7= L Bfi#C % 5, —J7. B-CuGaO,

(a) Cu,0 XPS (b) Cu,0 UPS (c) Ag,O XPS
1210 8 -6 -4 2 0 -12-10 -8 6 4 -2 0 1210 -8 -6 -4 -2 0

LDA LDA LDA
U=0eV U=0eV U=0eV /\/
DAY A TN LpA+u
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K _

Figure 5-3. (a) XPS and (b) UPS spectra of Cu,O and (c) XPS spectra of Ag,O calculated with
LDA and LDA+U together with experimentally obtained spectra cited from Ref. 17 and 19.
Calculated spectra were generated from cross-section weighted density of states and spectral

broadening of the instrumental resolution of 0.3 eV.
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o Cu i 7 IXEER & UMK 4 BefiZ L T3 0 | 0-CuGaO, % Cu,0 H D EMR 2 Beh7 i & 1352
75, TDILH, B-CuGa0, IC BT % iii7s U fH2S a-CuGa0, & Cu,0 Dz & 13H-7 %
TEDEKREHET S,

Ag,0 @ LDA+U TOEMRICH T 2 a7 U fHIZ. XPS D ¥ I 2L —3 a vHi U=2~3eV
ICBT, ElDXPS 227 b AMa X CHBIL 72 & (Figure 5-3(c). ¥ X UHEAIME S
DT ERAH ap=4.646 A (U=2eV) & ay=4.654 A (U=3eV) TH v, EExfE (4.723 APY)
EDTNROTND 2WLA T TH o722 &b U=2~-3eV EIRETE /2, L7 TLAY()
% &1 B-AgGa0, & 0-AgGa0, L N AQ,0 ICk I 27 UfEIZ W9 ih U=2~3eV T—
Bz, ToOffiid Cu(l)% & B-CuGa0, (U =5~7eV) % a-CuGaO, (U=3~4eV) XU
Cu0(U=3~4eV) XD b/NE Doz, Ag' DA F v (4L E 2FfCTENZE R 10A,
0.67 AP 13, cu'ozhn (060A, 046 A) XV b KX\, D7 Ag4ad#iEIZ. Cu3d
BB X 0 b EMNICIEDS Y REEIRNES S RS, itk b, Agad DB T HEMHA
ERIC X 238213 CuldBICE T 22N XD /NI 2D ZDOBEEZFIET 5 DICHHE
U DBNIWHE o7z EHER I NS, Ag4d HLED HCHAERAZHIEST % 729 Ic 6Bk
UfE2S CuldBuliics 173 UEX W/hXwZ kid, HHAA YD Ag'e Cu™. 4&JE Cu &
&I Ag 1T DT b FfR DA & s b P2 zls%ﬂ%:u%ng LXEL R,

PAE XY, flifET 0BG L a0 FHIE e . SHEMRE 0 BoREIcE D
WTCHRE L7=RR D U X2 2 Hipicd 2 J:#IUT’C“% 5, L7d3o T, RIAMRETIE,
BEYE DB THEE R . 0-CuGa0, Tl U=4eV, a-AgGa0, TiZ U=2eV, B-AgGa0, Tlt U=
2eV & L7z LDA+U IC X o TR L 72, ¥ 72, B-CuGa0, D&, 4FE Tz Xk Hic U=
6eV & LCRIMEL 7,

5-3-2 0-CuGa0, ¥ £ U a-AgGa0, D ETF &

Figure 5-4 iC, U=4eV THHEL a-CuGaOz\ BFLUU=6eV TEIHE L 7% a-AgGa0O, ®
E-k X% /Rd, 0-CuGa0, & a-AgGaO, i3 3tic, WL & [Fkkic MEHER R KT H » 725
[1026-30] *_CuGa0, & a-AgGa0, D. E‘/J\FEH;rf'\' ¥y 7 (FI &K Li/NEESHY v v 7

(0T B 5 XCEEFEX Y v 7 Ot%¥ v v 7 LLEBY) ofthfb e £kt
¥ L7 D% Table 5-4 IR T ,0-CuGa0, & a-AgGa0, DEHE ¥ ¥ v 73, £ N % 10.3~1.3
eV B XU 1.0~1.7 eV 1T EEHEZ B/ NGHE L T2 28, BEEF Yy vy 7eEX vy v 7oKk
NBARRIZFREL L T iz,
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Figure 5-4. Electronic band structure of (a) a-CuGaO, calculated with LDA+U for U = 4
eV and (b) a-AgGaO, for U = 2 eV. (left) The band structures along the symmetry line

whose horizontal axis were standardized with the length of each k vectors; (center)

corresponding total and partial density of states; (right) enlarged PDOS.
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Table 5-4. Calculated and experimentally observed band gaps of a-CuGaO, and a-AgGaO..

Materials Transition Type Calc. (eV) Exp. (eV)
F-I Allowed indirect 1.20 2.55°
r-r Forbidden direct® 2.02 -
0-CuGa0, " ' ! "
Allowed direct® ' 3.75
F-F 3.77
F-I Allowed indirect 0.74 2.38°-2.4%
r-r Forbidden direct® 2.57 -
0-AgGa0; L-L 3.44
Allowed direct® ' 4.12%-4.47
E-F 3.33

aRef. 25, "Ref. 31, ‘Ref. 10, °Ref. 26, °Ref. 32, Ref. 33.

5-3-3 B-AgGaO, DETF#EiE

Figure 5-5 iC, LDA+U (U=2eV) TaIHE L7z, B-AgGa0, D E-k X% /"3, CBM IZ T 51
ICH 57223 VBMIET i & S s o dffic d b (Figure 5-6(a) i N v Rt 5 D5 KX % 7R 37)
B-AgGa0, MBI BARTH L Z L 2R LT, R/NDREEF v v 7L EE Xy v 70
HEfHIZ. #hEN027eV & 030eV TH Y, EHONEF v v 7D 21-22eVI0¥M e [t

-AgGaO
E—k dgia ram2 PDOS Enlarged PDOS
9 total Cu Ga O Cu Ga (0]
:70/\
6 L] ] 1 . R L6
ST SAINY
N
4 I\ \< _ _ ’
A0 [V | | ’
x30|{/ x30 x 30
0 nd =y L~ g Lo
= = x3 %3 X3
U s 7\
g=s= == == =} -
o= S s =
-4 =1 — ) = . L -4
?9 /Q%>§§><
LA F ke
D N <<
-8 | 3

FZT I'YSTXUT RTY 010200 150 15 0 15 ;

Figure 5-5. Electronic band structure of B-AgGaO, calculated with LDA+U for U = 2 eV.
(left) The band structures along the symmetry line; (center) corresponding total and partial
density of states; (right) enlarged PDOS.
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F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl

RBERIBIT/NEWEE 72> 72,

B-AgGaO, D & Tt id. MEHR CIXILEIEIC GGA ® LDA %, iR T vy Lic oL b+ 7
V7 P ERCTHEI N TE BN 205 o@iics T b p-AgGa0, 2 LB ©
HDHIEPRINTVSE, L2L, ZNHDMETDO NV FEFRIE, SRICDOWTEIRL T
BEHLT.VBM AU BICHE L INTD, £ I TB-AgGa0, DE TG %, JLEIEIC GGA
®© LDA.LDA+U % iR T v ¥ VI ) VAREFR B X O UAL 7Y 7 P ERAWCEIEL,
B-AgGaO, ® VBM DiiE A, FLEARRHE AR T v o v MITHKIF T 2 & 5 % i ~7- (Figure
5-6(a)~(e))o VN TV 7 MERT vV ¥y VBT GGA TRIME L 7256 D A, VBM 23 U
MICH o, ZOMDOTRTCOFHEIE, VBM AT fié Smoffilicd b, LDA+U (U=
2eV) TOFME L —H L7, 72, LDA+U TilH L 72 VBM OAE X, U OfEIC X 5T TI-S
flzbTricEbon, U=0~12eV O2HFFHTVBM IF U miTlda Trid S moHHE

(a) LDA+U (U =2¢eV)
with Norm-conserving

VBM = b/w G & S points

(b) LDA+U (U =2eV)
with Ultrasoft

4 VBM = b/w G & S points
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(c) GGA (d) LDA (e)GGA
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FZT TYSTXUT RTY TZT I'YSTXUT RTY TZT I''YSTXUT RTY

Figure 5-6. Electronic band structure of f-AgGaO, calculated for (a) LDA+U (U = 2 eV) with
norm-conserving pseudo-potential, (b) LDA+U (U = 2 eV) with ultrasoft pseudo-potential, (c)

GGA with norm-conserving pseudo-potential, (d) LDA with norm-conserving pseudo-potential

and (d) GGA with ultrasoft pseudo-potential. VBM were indicated by red arrows.



F5 R HAEEEIC X 5 a-CuGa0,. a-AgGal, 35 X U B-AgGa0, O & 11k ¥l

> H3 VBM L7257z, VBM IEFED B0 D T/NI nWizd, §XTOFEICE T, U
Me. TRESHOFRE SO —27 LD A NF—FTITL A L7 (<0.07eV) (Table
5-5), L72235C. VBM 2fEET % k HIC oW CldiEEmo R S 2 D DD, LDA+U (U =
2eV) DEFEAFEHOME TH XPS ZHELZ2 L h b, ZOMRE—IT bbb, IHES
HOFHEAVBM THEZ &—IF, FHETIICED L Bb D,

Wiz &0, TXCORMN T TO B-AgGa0, DEHFER L, Zh 2 MEaERilch s
R LTE D [FL B-NaFeO, D B-CuGa0, 75 LDA+U % sX-LDA % FEAEUC V72§ C
DI ECHEEBERM L RS NP0 LIRS R B o Tz, 2D X9 I, B-NaFeO,
RIBAL) I I ERER B R & MERER N EROME 7S 2, B-NaFeO, (LY
DHERS OREIEIC OV T, Z D EHEEN O MO, & OM, UHR (M=Ag, Ga) @
FVHEELA SO FNOKRE I LBEAD 2 & v Emnd 258, cofidiicsncit,
B-AgGa0, 1x Ag'D A A v REAR Ga¥* 2 NI D 7R ) KEW=oic, MmN CIES
NAUARO O FHAKRE L, FEERR L 2 b, B-CuGa0, iF Cu*d A 4 v %28 Ga®* o
ZN RN DWHARD O F AN, EEEBMIC R o 72 L BIKEmNICHHAI L TY
%,

Table 5-5. Energetic differences between several k points of B-AgGaO, calculation with various

functionals and pseudo-potentials.

Energy of Energy of the Energy of
I" point maximum point U point Reference
(eV) between I' and S (eV) (eV)

Functionals and
pseudo-potentials

LDA+U U=2eV This work
. -0.0321 VBM -0.0456 .
Norm-conserving Figures 5-5 & 5-6(a)
LDA+U U=2eV 0.0465 VBM 0.0062 This work
Ultrasoft ' ' Figure 5-6(b)
A Thi k
cG . -0.0903 VBM -0.0493 . 1S wor
Norm-conserving Figure 5-6(c)
LDA . -0.0936 VBM -0.0630 Thls work
Norm-conserving Figure 5-6(d)
CGA -0.0653 —-0.0095 eV VBM .Thls work
Ultrasoft Figure 5-6(g)
GGA
~-0.05 Not Calculated VBM Ref. 35
Ultrasoft
LDA
~-0.05 Not Calculated VBM Ref. 26, 34
Ultrasoft
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Pav.

F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl

534 BF - K- LOEHEE

X (1) OBIHLEM % TR L 72 0-CuGa0, & 0-AgGa0,. B-AgGa0, DE T-& & —
LOFENEE %, 43I TRD 2 B-CuGa0, D% N b & T Table 5-6 IC/R T,

= n Kk? 1
T e

BEYORAMERIZTVTND, 014~044 OHHICH YV FARETH o7z, —T, F—NVDFH
MIE &1 CuGa0, 1 X U AgGa0, I nofb&WicswTd, pHDOT A atHE b dRKEH
o7z, TOBBICDOWTIE, 542 & 5-4-4 ICTREL K EET 5,

Table 5-6. The effective mass (in units of free electron mass, mg) of electrons and holes for
B-CuGa0,, a-CuGaO,, B-AgGa0,, a-AgGaO..

) Electron Hole
Material . .
Direction me*/mg Direction mp*/mg
I'—>X 0.21 I'—>X 5.1
B-CuGaO, I'->Y 0.21 I'->Y 1.7
(U=6¢eV) I'—z 0.21 I'—z 4.9
I' —R 0.21 I'—>R 2.7
I' —>F 0.44 F—T 0.41
o-CuGaO,
I'—z 0.34 F—L 1.7
(U=4eV)
I'—L 0.44 F—z7 0.49
I'—>X 0.33 b
VBM—S -
B-AgGaO, I'-Y 0.14
(U=2eV) I'—z 0.21
VBM—T 4.0
I'—R 0.21
I'—F 0.40 F—T 0.28
a-AgGaO,
I'—z 0.27 F—L 1.1
(U=2eV)
I'—L 0.42 F—7 0.36

®The k-vectors of I' =X, I' =Y, T'—>Zand T —R in B-CuGa0, and B-AgGaO, corresponds
to the (010), (100), (001) and (111) directions in the real space, respectively. The k-vectors of
I'>F, I'>Z, I' =L, F—L and F—Z in a-CuGaO, and a-AgGaO, corresponds to the (110),
(1112), (010), (100) and (001) directions of the primitive cell (rhombohedral unit cell) in the real
space, respectively.

® This effective mass could not be calculated due to the significant flat band.
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

5-3-5 B-CuGaO, £ & U} a-CuGaO, D HFHIME

Figure 5-7 IZ 55 —JRHHEH5IC X v 3Kk 72 B-CuGa0, & a-CuGa0, D& i LR L 72%
SR D NI 2= 7 P V%R T, ZORTIE, B-CuGal, DEHEIEX ¥ v 7D I'-T &

¥ (GHHEfE0.23ev) 2> 7 F L, FHIED 147eV ICHEDETH %, £72. a-CuGaO, D
BHFRY vy 70 L-LEBF GHEE3.49 ev) 13EHIfED 375 evPic 5> X957 L,
Zhick boT, EESEH ¥ vy 7 (-TEFK) 13240eVich 3,

B-CuGaO, IFEHLERNHERTH V), 2»D. VBM IEfHED DOS 2K X \Wizo, JRINR
BNV F¥xy U LD A LF—CcaQBiIc PR L, BEZFAEX Y v 7 (147eV) 0.2
eV D 1.67 eV TlF 1.1x10° cmMICE L T 3, —7F. a-CuGa0, IX[EiHE B R sk C b
%728 HINREUZTE **’“ﬁéﬂ# Yy 7D 2406V L ETIRAZICKRELS 20, EEFA X v
v 7 (3.75eV) ®02eV LD 395eV Tid, 5x10° em™ I L T3, a-CuGa0, DB
BX¥ ¥ v 7O WINGAERE 5x10° cm™ TH Y | p-CuGa0, D 1.1x10° cm™ X /N X v i,
5-4-2 ICCikam 3 % & 9 I, a-CuGa0, D VBM iif%® DOS %% B-CuGa0, DZ N L h/hIZ
LICXBZDTHAD,

-1

e

(&)

3 )

510 |8 o

2 ) =

2 40°) w’ g

c 2 uy

£10°] 2 y

8 uf” a-CuGaO,

QO Al i

<1O T T T T T T T
1.0 15 20 25 3.0 35 40 45

Energy / eV

Figure 5-7. Calculated absorption coefficient of polycrystalline f-CuGaO, (U = 6 eV) and
a-CuGa0; (U = 4 eV). The calculated direct and allowed energy band gap of a-CuGaO, and
B-CuGaO, was rigidly shifted to the experimentally obtained direct band gap.
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F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl
5-4 E&®

5-4-1 atB& BHHOHEREM

Figure 5-8(a) IC L&A D B-CuGa0, & a-CuGaO, DT A L ¥ — 7% #ifilic Ufiz & Y
B L72bD%ERT, U=0~12eV OHPHICFH VT, B-CuGaO, D 4T F L F —(F 0-CuGaO,
DZENX Y HKEL, B-CuGaO, 78 a-CuGa0, £ V b ALXEARMHTHE L EZRL TS,
B-CuGa0, Ix Ar FZFH% T T 460 °C LU T 0-CuGaO, IC A Wil ZfHAERET % & & o, i
fr#h & (Differential Scanning Calorimetry, DSC) IZ & » TR 7= fHARER; D FEEVE Y 31.97
kimol™ Tdh 3 2 &3, ERLICE V#EIhTWwBP, DSC ic X v Ml & n 3 HHZS R I
SBEZ I, Wb AN F -2 HAZETH B 720 AR I v 2y —
ZALEFXIG LRV, 2D L EFEELTH, Figure 5-8@)ICR L7z piHlE a oz 40
F—D#F, U=4eV TliF 43.9kImol?, U=6eV Tl 37.3kImol* TH v, DSCHlEIc X %
FEE (3197 KImol™) &3 L Tz,

B-CuGaO, D4 T )L ¥ — 2% 0-CuGa0, & Y D KX o7z & AkIC, B-AgGa0, &
0-AgGa0, DETL AL F—ICHENTH, $XTHOU (0-12eV) iICEWTRHB a L D AR
LR TH 2 Z & %R LT (Figure 5-8(b)). % D#1x U=2eV Tl 59.2 kmol™, U=
3eV Tld 55.7 kimol™ TH Y |, p-CuGa0, ¢ 0-CuGa0, & D7 (U=4eV T 422kimol*, U=6
eV T 36.0 kimol?) X Y K% 2572, B-AgGa0, & a-AgGa0, D HHZE 1 1< B3 2 F2BRAY 72 i
BHlE b DD, B-AgGa0, % /KICIRT 3 & BT a-AgGa0, ICHHZRES 2 = L B2,
IKEAA R EEAIEIC T AG0 & Ga03 72 5 a-AgGa0, NEHEAK TE 5 = & B2 3

(@) CuGao, (b) AgGaO,
100 100
g 8ok B-CuGaO2 8oL [B-AgGaO2
2 o)
3. 60F - - 60 .
o o~
8 40¢ /O/Cy 40 /o/O o
o 7 -CuGao, o
.% 20k 20 /C/o/o a-AgGaO,
[
2| 0 M@/@

Hubbard U / eV

0 2 4 6 8 10 12
Hubbard U / eV

Figure 5-8. Calculated relative total energies of (a) f-CuGaO, and a-CuGaO,, and (b) B-AgGaO,
and a-AgGa0,. Total energies of a-CuGaO, and a-AgGaO, calculated for LDA without U (U =

0 eV) were set as zero.
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

Z DK DL ER DS 0-AgGa0, TH - T.B-AgGa0, IZHELTEMHTH Z Z L 2B L TH D,
HRERSRITZENE LR L Tz,

5-4-2 CuABDRFEE L METFHFDOEFEE

B-CuGa0, & a-CuGa0, D E-k X3 & I"PDOS # LL#X L 72 & D % Figure 5-9 IZ7x 3, B-CuGa0,
¢ a-CuGa0, DffifE #® DOS # KT 2L, 2D ALF -T2 0M, ThbbA
VIEOSEAKRE S B S, fliE T (0~-6 eV) ZEHT % Cu dBLE DTS5 O K X
2NV R, B-CuGaO, TIRDEDV/NE L NV R (0~2eV) &Y F Il (-35~-6eV) D 2
DDV FIZHZE L, 206 DI DOS D 4L F 1 (-2.5~-3.5 eV, Figure 5-8(a)
ICTIREBETRT) A oD, —J7 T, 0-CuGa0, TIROEAKEL ANV F IPERLAEZD
EODIFEDIE AV R (0~-6eV) ZIZEKL T\ %, Figure 5-10(a)iC B-CuGaQ, DX v F | &
NYFNDOZRTCETHFE~ Y 728 T, NV FIOEFEE~ Y 7Cld, CuliitLiEdi
DOINCHIATFEEL, NY F123Cu 3d & O 2p HEio KA HEHuEICHY 325 2 8 Z2RL T
Wb, —Ji. NV F I OBFEE~y 7Cld. CuliTLBHEDHE Y OETFEE D&\
DENR->THEY ANV FI ACu3d & O2p DG EHHEICHY T 22 L 2R L T2,
L7235 T, Ak L7z B-CuGa0, DffifEFH D Ny F I &NV F Il DEICHEET % DOS @

b

=

-CuGaO, PDOS

(a) B-CuGaO, PDOS (b) a-C
K -k diagram _total Cu Ga (6]

E-k diagram total Cu Ga 6]

A\ =
%

m

A

S~
— "M

™~

¢
SE

o

7

> )
S

N

o

E%L

]III

0102030 0 10200 1020 0 1020

(N
IS

&

TR S
IR
S A 1S

NN

]II’

F02468 02402402 4

—
-
N
—

[} B N

(PRI R

AV Y (A

NG I aty —
RS &

AR/ LY

IVARRVARLY/) R

(A0

rzrT

(c) Cu,O
8,

(%)
—
X
C
Py

total Cu (¢} —S —p —d

Figure 5-9. E-k diagram and PDOS of (a)
B-CuGaO, calculated with U = 6 eV, (b)
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FoE FFBEHEICX S a-CuGa0,. a-AgGa0, I X Uf B-AgGa0, D & i d Gl

(a) B-CuGaOo, (b) a-CuGaO,

iR
o
Electron density / 101 electron A3

0.5
Upper valence band Lower valence band 0
(Band 1) (Band I1)
Q@cu@®@ca@o0 A a a
Upper Band I Lower Band I

Figure 5-10. Two dimensional electron-density contour plot of the LDA+U calculation of (a)
a-CuGaO, with U = 4 eV corresponding to the higher energy region of valence band (E-Evgm =
-2.45-0 eV) and the lower energy region of valence band (E-Eygw = -6.82—2.81 eV) and (b)
B-CuGaO, with U = 6 eV corresponding to the higher enegy region of valence band (band I;
energy range of E-Eygym = -2.16-0 eV) and the lower energy region of valence band (band II;
E-Evem = -5.66—-2.96 V).

v AL F ik, KEEAHETE L atEiEof o = A ¥ — 1Y 3 2 $ o & g
TE& %, 0-CuGa0, ICHE W TH N F I D EE (Upper band I') & B (Lower band I’) 13,
Cu 3d & O 2p BB D KiEATEPLE & A5G HERLE IC 2 L2 UM 3 % Z & 28 Figure 5-10(b) T
FARTENS, LAL, 2ROIEEELZ Y FEZEELTWE Z b, KEEAMTIE
CAEETEIE X O AN F - TEL > TV LIl 5,

DX 57 Cudd Ny FOEW I, Cu i o JE P o Bz ic X b Bilfig < % % ,B-CuGa0,
oD Cu JH 7 I3HEE & UK 4 Bihz L v 2 0T, BB IC X T Cu 3d BulEid.
Figure 5-11 ISR T X 5 1c, t, (+0.18A°) ke (<027 A°) /33 2M —75 a-CuGao,
D CuJFiF 3R L EM 2B L TH Y . B SR IC XL of" (+1.03A) & 7y (+0.11
A). 5y (063 A) D3 DODMERNICHHMT 2, Z X 5% CusdBuEDHRIC, O 2p il
LA R KT 2B AENE & KA HIE D »# % A 5 & Figure 5-12 ®© X 5 7ol
R TEE NS, B-CuGaO, D-2.5~-3.5eV D DOS DT 3 ¥ —igid, B THIcX 3
PERELY D FEAEIE L KEAGENEDO T AN F —EDT P REVZDICEHNLZLEZD
N, FEATED 6 #E & KEATED e il ALF -G T 2D EE 25 (Figure
5-12(3)). ZHITH L T a-CuGaO, Tld. Cu 3d BB 04", mg, 5y D 3 D DIRREICH AT 2 7=
OIEIA T AV F—FERICED Y . fEAEHD of BRIEEED §eER 2, LI, =
AL ¥ =255 L (Figure 5-12(b)). B-CuGaO, D X 5 72 DOS @ 72\ > T 4 v ¥ — kA 7z
Droleb D EHEFEIND, 0-CuGa0, & A U < EHR 2 FLfiiEiE 2 5D Cu,0 OffiEEFHiICH
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

(a) B-CuGao, (a) B-CuGao,
Tetrahedral four-fold coordination

10 /; / *
0= t,(d,d, d, Cusdy " Fo1sa €
Cu3d/018A, y Gy Sttt Band |
Cly = 007 & \ 0278 0 2p°
o \ r— " e(dg dee_y2) -
t2
e

Band Il
(b) a-CuGaO, (b) a-CuGaO,

Linear two-fold coordination g

*

+ 1.03 A’ Ty

! % (@) Cu 3d10/ | .

o 3d'/ 1.034 HOREI %

u = 1, (dy,d,) ¥

: g "z Hyz , +

Cu #0.11A \ 0.63 A o,
o \ 0.63A

O 2p*

r— 69 (dxy’ dxz—yz) ng

69

Band I’

Figure 5-11. Schematic illustration of the Figure 5-12. Schematic illustration of splitting
crystal field splitting of 3d orbital of Cu of antibonding and bonding state between O 2p
atoms with two-fold and linear and Cu 3d state (a) in B-CuGaO; involving
coordination and (b) four-fold and tetrahedral four-fold coordination and (b) in
tetrahedral coordination. a-CuGa0, involving linear two-fold

coordination between Cu and O atoms.

WThH, liFETFH D DOSIFVE DDAV FEhos>TnbDT (Figure 5-9(c). 2D X5 7%k
Cu3d »¥ v FOHUE Cu() D TEH 2 BLfifhE OFEcd 2 L BT 5,
B-CuGaO, ® VBM iif#%® DOS 13~20 states eV unit cell* TH Y, p-CuGaO, D7V LT v
— VA a-CuGa0, DZEN LV b 4FERE L, Cu,0 DENLFIRETH 2 Z L 2 FfET 5
& . a-CuGa0, D # i (~2 states eV?) % Cu,0 D% (~7 states eV?Y) L HEHS 2l kX
Vo TRITDWTIE B D VBM EF5 1E 3 BHAMAE L 72 tIKEBICHIZE L | o #H5° Cu,0 @ VBM
W RHEE L Tohwv op™REEICHR L Tw M L L RCHIET 2, 2D X 9 72 VBM T
ETDNY FDONEDE A, 0-CuGa0, Tli m,/my = 0.41~1.7. B-CuGaO, TlE m,/my=
1.7~51 £ WH R — AL DOENEREDENE LTHNS (Table5-6), T7abb, 2D X5 7%H
EEROENIE, Cull)DBRCAIEICHRK T 2 b D LI NG,

ZZETHRARTE LS 7 Cu DA {ATRELE A VBM 365 D Cu 3d Bl D 73 & PR AE
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F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl

(a) B-AgGaO, (b) a-AgGaO,

’ PDOS :
E-k diagram total Ag Ga O E-k diagram
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Figure 5-13. E-k diagram and PDOS of (a) B-AgGaO, calculated with U = 2 eV, (b) a-AgGaO,
with U = 2 eV. The horizontal axis of E-k diagrams were standardized with the length of each k

vectors.

TLHLWHIBEHBIEL T, b LR UHMEEZA L, Culd Bl L [Ffkicz v ¥
— D E Ag 4d BLE DM E T 2 KT 5 B-AgGa0; & a-AgGa0, IZEWTH [AkkD & & 23
B Y 3722139 TH % ,p-AgGa0, & a-AgGa0, D E-k K X UNPDOS # £ & ¥ 72 D % Figure
5-13 I d, il T L& (0~-6 eV) ZEICHERL T % Ag 4d @ DOS X, B-AgGa0, TIldFF
IZ 0~-4eV TKE D o775 T, a-AgGa0, Tl 0~-6eV IC7 72 5 ITAA Y . FFIC 0~-2 eV
NS Dotz b, B-AgGa0, D Ag4d N v F DIl T4 TD /B, a-AgGa0, D%
XD BNV eDbrd, ZONHMDOETF—LOEHERICHENTE D, B-AgGa0,
@ﬁ—W@ﬁﬁgi(m%m>MD@aA%ﬁb@%h(mMm:O%ﬂl)l@k?#o
7= (Table 5-6), B-CuGaO, T4 7= Cu 3d & O 2p BB D ik A TEHLE & & Al ic
JG3 2 53%4%. B-AgGa0, TD Ag4ad & O 2p HiEICH T d R 541 (Figure 5-13(a) I T
TR T), B-AgGa0; & a-AgGa0, ICB W T b, % DliEE TH D8 Ag JR T DlLli i
ISR 3 AgAd BILED A KL T W3 Z &b otz, BlEX Y, ptHE atHo—{fi
DHF A v OENIE DM F i D EIC K & B % 5 2 5 & v ) Mfigld, p-CuGao, &
a-CuGa0, 7217 T7 <, B-AgGa0, & 0-AgGa0, ICEBWT DV LDZ L b oo T,

5-4-3 a-CuGaO, $ & Uf B-CuGaO, DRF ALY & BFiEE

B-CuGaO, Ix. v A VHIfEED 2fio 754 v % 1ffi & 3ffid A 54 v CHIAIY I E R
L7=ony s oirEfiEx 4632 (Figure5-14(a)). Cu JR 1 & Ga JR 7 IZHAIMICE
FLCw2d00, WINSBRICWAKABMNLEZFA P2 AL, 22, KAICIA
TW3DT, v 7riCRNECuET L GalRTIIRCEBALZIRETH L LAKE D,

Jiv 777 4+% A4 M 0-CuGa0, 12, Cu0 J& & Ga,03 825 ¢ By AIc 5 I HESE L 7= J& IRk
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Paraxd =

5 HJREERIC X % 0-CuGa0,. a-AgGa0, & X X B-AgGa0, D & 11 @ FFAfi

W& (Figure 5-14(b) TH bH ., HABKTHEO —f<Th b, ZoOfEHTlE, CuliFiT
IERR 2 BeArigE&E %2 . Ga JE 113Nk 6 BifiiE %z & W 2o O/ EIR e Bk 5, »
D, IO DEIREEZ L T % 72912, 0-CuGa0, 1 @ Cu Jii 1 & Ga Jii 113, p-CuGa0;
TODXIICRAE LKL ZA LT\, 20X BRIETFEIICE T 280, Tt
DETHEEICRD X SBT3, Figure 5-15 iZ p-CuGa0, & 0-CuGa0, DY F ¥ % v 7
WTEED PDOS DL AKX % 7R 3, B-CuGaO, Tid. mEHRTDJEEKIZ Cu 4s & Ga 4s TEITHEAK

(a) B-NaFeO,-type (b) Delafossite-type
B-AB"O, a-AB!"O,

@A OB @0

Figure 5-14. Schematic illustration of the crystal structures of (a)
B-NaFeO,-type B-A'B"'O, and delafossite-type a-A'B"'O,

(a) B-CuGao, (b) a-CuGaO,
10t [ /v 16} |/
0sl Cud4s || Gads 14l Cu 4s
2 0.6} v Eg %1.2- v Eg
Boz Cu3d +02p 302 L | cusdsozp |
:

o

o
o
o

Cu:4p

©
()
\
o
)

I
~

" Density of states / a.u.

—Cus--Gas~Op —Cus--Gas—Op
—Cup--Gap —Cup--Gap
—Cud--Gad —Cud--Gad

Figure 5-15. (Left) Enlarged Partial DOS and (right) schematic illustrations of electronic
sates at the band edge of (a) B-CuGaO; and (b) a-CuGaO,.
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FoE FFBEHEICX S a-CuGa0,. a-AgGa0, I X Uf B-AgGa0, D & i d Gl

INTVBE, ZNLIRIBELTEY., 2 D5 12IITFRE TH % (Figure 5-15(a) /2).
VBM (I, TALF—DE\ Cudd & O2p WLEAREK L T 525, ks 5 0.05eV Tl
Cu & Ga ®D 4s, 4p HUEDHF G DERE D v FAEHN TV 3 (Figure 5-15(b) /), D X 9
72 Cu & Ga DR THUEDRKIZ, p-CuGa0, T T CuJiT & Ga DR TFALKIRE > T3
T VAELEDD LIRETE 3, a-CuGa0, Tl EH DI, T 74b bimEH T if
X Cu 4sHLED A TREL I N TH V. Ga 4s WUBEDE 513 Z D] 0.04 eV 5 = 4 v F — il
LbHINS, VBMIXCu3d & O2p#ilEic X VA X 4. EliA 5 0.03 eV KT 4 L F —{llic
Cuds & ApWuED ORI N2 N P8I, Ga ds & pWUELFHFG T 5 FidZzhn X
DEHIC013eVIERZI AL F =2 bHNIZI LD 5, Thabb, (mEFE Nif & i 74 Lo
ANV R CuJEF L BEROKETHOED DK I, Ga i T DR TIEDFHG T 25 F
NS XA ¥ =2 683 (Figure 5-15(b)f), T D X 9 I 0-CuGa0, D&
THEE X, NV FFr v Z7O/NE 0 Cu0™ e 74 FAY F¥r v 7D Ga,0.* 0 & 7
ErHficERNGDLE OO TH S, LHEMETLILHBTES, 2D L, a-CuGa0; H
Tl CuJi¥ & Galfi ¥ B-CuGaO, ' & 5 i L 724REECIE 72 <. Cu0 J& & Ga,03 /8
ORI NZEIREETH 2 2 L ICHKRT 2 ITE VR,

B-CuGa0, & a-CuGaO, D i T-EHNICHER ™ % N v Pl OB HEiEDE WV X, Cu LA
EICHED Ag % &1 B-AgGa0, & a-AgGa0, iICE VT b ALNS, T7hbb, B-AgGa0, Tl
SNV FUEGFIE Ag & Ga DFEFHLES X SR LNy Fic X W L5 28 (Figure
5-16(a)). AQ.0 & & Ga,03 8 7> LK X 11 2 RIS D a-AgGa0, Tl £ DN v P’
I, SV FF vy ZHRNE 0 AGORPHL 7 4 Py F¥ v v 70D Ga0; D E i % M
flcEnEbEbo L LCHECE 3 (Figure 5-16(b))

PAEX Y. B-CuGaO, & B-AgGaO, ® CBM iiffid, RIEM L7 Cuds & GadsHuED L

(a)1[32-AgGa02 (b) a-AgGaO,
L 124 |1 7 Ga 4s
1.0} Ag5s || Gads Ag 5s
1.0} ;
>08 I - =
3 Ag 4d +02 208 | Agad+ozp |
¥
502 9 & 50.2} 9 &
3 o
1 Ga4p:5 Ag 5p LﬁOO- Ag55
0.0 e Or ) - g-op
Gai4s § g:9S 3
0.2k 02 P Gads § Gadp
Densit'y of states / a.u. Density of states / a.u.
—Ags--Gas— 0O —Ags--Gas O
—Agp--Gap P —ASD"GaP P
—Agd--Gad —Agd--Gad

Figure 5-16. (Left) Enlarged Partial DOS and (right) schematic illustrations of electronic
sates at the band edge of (a) p-AgGaO, and (b) a-AgGaO,.
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

{1X Ag5s & Gads BLUEAEICHEM L. a-CuGa0, & a-AgGa0, ® CBM i Cu 4s Ll b
L <% Ag @ 5s BB FEICHERL L C\wiz, 2o E-k X (Figures 5-8, 5-12) % Hik3 3
ELnTRICEWT S CBMIFO D EIZs B L ZE U TH 5 (Figures5-8 & 5-12 iIc k1) %
E-k Klofhix, k X7 FLrORZITHIgLLTHEDT, 2o v FoiuiRzH
THIET 22203 T&E2), 2O TOETFOHRNER (M*my) 1XITIZFEE T
»HY (Table 5-6). Hid X 9 7 CBM iLfE D H FHEDIRMOREICIIT & A LIKF L&
W

5-4-4 Cu3d,Ag4d XY FOHE=ET 2HEF

B-CuGaO, & B-AgGaO, D E-k [X|¥ L U PDOS % Ltk L 7= b @ % Figure 5-17(a), (b)IC/R 3

(@) B-CuGao, PDOS (b) B-AgGaO0, ob0s

E-k diagram total Cu Ga O E-k diagram total Ag Ga O
6«11 AV 71: ] N Z T \
SN BRI

| ] | N

IS

(SNNADIAY

AT T

(AU PAZAY
BN w«i?mmw
VAR 0/ LIV

FZT TYSTXUT RTY01020015015015 T ZT I'YS TXUT RTYO01020 0150 150 15
(c) a-CuGao, total Cu Ga O (d) a-AgGao, total Ay Ga O
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Figure 5-17. Electronic band structure of (a) B-CuGaO, calculated with LDA+U for U = 6 eV,
(b) B-AgGaO,, for U =2 eV, (c) a-CuGaO, for U = 4 eV and (d) a-AgGaO, for U = 2 eV. (left)

The band structures along the symmetry line whose horizontal axes were standardized with the
length of each k vectors; (right) corresponding total DOS and PDOS.
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F5E  FHBFREIC X % a-CuGa0,. a-AgGa0, 5 X UF B-AgGa0, D & 1t d FFAl

(@) Cu,O (b) Ag,O

) PDOS ; PDOS
E-k diagram total cu o E-k diagram total Ag 0

{
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TNIPNT

=
-4 -4
<[> | .
-8 1 L N L. ]-8 1 L A A
X R M T R 0 1020 0 10200 1020 X R M T R 0 10 20 0 10200 1020
—s —p —d

Figure 5-18. Electronic band structure of (a) Cu,O calculated with LDA+U for U = 4 eV and (b)
Ag,0 calculated with LDA+U for U = 2 eV. (left) The band structures along the symmetry line
whose horizontal axis were standardized with the length of each k vectors; (right) corresponding

total and partial density of states.

B-CuGa0, & B-AgGaO, DffiE iF DEFHHEICIZ. KDL 5 mEVHAHR LN, B-CuGaO,
D DOS 1% 0~-2 eV & -35~45eV TKE L 7o T/ 23, B-AgGa0O, D DOS 1 0~-4.5 eV D
FHIR T 72 5 TR o Tz, H#iC Cu 3d/Ag 4d BILE & O 2p Bl D fsE & MEE & KRS &
B DT H % DOS D = 4 v ¥ —I5 (Figure 5-17(a), (b)® PDOS XT3\ TR E
TRY) DIEAHEICHR L > TE Y, B-CuGa0, TIIEAHI 1.5 eV (-2~-35 eV) 7227223,
B-AgGa0, Tz Z N X W 27 W F§) 0.2eV (-25~-27eV) #o7-, L7=28-> T, B-CuGaO,
@ﬁﬂi %m@ B, B-AgGa0, D L X b %/J\éi»otoﬁ%@Ga & O DOAfiEE F#5 D PDOS
BRI T 5 &H 5, B-CuGal, & B-AgGa0, DAffiE ICBITF 20 E DE L, Cu3d
$fL1_<‘: Ag 4d BB D 3B DB WITER L T 3

0-CuGa0, & 0-AgGa0, D& T D& %*%L 3. DOS Do :tmrf%@fnto ERAS
bbb, 0-CuGaO, DAfiFE T CF 1) % Ag 4d BIED PDOS 13-0~-5eV ICBEWTKE L,
HFTH-15~-35eV TRE 2> 72—, a-AgGa0, TlF-0~-6 eV DFEIK Tl DAY v F‘%:ﬁz
A L DOS 23FFic K & Mﬁiﬁk ZH SN2 - 7= (Figure 5-17(c), (d), WM& D Ga & O DOfffiE
F1rCTD PDOS 1ZIFIF—EFT 5 2 L2 5. a-CuGa0, & DFfiFE F1ir D 7D a-AgGaO, D %
NED /NI WZ L, CuldHLUBEDIEND Agad LUED Z N X D H/hNI W L ICERE L T
w3,

ETiliR7z piE L R atlD AgGa0, & CuGaO, & D7EH(Z, Ag 4d #liE & Cu 3d HLIED
ARICHKT 5 LB b2, Ag & Cu DHFFR(LY) Ag,0 & Cu,0 DAffidE - D & i
TlE, 2D X5 R ZRIZR SN d -7 (Figure 5-18), $7xb b, Ag,0 & Cu,0 D
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FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

fliFE ¥+ CTD Ag 4d & Cu 3d D PDOS % l#d 3 &, b Do =+ ¥ %
KHEL T PDOS Db KEL RDZ2ZANLF—ITENEH DD DD, DOS O L4 V¥ —4
RHRICDOWTRERBODRAONR D072, 2D X HIC, B, atHOWFTITDH AgGao,
& CuGaO, THIN-ELDE VA, Ag,0 & Cu0 TidEN R WHEIHIc o WT, fEf{L2Er
BAREPORD X S ICHHATE B,

Table 5-7 i, THE TEHAE L T & MY OBAFEE IC 51T 2 il E: Ag-Ag Fffit s X O
Cu-Cu FifffZ 7R3, Cu0 < AQ0 & & DHFMIERLY)TlE., Z DIEFERB BB DA A
VARG U CH AHEARICHiET 22 e TE S, LA oT, AgDAL A VB (2
BChZ 670 pm) 28 Cu@ Z 41 (2 A7 460 pm) X W K2 W &6, AgO 1D Ag-Ag

(329 A) (%, Cu,0 o Cu-Cu ifififf (3.02A) X0 027A (89%) DIEA->TWwWD, —
T, B-AgGa0, & B-CuGa0, DA, Ag D 4 A4 v 28 (4 Bz 1000 pm) (X Cu' oz (4
FChz 600 pm) X O 227 D KEWICD A b b F ., Ag-Ag Hifff (3.32A) & Cu-Cu i (3.23
A) DEIFDbT 2 009 A (2.8%) LiZkwv, ZDZ LIiE, p-NaFeO, B <id, s
DHFAVICE o THRFEBBREZINE=DIC, Ag LV b A4 v EED/NE 7 Ga* (4
BefZ 470 pm) I X - T, Ag-Ag HHEEZNEO AR I N TnWE L 2R LT3,
0-AgGa0, & o-CuGa0, DA b FRIFKIC, 77 7 +# F 4 M IREED ab [N O EXUT = fiff
DAF AT X o TiE XN Ag-Ag BEEE (3.01A) 1 Cu-Cu il (3.01A) ¢ &<FAL
&%, L7z > T 0-AgGa0, ICB W\ Th, B-AgGa0, DA L [ARRIC, Ag-Ag HifEAE D
CHRICHEREIN TS, 2Dk Hic, piE L atlD AgGa0, D Ag-Ag HHEfEIX, Hifffg
EPDLGE LY LD NTEY, NI X > T Ag4d FLUED /D Culd o 2 X v %
RKEL oz b B IHREIDB L THN S,

Table 5-7. The closest distance of monovalent atoms (A'-A', A' = Cu, Ag) in crystal
structures of several oxides obtained by geometry optimization with LDA+U. Shannon’s

ionic radii of monovalent atoms cited from Ref. 21.

Material A-A' (R) lonic radius of A' (&)
Cu,O 3.02 0.46
a-CuGa0, 3.01 0.46
B-CuGaO, Ave. 3.23 0.60
Ag,0 3.29 0.67
a-AgGa0, 3.01 0.67
B-AgGaO, Ave. 3.32 1.00

o DALY D Cu-Cu s X O Ag-Ag [HICF 1) % Cu 3d i s X O Ag 4d flLiE D&
EZOIRBY L. 2N OBETER QR LI T % 729, Cu,0 & Ag,0. B-CuGa0,. B-AgGa0,.
0-CuGa0, ¥ X ¥ a-AgGa0, I 2T, i 7 ® ~RILETHEE~ v 7 % Figure 5-19 IT/R
T, BB D X 51c, AGDHTACU LD b A FVEEBREN D, WTFNOETEE
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H 5 A JHHEIC X 5 0-CuGa0,. a-AgGal, ¥ L U B-AgGaO, D & TH#iE O i

(a) Cu,0 [011] [111]

4.0°<

o

g

30%

>

—

2.0 >

2

1.03

S

o 8

L
01 2 3
Length /A

(d) B-AgGa0,
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N
o
Electron density / 10-* electron A3
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@.Cu @Ag @Ga@®O0 Length/ A

Figure 5-19. Two-dimensional electron-density contour plot of the valence band region of (a)
Ag,0 within the energy range of E—Eygm = —7.89 —0 eV of (111) plane, (b) Cu,O within the
energy of E—Eygm = —7.50—0 eV of (111) plane, (c¢) B-AgGaO, within the energy range of E
—Evem = —2.55—0 eV located at z = 0.5120, (b), p-CuGaO, within the energy range of E—
Evem = —2.16—0 eV located at z = 0.5057 (c¢) a-AgGaO, with in the energy range of E —Eygum
=-7.01—0eV located at z= 0 and (d) a-CuGaO, with in the energy range of E —Eygm = —6.82
—0eVlocatedatz=0.



FHo5E FHFEEEEIC X D 0-CuGa0,. 0-AgGa0, & X U B-AgGa0, D & 1-1#i& o 5

=Y ICBNTH, Ag4d PLBEICHR T 2B HEOEWEEIL, CuddiEoZzn L b b
TR 0.1 A R WREIRICIA2S T 3 ,Ag,0 IC B 1) % Ag-Ag I, Cu,0 I3 1F % Cu-Cu
HEEX D b 9%z ERVO T, Ag-AgElICE T2 BETEED/NS WEHOE (147 A) 13
Cu-Cu fflicsil sz (138 A) kv dvbFric (009 A) E» o7z, —/T. B-AgGa0,
BT, Ag-Ag Hiff & Cu-Cu BN IR A EED LRz, Ag-Ag FlIck ) 2%
EEO/NSWHEONE (098A) X, Cu-CulflicksiF a2 (128A) XV 3 030A biEo
Wz, [EREIC, 0-AgGa0, & 0-CuGa0, IZ BT Ag-Ag BlICE T 2 EFEED/NE »
FEIBDIEIZ. Cu-CuffloZz L v b 0.23A ir oV T Wiz, BLE X 0 B-AgGa0, & a-AgGaO,
ICBWTIE, AFVREEONS L G BRI D 7L — LT — 2 RIRET B EITL Y, B
B4 2 Ag R T2 HIAICHER X T, Ag 4d HLE O E 7525 W HEIR AT RE L 72 &
MgcE, AR E FIEIXE L b o7,

ZZETOEED L, B-NaGaO, B DftidE TR OE L. ZNEHBET 244D

PRI, RO KD PRS2 LRI NG,

(). Z=flioA4yOEEIINSITNE, FHED 7L —L T —203/NEL7%Y, —flio7
FF VDL, ThbH, Culd e Agdd FLEDITED L 720, i TH DR
KEL B EHEREINE, T, S04 A v ORERPKEL ANITTIL—LT —
7 ZNICHEoTRELSARY, MEFHODEUI/NS 2 L ING, EFRIC
777 4% 4 bl a-CuB"0, (B" =Al, Ga, In) iCHWTIE, TNEMET 2 =Moo s F

6
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g o]
o 4 ]
2 3
S
= ®) e)e) 2 i
5 99 ¢
(<)) = O
21 S 5 & C
Q o (-I) LI) ................... 5
% 6 U U .................................... LI)
P :

28 29 30 31 32 33 34
Cu—Cu or Ag-Ag distance / A
Figure 5-20. The relationship between inter-atomic distances of monovalent metallic
atoms and hole effective masses of delafossite a-CuB"'O, (BIII = Al, Ga, In) and
B-CuGa0,. The values of hole effective masses are cited from a; Ref. 50, b; this work, c;
Ref. 24. The interatomic distances of monovalent metallic atoms are based on the crystal

structure obtained by geometry optimization in each reference.
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FHo5E HHEEHEICX D a-CuGa0,. a-AgGa0, I X U B-AgGa0, D & T-i& @ Sl

v DALV FFICE LT Cu-Cu tEESBEE S, il FHOESIREI N TS
(Figure 5-20), L 72435 T, B-CuGaO, D Ga** % A & v }fE /N & 7 AP ICER %
T, iEFHOTEBUIRELS RS H‘é?géné
(i), —flio A I v OEEPKE VAR, BHEOTL—L T =27 3= o4+ vic
Lo TRIEREINTEY 4@@%7%@)@%@ L, Cud Ag Znih
EGULAYITH B AgCuO, % CuAg,O, ICF T, Culd & Ag4d B2 JEH I
{mﬁ‘/:utm%[“szl LEEET S L, B-CuGaO, D Cu'% 4+ v RO KE 7% Ag' i
#7“3“5 & T, Cu3d & Ag4d B ORKHLER 123500 % . Zhic e b7 o CfiE
DB RKEL 725 LHEHIE NS,

PLE XY B-NaFeO, BURALYIC I\ T, —fli& =flid 77 F A4 v D A4 A V2B rag/reqn)
BREL AN R213E, MEFHDOTEAKE L f;%{tﬁﬁﬁ »HoHEHHEING, —T7,
5-3-3 THIA L 7z & 9 12, B-NaFeO, HERILYI D ragrgqny?s 1 1ICE i MITERGERRIC, 12
LRELHND LEESIIC R 2 & ﬂ)i%;tﬁiﬁ%ﬂééh'(m%[g”o L7285 T, Cuto—
a2 A F RO K E 7 AgTCEE L 72 B-(CuAg)Ga0, . Ga* D —i#f% 4 + v 2D /I
X7 APTCIEHRL L 72 B-Cu(Gar,AL)O, ICB W T, EHEMMCH B Z L 2 MEb AN L, B
D, B-CuGa0, & V b F— L DEMEREI/NE VB L 7 23 2 L TR 2,

5'5 l\ng

ARETIE, B-CuGa0, DETH LT 7 7+ 94 M a-CuGaO, H & LD B-AgGaO,
DETHEE Z IR L. B-CuGaO, 1 D Cu(l)=#ili fib i 238 i L1 I MUT 3 /28 c D »
Tk L. RO X 5 A %/,

B-CuGa0, & o-CuGaO, DE FHHEIC L, M OfMIHEICE T 2 AT O 2 DO EHH
RERWERL 5 2 Tz,

(). Cu & Ga D 1A
B-CuGaO, HTld, Culi¥ & GaJiFIFFEEMITEA I N T\ 528, 0-CuGa0, Tl
Culi1Z CuOJE % .Gali¥ L G0/ Z L L Z N O A EE L 7ot o CTH D,
Culit & Galf FIFHEMICHEEL T3, Z D78 B-CuGa0, D\ v Nl fFDE
&l Cu & GaDJETHEA X CIRIK L 72 F 2 b & 3 23, a-CuGa0, D&
BEIIANY FEFYyy 7O/NEI0WCU0 E 74 FAAY FF v v 77 Ga,0; DE THEE D E
hbbethoTwns,
(ii). Cu i+ JEPH o & i
B-CuGaO, H1 @ Cu Ji 113k & PUIHIfA 4 Bifiz THE & L. a-CuGaO, D Cu 51131
FEEM2ENAEST 2, CURT2C D X 5 AlchihE #2854, pHicEs T3 Cu
3d HUE ORI T Ht, a I T 22N LY b A D, D, B-CuGad, D
VBM iEf# DN FD43ET a-CuGa0, £  d/h& K 72 b | #H & L T B-CuGa0, Tl
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FoE HJRBEEIRIC X % 0-CuGa0,. a-AgGa0, 5 X U B-AgGa0, D -1 O 7T

NV FEHEETCD DOS AR E K 72 0, ANy PR TGN ZRT & &b i, &
—VOENERIIKE L oz,

DX 57 B-CuGal, & o-CuGaO, IC 1) % #f ik 1 BAEE L 72 86 1R o FR i
B-AgGa0, & a-AgGa0, ICEWTHEEINT, L >T, ThbHDf uaaff%L&ﬁf%ff%L
DIBHIZ, Cu3d % Ag 4d 72 & D T H 0 F — D E - BRE d° Bl R & h 3 RL i
LizFchr 525,

Cutk v b A A v FEEDOKE R Ag' & T B-AgGa0, Tl 4 A4 v LD/ X 7 Ga¥ vtk
TV A X%k 5729, Ag-Ag BRI MR TH 2 AgO HDZEN L ViEL nd, %
DFER. Ag 4d ICHskd 2 ETEE S E WEEIE, B-CuGa0, D Cu 3d iIcHk T 2 E T
EaEmWiEB LY x2S 5, ik, B-AgGa0, @ﬁﬂiea%m@/“* B
B-CuGa0, L W b KZ 73, 4ETIBR7/Z X 51T, B-CuGa0, TlEF— L OEINE RN KX
L B0 p EUEEWRRIBL Z 510 W EGHINDE D, CuD—H%E A 4 v EROKE I
Ag TEH L 72 B-(CuAg)Ga0, . Ga @ —i%E 4 4 v EEDO/NE 7 Al TEEEL -
B-Cu(GaixAl)O, Tl. B-CuGaO, & FIfkicEESERI T, 22D, B-CuGa0, £ Y b F—1rD
AERIINE 2D, S pEEELIRIT 2 b0 WIS,
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