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Abstract

The stochiometric mix of evaporating materials for the CuGaTe: single crystal thin films was
prepared from horizontal furnance. Using extrapolation method of X-ray diffraction patterns for the
CuGaTe2 polycrystal, it was found tetragonal structure whose lattice constant ap and co were 6.025 A
and 11931 A, respectively. To obtain the single crystal thin films, CuGaTe: mixed crvstal was
deposited on throughly etched semi-insulator GaAs(100) substrate by the Hot Wall Epitaxy (HWE)
system. The source and substrate temperature were 670 C and 410 T respectively, and the thickness
of the single crvstal thin films is 2.1gm. The crystalline structure of single crystal thin films was
investigated by the photoluminescence and double crystal X-ray diffraction (DCXD). Hall effect on this
sample was measured by the method of van der Pauw and studied on carrier density and mobility
dependence on temperature. The carrier density and mobility of CuGaTe: single crystal thin films
deduced from Hall data are 872x10°m° 342x107m*V:s at 293K, respectively. From the
photocurrent spectrum by illumination of perpendicular light on the ¢ - axis of the CuGaTe: single
crystal thin film, we have found that the values of spin orbit coupling d4s.o and the crystal field
splitting dcr were 0.0791leV and 0.2463eV’ at 10K, respectively. From the PL spectra at 10K, the peaks
corresponding to free bound excitons and D~A pair and a broad emission band due to SA is identified.
The binding energy of the free excitons are determined to be 0.0470eV and the dissipation energy of
the donor -bound exciton and acceptor-bound exciton to be 0.0490eV, 0.0558eV, respectively.
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Hgez A4 £ does FA U3l
Bridgman - Stockbarger  technique[7],  iodine
vapour transport[8]32o2 AFA7) CuGTe ©Z
Aol BAd BF A7 o]FojF o, oA
HWE Wiez2 AAA3 CuGTe @23 W99
Z1EEA 2 FANY S diFd dFe HA
i237¢24

B AFdME £HAVZE A 6N9
Cu, Ga, Te A2 E mole B2 A F3}o starting
element 2 3] F£HIA £§ HFPo=E
CuGaTe, T12A3E AT $4E CuGaTe ©
2L HWE W& ol8std WdAA GaAs
(100) $lol CuGaTe; ©EAR ute g AFAZRLT,
AR A& PL exciton emission 2HEHTH olF
243 XA 8F FA(double crystal X-ray rocking
curve, DCRC) 8] ¥tZx (FWHM)E 233t &
olB gttd Van der Pauw 3o E Hall £3&
233t W} FX(carrier density)d °lF %
(mobility)d] 2% &AL 7. =3 &%
o&Ae] 9§ #AF(photocurrent) 2FEHE
Z24sta] JtAAYY AAF AER}E(crystal
field interaction)® 2#-Ax A3 2t (spin-orbit
coupling)°ll & 2k (splitting) der & dso &
golmgkth =§ 32 (photoluminescence)g& &
Aated oitix Mg o] dA4E dge oA
Z9d diz E4& st

2. M8 3 &3
2.1 CuGaTe2 cZd¥d 84
AE Q29 Cu(Aldrich, 6N), Ga(Aldrich, 6N),
Te(Aldrich, 6N)& mole B E A F3}lo] 7| R o)
Adg A48 7A 16mm, W73 10mm) o ¥x
3% 10° torr & JFNAN EUst] ampoule &
e} Fig. 19 9 A7129 F%¢l ampoule
€ Y3 1mpmeE x4Pe] AIJNEE A
A2 LEE ASAHT 25 A5 AP
ABPAr9 Z71¢ £712 ampoule ©] HIAHE
R HAEY YA ADT 20TZ UM 2
FAe %71 500 T ol =25t 2 el 24
A FRAAZY 2832 ampoule & FHE2
AAAIIEM G ANF 10CE 228 £87)
A zsted 1050 T o ol2 48 A1 FA A
A4 DC AR AYE nn, 4N F¢
ZAd JAA7 & F48 GEA3E AdUAG.

a3 1. Horizontal furnance for synthesizing of
CuGaTe; polycrystal.

2.2 HWEol 28t CuGale; T d WM X

CuGaTe, 24 et A& Fig. 29 #& AF
Z 49| hot wall A7129} 7|2 FAE HWE
FNE AHsgdY, AZIZ2E AZ 04mm
tungsten wire € &7 35mm A G He] 7ol UE
Qo A7z E9 E4¥ €82 dE&S =
o]7] gl& HdHe F& FANS ALRAUL F
F42 P48 CGaTe 2R 24 & AHS3I4
I, ¥hEaAA GaAs(100) & 71Bo2 ALEEh
CuGaTe; €23 w9 3L HeSO4:H0::H0 &
5:1:182  chemical etching % A aA
GaAs(100) 7} Z¢9& HWE X & Y1
W NEEE 10°torr 2 7N F A3
=

(e
Diffusion Purp
a3 2. Block diagram of the hot wall epitaxy
system.
23 AFR=

48 HEdA CuGaTe & FIHE o)R3l9 4
AT, FAAASE FEIor], HWE W=
AR CuGaTe, @23 dtte] AL o|FEA
X-4 3#HA(double crystal X-ray diffraction,
DCXD) ZX& &3t £ X-ray 33 A
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(Rigaku-Denki, D3F)o] Laue 73S B 3tsio
Laue i WHAMH(AZ 3cm)2 2 Laue AAE &
g3ttt o] W X-4& Cu-Ke ¢ H% 1542 A
£ AHgE .

2.4 Hall &2}

Hall 231€ £337] A8 ALHA & A
nAsan A A7t A7 F£Foz 2KG
AzZAN S g3 do 25E& 293KolA 30K7H#A|
A 7|HA van der Pauw¥H 2 £ hall 8318 =
A3

25 &H & (Photocurrent) &4

CuGdTe; @23 et EAY F4FL 2o 52
t A7 98] BAE BAF 2H€HEY
2 @ FAF &3 A4S cryostat?] cold finger
o &1 DC AYL QAdst GBS A4
ZAFSIRAM UL = PARE
lock-in-amplifier(Ithaco, 3%91A)2 31 X-Y
recorder(MFE, 815M)E 7] &&tdth olm Apgst
3" AR (Jarrell Ash, 82 - 000, f : 05m series&)
€ 600 grooves/nm (A : 700nm ~2000m)E& A&
3ol

2.6 YU (Photoluminescence) &3

B8 CuGaTe, @23 WoE cryostat Wi-of
AE cold fingerd] 1A, JFoz wrEa
He-Ne Laser (Nippon, 6328nm, S0mW)& Alo] =
At w3E 9e W22 Z439 chopping
33 monochromator2 ® 4891 ¥%3dE Wg
PM tube(RCA, C3 - 103H)= "lo}
lock-in-amplifier& %39 X-Y recorder® 7]
£33t ol® cryogenic helium refrigerator(AP,
CSA-202B)E cryostat (AP, DE-2025)8} &£& &
A ALz awA 284,

3. 48 A3 3 nE
3.1 CuGaTe2 of A F= ¥ 313 fEx =
My

3.1.1 &Y CuGaTe: o ¥ T =

$HE CuGaTe 2RSS 228 B0 23
X-ray 81" FHZ Fig. 49 vt Fig. 39 A
FH2HE (hkDE B3Aq o8 g3Fe] JCPDS
(Joint Committe on Power Diffraction Standards)
% dRE= gESOIM tetragonal 2 AZHUS
< & F AR FRASEE Nelson Reley B4

of 3t & AL F gay14]lez TE A
& Zz Fig. 49 590 24t agelN R
s} Zol ddAY ARANYFE a,=60254, =
11931 A 1lch. o] @&EL Grzeta-Plenkovic[15]
o Bug A4S a,=6.021A, c,=11.937 A
3 AN &+ A%
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18 3. X-ray diffraction patterns of CuGaTe;

polycrystal.
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% 5. Lattice parameter ¢, of CuGaTex

3.12 CuGaTe2 SH&H ot 4% =M A
R

HWE®| 9§ CuGaTe, B@2A Wt A3e ¢4
Ho2 wAdAY GaAs(100) 71#e BEES AH
87] $18l9] /1¥-& chemical etching 83, F2¢
9] 2%8 6707, 71¥e LEE 390~430TC =
WA 71EAM AAsiget Fig. 6 7189 58
410 C 2 3}do »*é’é}‘{‘} 92y udto 2 10KA
3% % (photolumninescence) 2A¥WEYHo] 9545nm
(12989 eV)ell M exciton emission 2¥Eo] 743
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78 A Vel ol exciton ol 9@ wF 29
EYL Zgol AL AAol AN LAY +
de Aoz AFE ©vdA Ao o] ¥3 S
T3 A%E g9ge ofFFAA X-4H 84FFA
(DCRC) &} Nt EX(FWHM) & 3T 24H, Fig.1
3 ol W L=y 40T Y W WwEX
(FWHM) gtol 139arcsec2 7H3 et ol& @
24 Ax =Ry dd4 9o JF 43 4L
A1He) %7 410T, 09U 227 670 CHE
&4 & Aok CuGaTe: ©2FA Wehg Lauve W™
WAl og #Yso Fig. 8% 22 Laue A&
HAg Az DEeE ARAHUSE ¢ 5 9s
o,

PHOTOLUMINESCENCE INTENSITY (Arb. wits)
;
F}

asoc

WAVELENGTH (m)

18 6. PL spectrum at 10K according to the
substrate temperature variation.

32 CuGaTe; #H=o| 8 UEE =44

CuGeTe, AT ©EA W] EDS A¥EY
AE 9 zAd] & Table 29} Bt} EDS &
A=de 6N €8 RE Cu, Ga Te o4
e EX X-48 7120z 39 2ged, Cu
e K-A B84 X-Mdg o]#31, Ga%} Texw L-4A
2] 4 X-4¢& Ag3d FAsgg. d2d 9
@374 udte] starting element 9] AW} AR
2] ZAu)Eol *2% 23 FHoM dANHR A
o] #3tged AU B oJFoFLEL ¢ F
Ak

¥ 2. EDS data of CuGaTez polycrystal and
single crystal thin film.

Element Polycrystal Single crystal thin film
Starting(%6) Growth(%) Starting(%8) Growth{(%)
Cu 32.09 3216 3216 3312
Ga 13.30 13.68 13.69 1355
Te 54.61 54.15 54.15 53.33
3.3 Hail &7

A3g CuGaTe 24 992 van der Pauw %
Ho=n Hal A3 203KNA 0K7AA &5%
g FdAA 2AF FEL Table 39 B¥3:, o
EE p e Fig 119 e Fig. 994

Eulet Zo) o)FEY FLANE 342 %107
m’/V - sec QL5 Fujita®(16]2] 2o} o] 293
KolA 150K 74X & AA A& (Jattice scattering)
o7 g8 ZUlsigevt 150K oA 30K 7AlE
B¢E A (impurity scattering) ol o8] 4@
Row AR} Carrier density = €% 1/T ol
A 2o AF¢ Fejol ek M3 Aoy o
o) & 94Q/Te ¥ mn g2 Fig. 108
zo), g dA Eq & ne« exp (-Eg/kTD
Z22E Fig. 109 71&7dA4 2% AF 0121eV
At =% Table3 oA ¥E ulgl Ze] Hall A
Eo] ko] gtolojAM CuGaTe ©Z2A Hete p Y
NEALIE & F YA

B 3. The resultant analysis on Hall effect
CuGaTe, single crystal thin film.

Temp. g:;;‘:‘ Hall coefficient Conductivity ~Hall mobility
(K) n (r:"") Ra (m¥e) o (27 m™ u (mYV - sec)
203 872x10% 3.25%x10™ 353.14 342x107
210 5m|x 1P 453%10™ 3048 389%10°
260  415%107  468x107 432.02 442x107
230 245%10%  559x10™ 434.79 463x10°2
200 344x10%  657x10™ 529.87 5.19x10?
180 248%10%  822x10” 536.62 562x10
150 176xX102  9.06x10° 565.80 655x107
130 871109 1.07x10™ 566.65 633x107°
100 533%x10% 113x10™ 560.29 578x10?

77 246x10% 1.14x10™ 560.23 48110
50  193x10% 1.39%10™ 522.29 a72x107
30 180x10%  153x10* 573.54 2.77x 107

- 276 ~



[
~ .

,§ B "0

= P L .

21 s

- L]

E ¢ .
[

a L

2
uﬂl_.x_n_uuul_.l....n_;mu

TEMPERATURE (K)

8 9. Temperature dependence of mobility for
CuGaTe; single crystal thin film.
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3 10. Temperature dependence of carrier
density for CuGaTe: single crystal thin
film.

3.4 CuGaTe, X uiato] ofuix] mzZHy

9234 webe] JF+ 542 Fig. 113 2ok
CuGaTe, & direct gap #t=do]7] dfEo] UALR
energy(hv) 2 FEF AF(a)9 CuGaTe SHA
Btotol energy gap (Ep) Aboledle

(ahy)?~(hy -E,) ————- o))

8 BAZ UAcH17). Fig. 1284 Mol (eh
v)’=0%1 Az whie ol (Dol o3 energy
gapel &gEY. 1@ 2= 410CY 4
CuGaTe, ©2473 wWutel energy gape A4
122eV4 .

293K

L T -
“m 1000 1200

“oo 1600

WAVHI RNGTH (nm)

2% 11, Optical absorption spectrum of CuGaTe:
single crystal thin film.
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2% 12. Plots (ahv ) versus the incident
photon energy hv for CuGaTe; single
crystal thin film.

3.5 &= & (Photocurrent)

CuGaTe, G2 A Hetg 293KoA 10K7AA] &%
& B3N A 23 FAF 2¥EE 2 Fig. 13¢%
Zov JAF 58 9XE Table 49 2o}
FAF B$EAEL U P AZHE AR
HERE FEdE € AAREY 93 FIHF ¥
S E3 g o)A 7B splitting of )%
FAF E$dEel ASHJY FAHF BedE
A RN BEHE 5 Ued 2 olft CuGiTe &
AA dgto] AWAA (tetragonal) TRE 43 H
o] spin-orbit splitting ¥ non cubic crystalline
field ¢} FAlAe] 98t band splitting ©] Yo
g Aoz B F gich o)R € band theory o 9
88 SHAARE p like, AZHE s like 2 2 &
e, ojuf p like A=} py, py, p-ANA A A9
U2 BF% 4 At AW A (tetragonal) T
2E 349 358 AT(D—TI(S), B(I's(X)—
r'(8)), C(rs(Y)—»r(S)) #elo 9F Aoz 2
Agafe] ol YUY FdL ATFRE Y
Fig. 149 2 ¥t Fig. 14& Zinc blende T2
A tetragonal 722 WHEAM crystal field o] 9
o AN M'se olF S8E I's9 £5Y
A ¥ I's 2 d5olxn d7]o) spin-orbit 4%
Zg-o] ZhAA ZVARY s+ I's(X) & Ks(Y)
2 Uz M r(2)7F 8 9234 Fig.
159} 293K X 10K 7+A CuGaTe: ©8H ¥ute)
A gad 349 B9 A(r{2)—rus) ¢
B(I's(X)—T'(8)), C(I's(Y)~>T'(S)) #ole] A%
BHAF Bt BEEHAGT € 5+ U
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3% 14. Fine structure for energy level of
CuGaTer.

P

Bawun
S5EREAA
eitewy

Table 49 10Ko)A BE ui} Zo] FAF ¥
Sd9 Aol ARG Zebde o3 A
iy, Y N derd 2Rz o 0.079LevVd ¥l Neumann
- e 2(18lel Hm§ 00800eV FEH 7 dAFHT

PROTOCURRENT DITENSITY {At%. wite)

8 13. Photocurrent spectra of CuGaTe; single AL, Jdsos Y% 02462eV YA
crystal thin film, Neumann{18}5o] B 2% 0716V &#H A3
0.4638eV o)A A AXai k. o 10K
% 4. Temperature dependence of PC peaks for A =A=ARA dear dsod AY HA}E H
CuGaTe; single crystal thin film o} c-Fof F=A&A Yol YA 1) dojrts M
Temp. Wavelength Energy Jso or Fine dgnx 2 d4sta gt
(K) (am) (V) difference  dcr strycture w4 varshni 22{19]9) 98 CuGaTe, @2A Y
10104 1.2271 Ts @-TdS)
23 9492 1.3062 g‘gﬁ dor T (O—TS) o] exoEAd o olyA wWRF E(T)e
____________ 1986 15% o Ts (1)=Ti(S) CuCaTe @33 w99 band edgedd siFdaE %
o oG L8 oo aer g BT HE peak energy®] £ESEH S Fig. 159 2
92 1579 OB 450 T (y)-ns) eE7 Aeosn WA we FHNEES peak
9866 1.2567 T4 (DTS o = A <) Z7}5 <)
wo  om1 1w o.o79? dor 9 energy = dyg e Fuketn en
7837 158y Ol dsopopangs) varshni A 4[19]
9659 1.9836 Te @-Ti(S)
200 096 13630 g‘;z: }j T TS .
7704 16093 LR (om0 E(T) = Eg0)- =Le  —=mmmmms @
T I NS ! ¢ T+
150 8946 13859 0'24& dso Ts (X)—M(S}
7506 163 - 0 ()=TiS)
9323 13£ """" ri"'(‘z")'i'»'r'il(s")"" o)g}, old Eg 0y OKoJA A, e, BE 4
< L 00794 der
100 8798 14002 Ts (X)-TW(S) Zolm, Ef0E 139%82eVolL a= 427%
7489 1555 028 ds0p (yyrus) i
s Ao e 107%eV/K, B=2655KeIth.
! 00792 der PRVAR SUN]
™oz LaME o Ts (X)~Ti(S)
............. 7375 168l DAL et .
%032 13722 T, @-Ti(S) s
50 8540 1.4518 O'OZZ; 4 g (-TuS z
7301 1698 0% 250 BOhE) ‘é
8947 13857 T2 (D-T(S) .
0 8463 14680 0‘2233 S ) ==
____________ 7245 1713 O 480 1y (y)ofi(s)_ é e
3888 13949 Ta (2)-Tu(S) o
10 4Ll 14740 0‘232; j T -NS) - .
7207 17208 50 s (y)-his) * marE©
23 15. Temperature dependence of the energy
gap in CuGaTe single crystal thin films.
. (The solid line represents the fit to the
Varshni equation.)
ol
‘é . 36 CuGaTe: THAN uitgjo] PL AHEH
& Fig. 162 CuGaTe; ©23 u}ore) 10Kl A PL £
- Heyes vz Y%d Figo 16914
2} .
> N 919.8nm(1.3479¢V)sl  peak®  free  exciton
- emission spectrume|th. Free exciton® ¢+¢ Z

A Aeddz B&8 sadde WA o
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Y= band gap °}49] AUAE e FAZ o7
HE AZgz L HARAgA e 422 o
AP AF(hole)o] A dch old HFY dPo
2RE 83 HAUtx R3A 478 AR
(electron)E® AF 3 excitong HA stz o]E°] A
A o spectrum®] HYE HEFY. olg ol
Az AFAFT)  B(panlZ TFAE
exciton® coulomb UZo] ZAEsAHT Zzg

< F24AXE AA AFTFHE AL E
2 dxAgE FzE Holdoh olRAE free
excitonol € ¥t} Free exciton® E4ASIL AR
o} AFY ABAYA AN sEdT. £=F
exciton® E&¢Eolu Aggd X3g A Hz|
AlolE AFEA £EIH7 WEe TR
A X g e

hv = E, - Bl

oA 10KY @, E;& 13940 V2 39 T¢

F
binding energy: Z+Z Ee;ee £0.0470eV 2 A

Neuman# Horig[117} reflectivity 288 A 4Hg
exciton binding energy?l 0.0520eVs}t A< Z
@t 919.86nm(1.3479eV)e FEF E$Ee
free exciton(Ex)22 #ZHAUYG. CuGdle MEE
free excitono] BEH = o E Hol YA ©ZF
A vetez AFHANETS € 4 YUtk Bound
excitono] LA AAYE @ P& = photond] o
Yz

hv = E, - ES™ - EX

otk oi7]X ELt H@FA excitonol dHd
CIRER =Y 954.5nm (1.2980eV) & 4
donor-bound exciton®! V. F%F E9g ] 7]
Ase L (D°X)Y Aoz P (WHozr
8 % donor-bound exciton® ZA@AVAE
004%0eV e Epx/Ep=01 22%¢ & F
Aol ol &3} oA o 049500eVAEYE & F
itk 9595nm(1.2921eV)E Vel 9% F4
acceptor-bound excitonol 711%te Fetg B-$-2
LASX)Y  Rez  AZEY @YeziH
acceptor-bound exciton®] A#NIAE 0.0558eV
d& ¢ F AZW, Epx/Ep=02 EZFE 279 o]
23 JdUAE 02790eVLES ¢ F  UATH

964.6nm(1.2853eV) <] peak donor-acceptor
pair(DAP) #3%o]l3,  1341.9nm(0.923%e V)= self
activated(SA)oll 713t F¢F B 4+IdZ 1&g
o

{DaX) 0K

PHOTOLUMINESCENCE INTENSITY (Arb. units)

WAVELENGTH (am)

13 16. Photoluminescence spectrum of CuGaTe;
single crystal thin films at 10K.

4. 3 B

¥ A7ZI2E AR CuGale ttEdAE A
&3 AATR, AAAS 2 JHYEH v E
ZAstger, HWE wyoz HAEAA
GaAs(100) ol CuGaTe; ©2A W AAAIA
van der Pauw ¥'§22 Hall 2% & &A%z, %
AZ EAL A7 A den e FES ¢
Ak

1 $A49 CGaTe B2 FAT2E AYAA
(tetragonal) oI, A& 44 a9 ¢ & 2% 6.025
A3 11931 A o)t CuGaTe, ©2A o 7]
e 258§ 410T, 49U S8 610CE 4
Astgg wl PL exciton 2¥E™>o] 71A 7AstA
Yelun o324 X 4 8% FH(DCRCO)Y wEF
X (FWHM)gto] 139arcsecZ 7} 2o} HA A3}
279 4 & AT EF CuGaTe, G2 A W
< Laued A FHzREH (0NHoE AFHA
&4 ¢ 5 UAh

2. CuGaTe; ©Z2A uote] Hall 38 van der
Pauw WHeo2 &3 Zd py w=AYgs ¢
F AAT. £F Hall o]F=9 &5 &4 30
K ol A 150K 74xle E&E A (impurity
scatterimg), 150K o)A 203K 74X AALGE
(lattice scattering) ol 71 # Aoz FZdo. &
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W Fxe Inn o /ToAA 73 843 oy
A( Eq )= 0121eV St

3. FAF 489 10KAA Ix3dgde 7 1A
gl ZEH(splitting) o A FSAHE 4
cricrystal field splitting) < 0.0791eV, J4s.o(spin
orbit coupling)e 0.2463eV {t}. ol 10KAA &
Ad A8 ZdIge c-Fd FIEA Hol YAIE
9 delus HAEEF A5t .

4. 10K~ B3 3989 919.8nm (1.347%V)
£ free exciton(Ex), 9545nm (1.298%eV)=
donor-bound exciton ¢ L(D°X)$ 9595nm
(1.2921eV)E= acceptor-bound exciton 1 L(A%X)
o| L, 964.6nm(1.2853eV) T donor-acceptor
pair(DAP) %33, 13419nm (0.923%eV)S  self
activated(SA)d 713t $43 B9z 23y
At
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