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Growth and Characterization of CulnS, Single Crystal
Thin Film by Hot Wall Epitaxy
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Department of Physics, Chosun University, Kwangju 501-759, Korea
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3 7|24 CulnS, F2AL sl HWE WP 22 CulnS, 2474wk vkbd A
GaAs(100) $lel| AAsledet. CulnS, 44 Wk HWES] 443 7|9e] 228 717} 640°C,
430°CZ AA3tAet. of W g =g upatol] Hal 10 KellM S48 sy ~9 92 807.7
nm(1.5350 eV) =4 A exciton emission 2~HEH o] 714 7Fe1A JElom | =S o] AR X-
2 REZX(DCRC)S] ¥HEX (FWHM)E 123arcsec® 71 2 235 o] 4 AA 49L&
4= 913le}. Hall £31= van der PauwiPell <Jsl] SA =, &0l &3 £HEA =9}
o] E=x 203 KollA 22} 9.64x10™0 m’, 2.95x107 m¥/V « s@v}h. Ao A CulnS, ©H2A et
2] BB B0 BE oA Wzhd o] 1.53 eVHS o = 9lgltt. CulnS, 5H4A whate] A
5 2 B8 e2HE 10 KellA 2R ¥ ACr(crystal field splitting)2- 0.0045 eV, ASo(spin’
orbit coupling splitting)e 0.0211 eVHT}. 10 KollA deizl st B92]E FolA 807.7 nm
(1.5350 eV)y= free exciton emission?] E,, 810.3 nm (1.5301 eV)¥= donor-bound exciton
emissionol] €13} 1,2] B-9-2]Z, 815.6 nm (1.5201 eV):= acceptor-bound exciton emissionel] 2]&k
I, 29812 27 Jehgleh =3 862.0 nm (1.4383 eV)elld #=% E-98j= DAP(donor-
acceptor pair)el] 7]eldl= b B-eel g s|AH )

Abstract

The stoichiometric mix of evaporating materials for the CulnS, single crystal thin films was pre-
pared. To obtain the single crystal thin films, CulnS, mixed crystal was deposited on etched semi-
insulator GaAs(100) substrate by the hot wall epitaxy (HWE) system. The source and substrate tem-
perature were 640°C and 430°C, respectively and the thickness of the single crystal thin films was 2 .
um. The crystalline structure of single crystal thin films was investigated by the photoluminescence
and double erystal X-ray diffraction (DCXD). The carrier density and mobility deduced from Hall
data are 9.64x10%/m’® and 2.95x10? m%V - s, respectively at 293 K. The optical energy gap was
found to be 1.53 eV at room temperature. From the photocurrent spectrum obtained by illuminating
perpendicular light on the c-axis of the thin film, we have found that the values of spin orbit coupling
splitting ASo and the crystal field splitting ACr were 0.0211 eV and 0.0045 eV at 10 K, respectively.
From PL peaks measured at 10 K, we can assign the 807.7 nm (1.5350 eV) peak to E, peak of the
free exciton emission, the 810.3 nm (1.5301 V) peak to I, peak of donor-bound exciton emission and
the 815.6 nm (1.5201 eV) peak to I; peak of acceptor-bound exciton emission. In addition, the peak
observed at 862.0 nm (1.4383 eV) was analyzed to be PL peak due to donor-acceptor pair (DAP).
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1. M =

CulnS;= [MI-VLE 33 HEEA|2A] Akeex]
olilz] WxkA o] 1.53 eVal 214 Ho|d wkws|o]o]
A ¥y Bt A0 2 oeloF A2 LED(light
emitting diode),” EL(electroluminescent)A=A},* pho-
tocell” 5ol -§-&Ae] Z|HHH I glo] FEH I gl
=4elrt 53] CulnSyi= A=A Brlale] Fajss
AR, A BAle] o) 22wz A
FH(conversionydA]l| o]-8F = 9l v1A1d Fehs
AR 58790l ZIHE Qo] ke AL B
A7t 28] A8ET 9ok Culns,2l A%
"2 Bridgman-Stockbarger technique,” THM(tra-
velling heater method),” iodine vapour transport,'®
AF 22 'Y ebeam 22 'Y Hot Wall Epitaxy
(HWE)'® 5| et o] Wy 7}l HWE #bg-e
FRYY A4S A 7] AR 7))
=93 o] o] HPHES s e
Qeiehd kel A7k ZAsl ARE A
AA|EE e e s 4 gl AR &
As 29 4 gleEe dEkez Pl 4 =
o] gl

E d7ellre $99A7 25 Alaksle] 6 N9 Cu,
In, S 8% mole ¥]Z A&s}o] starting element™
sled $YRoA S5 AP CulnS, FEAL
st #4E oA XRD(X-ray diffract-
ion) $4& Bojo] BATE W AAYSE Foia]
£, EDS(Energy Dispersive X-ray Spectrometer)
5 ol8sle] AE I ZANE Felslgint. FA"
CulnS, 278> HWE WHE o] 8sle] ubddA
GaAs(100) $lell CulnS, =27 whahe- A=Az
™, AL PLY exciton emission A~ E=Z=} o]
% 24 XA 8% A (double crystal X-ray rock-
ing curve, DCRC)®| HFEX]|(FWHM)ZE- 243} ot
ofH gt X 2ol 23 33 F (photocurrent)
SAERE 25 A AR Aeae
(crystal field interaction)#} &% A= AFS2RE-(spin-
orbit coupling)ell &&t Ze} (splitting) ACA} ASo
E dopRsk. w3 2% FEA] 2s sy
(photoluminescence)s EA&le] ou]x] wzkA2)
S5 AEAF oA wzbA el A= Aghe)

- FAE HFAY A
SR E9lel T BAE sc,
2. 48 2 53

2-1. CulnS, CHEH &M

Cu(Aldrich, 6 N), In(Aldrich, 6 N),
S(Aldrich, 6 NY2- mole W] 2 X ekale] 7)%o] )%
2 AGTE 16 mm, WA 10 mm) o] W 3x
10° torr] ZFollA] E93ked ampouled THED}
Fig. 12| 09 x7]29) o}l ampouleS ©iL 1
pm =2 kAo AT s Ar|2e o
=5 ASAFTE S5 Ao 2 Qla AJRU 4] =
718 ¥7F2 ampoulee] Y= AL WH517) 9]
;A A 20°CR gEHA B O2AY 2xr)
500°Cell s 1 Alelell A} 244)7F $A14)700
2]l ampouled #H$-E BFAFIHEA T A7t
2 10°CE 252 28)7] A&k 1130°Ce] o]=
H 48417 A4 F A4 DC 3 RE g AYL
TAL, 24417F F3E Akl W47 F 34 oAaA
= A, Fig. 2= o]9} 7ol ¥AE CulnS, o
AA Apzle]d},

GEENY

2-2. HWEQ] 2|8t CulnS, BFEN 2torMEt

CulnS, T34 bt Q4L Fig. 39 722 A2
4] hot wall 27|29} 7|22 4% HWE 3]
£ AR83Ide. 47123 217 04 mm tungsten wire
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wire N\ N\ NONNNN
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AlQOstube
O }

TC
Cuns——C~mm )

—>{t8eessoocnsetccseossee
CT160

ZL

S\ NN
T

Temp.
controller

Fig. 1. Horizontal furnace for synthesizing CulnS,
polycrystal.



1148 3E, 2000

Fig. 2. Photograph of CulnS, polycrystal.

£ A7 35 mm AT Zho} BEglem Arlm B
Ho] Al 9EL AREL Folr] $)8) Meigel
& THE AMSisi). 209 AR Cus,
oA R AMElT, ubddAd GaAs(100)
< 71RoR ARSI, CulnS, SR Wbt A}
< H,80,: H,0,: H,0Z 5:1: 1% chemical etching
gk 2PN GaAs(100) 7193} 241918 HWE #
A Foll ¥ R ATEE 105 torn w71
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Fig. 3. Block diagram of the hot wall epitaxy system.
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2-3. ¥ P=x

A EA CulnSi= FHS o830 Axy
TE, A2 E Telgl o, HWE upgos A
H CulnS, 2274 whe) AL oj3dAy XA
3|4 (double crystal X-ray diffraction, DCXDy] 2.
SIS =8 Xeray 34 A (Rigaku-Denki,
D3Fpll Lave 7}ie}s F-3sled Laue wihgd wiApY
@18 3 cm)® 2 Laue AF1E Fodsigdc}. o) o) X-
A2 Cu-Kogl 31 1542 Ag Algsjeic,

2-4. Hall 53}

Hall 8215 Z4317] 9ls) Aleah2] <ol A8 714
3faL Alof] 7kl A7)l 922 2 keo] MRS
FoL A 25E 293 Kol 30 Kok wsialzleia
van der Pauw WP 22 Hall 95 24319}

2-5. B¥F(Photocurrent) EH

CulnS, 224 2pa} ool AL 2o T2
BT} Rl WAZ FAH 2 Eo)} 5
o, SR SRS cryostal(AP, DE-2025)2] cold
fingerel] TA3T AL Ao FAlSA] 11
FHFE lock-in-amplifier(fthaco, 391 A)Z. ZE3,
3L X-Y recorder(MFE, 815 M)&. 7123)5]c}. o]
AMERE B AR (Jarrel Ash, 82-00, £ 0.5 m series
$-¥= 1180 grooves/nm(h: 190 nm~910 am)$} 600
grooves/nm(A: 700 nm~2000 nm)yE AM&s1de},

2-6. E'YE (Photolumineseence) X8

CulnS, 87 S cryostat W39l gl cold
fingerol] T%, #F02 wi7}8}3 He-Ne Laser
(Nippon Electric, 6328 A, 50 mW)E A| 80| 2A}s}
Stk EEE WE d=w 3&sle] choppingdhal
monochromator® F-4316] 3 L3535l 4l-& PM tube
(RCA, C3-1034). "o} lock-in-amplifiers. 23}
o X-Y recorder®. 7| S35t} ojuj cryogenic hel-
tum refrigerator(AP, CSA-202B)Z cryostat?] &%
£ eelM Moz YA 2489

3. MY o o o

3-1. CulnS,2| Z¥Fx U 3j8t Y=N x4y
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Fig. 4.
stal.

X-ray diffraction patterns of CulInS, polycry-

3-1-1. ©F2A CulnS2 AR+

FAE CulnS, oHEAS Fat2 whEe] S48 X-
ray 3 FHE Fig. 40l 2g0v}. Fig. 4¢] A7~
ZHE| (hkl)y> H7Hel 25t 6 Fke] JCPDS(Joint
Committe on Power Diffraction Standards)e} €=
3= FrEo)o]A] tetragonal® AAEGSS o 4
%ich. AAAFEE= Nelson Reley 2AAl 25led
S AARE F PR 73 A} g,=5.524
A, ¢;=11.142 A0)glT}. ] Zt5-L Hahn' So] B4
8 AR 0,=5.523 AT} ¢,=11.141 A} & 94X
& o = 3igle

3-1-2. CulnS, 924 W A 2719 AAF2
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Fig. 5. Lattice parameter a, of CulnS,.
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Fig. 6. Lattice parameter ¢, of CulnS,.

HWES] 2J3t CulnS, s44 vt AL 944
o= WPEAN GaAs(100) 7|98 E5E5 A7t
7] 15} 7192 chemical etchingdlil, 419
LEZ 640°C, 71 £E2 410~450°CE. W34
71MA A7), Fig. 764 B vle) zbo| 7)1k
2] S=E 430°C, FEUe] 55 640°CE 3l A4
st ©AA wblel] dis] 10 KoM 32k (pho-
toluminescence) 2= €& o] 807.7 nm(1.5350 eV)e]|
A exciton emission 2~HEZH o] 717} e viERg
o}, o] exciton emissionel] 2]t WE 2= EH.L
Aol A2 AA o] A2olA WBE 5 e AL
2, 47w oA ulefe] Ae| ofsghs SRt A
el wEe o]FEA XA 854 (DCRCY
WEX (FWHMYE 4T 29, Fig. 84 o] 71%
9] 2571 430°CY W HEERX|(FWHM) Fhol 123
arcsec® 7H4 2}e}. olejsl &4 Az NE] o4
A wieke] A Ak 2712 7|9e] 27t 430°C,
S 27t 640°CHE & 4 Uit Culns,
A kS Lave v 9APH o R #olsle] Fig.
92} ZEE Laue ARElS Agir). o] ARzle] 3
&3k 2F A& #} 65 Greninger'® TRHE o)%-
sled ¢35 Wulffghs o83l 4E 919 IHHE
= Fodsloirt. o] TeiEl ATe] M= o= A
Ao W83 AE Adsl] d¥E 18] CulnS,
2R whte] w8k A FoIS a3ivt. o] Al
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Fig. 7. PL spectrum at 10 K according to the sub-
strate temperature variation.
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Fig. 8. Double crystal X-ray rocking curve of CulnS,
single crystal thin film.

Q
~1500

YA FoIE BF Fods) v siXe 25} Fig. 9=
(001) M8 Laue®] ARIYS & 5~ oot =3, &
=

o] 2EF 640°C, 719He] £E2 430°CE 51
2878t CulnS, 24 Whe] FA= Fig. 10014 2
um= AAEGES o 4 9IS Fig. 112 o9 &

Hot Wall Epitaxy(HWE) ¥l o3& A42= CulnS, AR - 141

Fig. 9. Black-reflection Laue patterns for the (001)
planes.

" culns,

B cans(100)

Fig. 10. Cross section of CulnS, single Crystal thin
film grown at substrate temperature 430°C.
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3-2. CulnS, ZH9| sl&f LEX =MH|

CulnS, 232} 4% Hi=ke] EDS 2| EH A)
+ 4 AW & Table 1o E.gjv). EDS 2 E=)
< 6 No| 55 7= Cu, In, S oA Vo= B4
7IEe= sle] EAFom, Cugl S KA
AE o431, In2 KAlS] BA] XS A}
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Fig. 11. Photograph of CulnS, single crystal thin
film grown at substrate temperature 430°C.

&3l SASISTE TEA W whAA whabe] grar
ing element®] ZAJH)e} AR o] 2Au[Eo] 129 ©
A ESelA dA= 3 gle] HatekEA zaguls) 2
ol FARSE & 5 gl

3-3. Hall 51}

2378 CulnS, D274 9L van der Pauw E15c]
SE Hall £95 293 KA 30 K7jH) exmzls
TN S FEL Table 20 BYT, o)FE
#Z Fig. 1290 YEPiSiet. Fig. 1264 B wpel
o] ol F =} AR ME 2.95%102 MYV - secsl e
™ Fujita 5'"¢] Zzhe} 2] 130 KolA] 293 K7}]
<+ A7k AlR(attice scattering), 30 Kol 130 K7

u >~
hLs

e BEE AN impurity scattering)®l] 7]¢l3t A

FFAR

Table 1. EDS data of CulnS, polycrystal and sin-
gle crystal thin film

Single crystal thin

Polycrystal film
Element
Starting  Growth Starting  Growth
(%) (%) (%) (%)
Cu 26.19 27.22 27.22 26.55
In 47.34 46.37 46.37 47.02
S 26.47 26.41 26.41 26.43

L2 AT Carrier density= &= 1/T9]] o3t
w9 A4 Yol met Walw 9g1om o) we) &
= FUTel) e 1nngke Fig. 139 2o}, Bad3)
NI Ejz nocexp(-EkNEHE) Fig. 139] 7]&>]
MM T A7 0.19 evelh. =3 Table 204 M=
Hiel Zro] Hall Al4So] £2] zho]el A CulnS, o+
A4 HpE 53 WhEA YL oF £ glolo)

3-4. CuInS, EFEH dlato] ofjLqX| w|Z+

CulnS, =274 woke] BES gpectrum BAJ-L-
Fig. 149} Zc}. CulnS;= direct gap semiconductor
7] Wl DA energy(hy) B HF5 Ao}
CulnS, W24 whike) ou)=] w714 (E,) AFelelli=

(0hV)’~(hv-E,) (D
o] FAZE 9Jeh? Fig, 150014 2l o] (ahv)*=03] &
I g Aol (el 94l oA w7k s

S
719 2327} 430°CY @) CulnS, 2] o)

Table 2. The resultant analysis on Hall effect CulnS, single crystal thin film

Temp. Carrier density Hall coefficient Conductivity Hall mobility
X) n (m? RH (m*c) o (@' - m?h U1 (m*V -+ sec)
293 9.64x10% -3.25x10™ 35541 2.95%10?
270 7.46x10% -4.53%10* 401.84 3.72%x10
250 3.58x10% -4.68x10* 423.20 4.46x10?
230 2.72x10% -5.59x10* 436.97 5.36x102
200 1.98x10% ~6.57x10™ 531.78 6.24x107
180 1.89x10% -8.22x10™ 538.26 6.88x107?
150 1.61x10% -9.06x10™ 567.08 8.09x10%?
130 8.74x10% -1.07%x10* 568.56 9.24x10?
100 7.33x10% -1.13x10™ 571.92 9.99x107

77 6.05x10%! -1.13x10* 560.32 8.99%10™
50 5.22x10% -1.39%x10* 521.92 6.54x10*
30 5.19x10% -1.53x10™ 57245 4.03x10
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Fig. 12. Temperature dependence of mobility for
CulnS, single crystal thin film.
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Fig. 13. Temperature dependence of carrier density
for CulnS, single crystal thin film.

w7FAL AReoll A 1.53 eVl

3-5. 2T F(Photocurrent)

CulnS, ©¥44 Wk 293 Kol 10 K714 &=
£ H3 A &4 FAF ~HERLE Fig. 163 2
2w FAF B9 HXE Table 39 =gk}, 34
B9 dvA Al sigEE PR RS
B A= 2 S xSl o3 FAF
wapAleel|l A 7FRIAl splittingel] 213 FAF 5%

Eo] A=k 10 KollA FAF E-9=)= Al

Hot Wall Epitaxy(HWE) ¥ ol ©Js] A% CulnS, sH2A - 143

2.0

[oR:1

0.4

OPTICAL DENSITY (Arb. unit)

0.0 | | i
600 aGo 1000 1200 1400

WAVELENGTH (nm)

Fig. 14. Optical absorption spectra of CulnS, single
crystal thin films.
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161~ T=203K
o 120
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Fig. 15. Plots (chv)’ versus the incident photon en-
ergy hy for CulnS, single crystal thin films.

oM #EF 4 gl 2 o] CulnS, ©24
whto] AUEY A (tetragonal) 722 AAH e spin-
orbit splittingZ} non cubic crystalline field®] A&
ol 2J3}e] band splittinge] ol ALE B 4
9}, ©]72 band theoryell ¢J3bH 7FAAHE p
like, A=HE- s likeZ & = 9).oH, o4 p like 7
57} p Py pAIA Al 7R EHE RS 5 0
Z¥FRAA (tetragonal) 72+ PN B9 AT~
Iy, B(I;~>T), O Aolel &gk Aoz 74
Ha® o)} il wde vl F2E Fig. 174 X
vt Fig. 1704 R nle}l zlo] Aoledsh(Zine
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Fig. 16. Photocurrent spectra of CulnS, single cry-
stal thin film.

Table 3. Temperature dependence of PC peaks for
CulnS, single crystal thin film

Temp. Wavelength  Epergy  ASo or . Fine
(K)  (am) (ev) difference ACr  structure
203 8103 1.5301 I~
250 802.6 1.5447 Ir—T,
200 7944 1.5607 I
150 787.1 15752 T,
100 781.0 1.5875 r~T,
77 7787 15922 LT,

7765 15967 r—T,
S0 7743 101z 00048 acr T

7753 15991 T,
0 737 Isoxy 00046 Acr [T

7747 1.6004 T,
10 7725 16049 000 A Il

762.5 1.6260 ° T,

blende) F-ZollA AUPHA =2 vPFEA crystal

fieldol] 23le] 7PAR M= o1F S=E 18 &
HEA] ¢k 2 1Pro|X|al of7]of| spin-orbit AHE
2go| ZhaiAlE 7R e LeF R WreiA]
I = 7} v vg=2iA Fig. 169] 293 KollA 77
K7FA CulnS, W23 "hdel|r #&H 3 79 3%
= AT Aoldll 93t JAH ezt & 4
3L, 50 KellA 30 K7R1S] FA0 B9l AT
—Ty¢} BT Aol &3t 4% &=zt &

TH4E g3 %) 53]
L } ! s
4 'y 3
| ]
] | al 8 dr
| ! f
I ] ack
Ts L
| 5

o
D
l— & —»
o

|

zinc blende l no spin-orbit

spin-orbit

Fig. 17. Fine structure for energe level of CulnS,.

T 3L, 10 KllM Al 7 B AU~ T), B
=TIy, QLT Aoldl & A7/ §-1=7F 4=
Aoz g,

Table 32] 10 Kel|A] B vlel 7o) AT B-9-
2o iAol s ZERle] fs] A7l
ACrS) EA7E oF 0.0045 eVeldl Tell 5] w1
g} 0.0050 eV = 2x1gke] 0.0005 eveledA 7
o] AABIAL 9T, ASeS} E47F 0.0211 eV FA]
Tell'?e] 2138 0.0200 eV 3 2x17ke] 0.0011
evelelr] 719] dAsIaL gt ofwf 10 KellM &4
=izl ACHE} ASoS] A AR Hol cFoll 7]
A We] SIAR o] defuii= AdEatE & 4
skaL gl

3-6. ZZH(Photoluminescence)

Fig. 18& CulnS, TFA% ¥l2e] 2= w3l uf=
PL 24 E-S vepii AL 9lo}. PL A8 ER12 sharp-
line emission 393} broad-line emission-°3%2 =
T3 95k Fig. 18914 AAE 10 KY w1
807.7 nm (1.5350 eV)¢] 2-$2]*+ free exciton emis-
sion spectrum®E. {47}, Free excitond- =8}
AT A2 MRt A5H sRA ] AT o
VA w7bg o)Akl oA E Zhe FRIE 37|
AEH 2 7|53 7RAA el s o= e A
F(hole)e] HA Ft. o|wf) AFe| Jspo2HE
28] BlefuiA] ZapA o719 A electron)= AF
3} excitorg: HAIBRAL o]Fe] AH A W spectrum
2] g ukEsiet, o]9} Zro] Aflxle} AHAFS
AH(pair)®Z A% exciton> Coulomb ¢l ¢] =}
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Fig. 18. Photoluminescence spectra of CulnS, single
crystal thin films.

A3 = e paire $AYARE AP A
FFAE A=A UREE RSN
e}, o]7E free exciton®]EFHE}. Free excitons-
Edslar Axje}l Age] Al s 2Ed
o} 3t excitond BEoV A £HE wizt
A HAAL)E AEA 25317] wlEel] %ol
Ao} AR S 2=t

hv = E, - E5° (1

7|4 EF*%= free exciton®] ZAdlelix]e]},
AH(DE FE 10 KY 9, EZ 1.6004 eVE 3l
3} binding energy:= 2V ET=0.0654 eVEA
Tell™o] reflectivity=Z%E] 73 exciton®] Aol
Al 0.0655 evel 2 d=]get. 807.7 nm(1.5350 eV)
2] b} B0 free exciton emissiong] Eof 7]
elals Ao AzkEet® 810.3 nm(1.5301 eV)eh
815.6 nm(1.5201 eV)®] ¥+ bound exciton
emission 29 EH 02 o] 7%}, Bound excitons-
24 F-2 Y135 = (donor)et FA1E (acceptor)el]
free excitono] S¥iEe] 1 FUAEE 2351 A
£ Y31}, Bound exciton complex’} A48 o A
71 G ERL free exciton Hrb A=A e
veldt}t. Bound excitone] WA} A|Z2EE o] wiE

Hot Wall Epitaxy(HWE) ¥l 2j3] 445 CulnS, #2A - 145

= photon?] A=
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o}, «37]A] E2= bound exciton®] Zgeiix]o|H,

8103 nm(1.5301 eV)®] -9l %A donor-bound
excitong] VSel| 71Q181= 18] AL A=Y, (2)
Alo 2 ¥ I8} donor-bound exciton?] A& uA]
= 0.0049 eVHE & 5 UL, Ey/Ep=0225-
B E19] o] &3} oA 00245 eVHE & 5 9
A}, 815.6 nm (1.5201 eV) 292 Vol gt
acceptor-bound excitiong] 1,22 A9d 4 gl
(2) A2 2RE] acceptor-bound exciton?) Aol
A 00149 eVHE & PUNTL, Ep/E =015
FE T8 AAE]Y] o] &3} offufAl= 0.1490 eV
£ o 4 9l9dvh. 862.0 nm(1.4383 eV)d] BE-fEl=
ol &3hg] A9} o] 23} WAo 23 A5 A
73}l DAP(donor-acceptor pairel] 71818l
3 2922 AT 890.5 nm (1.3923 eV)e] &
22l SAcself-activated)el] 7|43k st -9
2 A=
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= AES 9ok
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3} 11.142 Aelgit}. CulnS, 944 u}=e 7jgle)
25 430°C, TG 25F 640°CE AASIA
< | PL exciton 289 E35} o] 54 XM 853
1 (DCRC)?| ¥HER) (FWHM) Zhoe258 & A7
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Laue®] 33 FH2HE (001)do2 A% HeS3
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2. CulnS, 27244 ko] Hall 32 van der
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219ict. 3 Hall o] 5Ee] &% 2jFE42 30 Kol
A 130 K7 B<E AlHimpurity scatterimg),
130 KellA 293 K7kR]:= AxAkek(lattice scattering)
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3. HWE W= 47sl CulnS, =24 =t
55 549 Akl ola) 2ol oliA] 2ol
1.53 eVHS L3It

4. BRAF B-929 10 KA D= 7paxt
o Zeks (splitting e} 2} 8- =35 ACr(crystal field
splitting}2 0.0045 eV, ASo(spin orbit coupling)=
0.0211 eVgr}. old 10 KoM 49 A9 Ao
cSoll FEFHA el Ak o defuis AHES}
A=z gt

5. 30 2~ B SAoAM oAl 10 KellAl9]
8077.7 nm (15350 eV)2] L4 292} free exciton
emissiond] E°|™, 8103 nm (1.5301 eVy= FA
donor-bound exciton emission! VSel| 7]eldl= I,
Howjed 1 815.6 nm (1.5201 eV)y= 354 acceptor-
bound exciton emission?! V.o 213k I, 3-5-2{%ich.
=3t 862.0 nm (1.4383 eV)®] B89} 890.5 nm
(1.3923)2) 5-$=)x= 712t DAPS} SAel 7|98k %
w3 B-9ejsivt.
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