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Abstract A stoichiometric mixture of eveporating materials for CulnSe, single crystal thin films was prepared from
horizontal electric furnace. To obtain the single crystal thin films, CulnSe, mixed crystad was deposited on thoroughly
etched semi-insulating GaAs(100) substrate by the hot wall epitaxy (HWE) system. The source and substrate temperatures
were 620°C and 410°C, respectively. The crystaline structure of the single crystal thin films was investigated by the
photoluminescence and double crystal X-ray diffraction (DCXD). The carrier density and mobility of CulnSe, single crysta
thin films measured with Hall effect by van der Pauw method are 9.62x10" cm™ and 296 cm’/V-s at 293K, respectively.
The temperature dependence of the energy band gap of the CulnSe, obtained from the absorption spectra was well
described by the Varshni's relation, E(T) = 1.1851€V - (8.99x10™ eV/K)T?(T + 153K). The crystal field and the spin-orbit
splitting energies for the valence band of the CulnSe, have been edtimated to be 0.0087¢eV and 0.2329¢V a 10K,
respectively, by means of the photocurrent spectra and the Hopfield quasicubic model. These results indicate that the
splitting of the Aso definitely exists in the 'y states of the vaence band of the CulnSe,. The three photocurrent peaks
observed at 10K are ascribed to the A;-, B,-, and C,-exciton pesaks for n=1.

Key words Hot wall epitaxy, Single crystal thin film, Optical absorption, Photocurrent spectrum, Crystd field splitting,
Spin-orbit splitting
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Fig. 1. Horizontd electric furnace for synthesizing CulnSe,
polycrystal.
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Fig. 2. Schematic diagram of the hot wall epitaxy system.
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Fig. 3. X-ray diffraction patterns of CulnSe, polycrystal.
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Fig. 10. Temperature dependence of carier density for CulnSe,
Se 46.960 46.636 46.636 46.660 single crystal thin film.
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Table 3

Temperature dependence of PC pesks for CulnSe, single crystal thin film

Energy difference  Vaueobtanedby Acr or

Fine structure
(K) (hm) (eV) symbol (E,orEy) Eq. (50) Ao ne sty
293 1224.9 10121 E,(293,L) (Ep 0.0059 0.0087 Acr A(; — Ty (or A, excitoon)
1217.8 1.0180 E,(293, M) Aso B(F'¢— Ie) (or B, excitoon)
9934 1.2481 E,(293,9) (E»)-0.2301 0.2329 C(I'; — Ig) (or C., excitoon)
250 1186.3 1.0451 E,(250, L) (Ey) 0.0051 0.0076 Acr A(T;— T (or A, excitoon)
1180.7 1.0502 E,(250, M) Aso B(I's — ') (or B, excitoon)
976.2 12701 E,(250, 9) (E»)-0.2199 0.2224 C(I'; — Ig) (or C, excitoon)
200 11452 1.0826 E,(200,L) (E,) 0.0069 0.0097 Acr A(T;,— T (or A, excitoon)
1137.9 1.0895 E,(200, M) Aso B('s— I (or B, excitoon)
9325 1.3296 E,(200, 9) (E»)-0.2401 0.2429 C(I'; — Ig) (or C, excitoon)
150 1109.3 11177 E,(150, L) (E,) 0.0059 0.0073 Acr A ; — Ty (or A; excitoon)
1103.3 11236 E (150, M) Aso B(I'¢ — Ie) (or B, excitoon)
1083.1 1.1447 E,(150, §) (E))-0.2111 0.2139 C('; — I'g) (or C, excitoon)
100 1079.0 1.1490 E,(100, L) (Ep 0.0079 0.0117 Acr A(; — T (or A, excitoon)
1071.6 1.1569 E,(100, M) Aso B(I'— I (or B, excitoon)
893.9 1.3870 E,(100, S) (E»)-0.2301 0.2339 C(I'; — Ig) (or C, excitoon)
77 1067.6 1.1613 E,(77,L) (E,) 0.0059 0.0087 Acr A(T;— T (or A, excitoon)
1062.1 11672 E,(77, M) Aso B(I'¢ — M) (Or B, excitoon)
887.3 1.3973 EL(77,9) (E»)-0.2301 0.2329 C(I'; — Ig) (or C, excitoon)
50 1056.6 11734 E,(50,L) (E) 0.0071 0.0105 Acr A(T;— T (or A, excitoon)
1050.3 1.1805 E,(50, M) Aso B(I's — ') (or B, excitoon)
885.3 1.4004 EL(50, S) (E»)-0.2199 0.2234 C(I'; — Ig) (or C, excitoon)
30 1050.6 1.1801 E,(30,L) (E,) 0.0069 0.0102 Acr A(T;,— T (or A, excitoon)
1044.4 1.1870 E,(30, M) Aso B('¢ — Ie) (Or B, excitoon)
874.9 14171 E,(30,9) (E,)-0.2301 0.2334 C(I'; — I') (or C, excitoon)
10 10472 11839  E(10,L) (E)) 0.0059 0.0087 Nor A(T;— T (or A, excitoon)
1041.4 1.1898 E,(10, M) Aso B('— I (or B, excitoon)
873.2 1.4199 E,(10,9) (E»)-0.2301 0.2329 C(I'; — Tg) (or C, excitoon)
En(A), Epx(B) 12131 En(Cl?F 371314 E, = En(B) -
- ] - Ex(APIT E, = En(B) ~ En(OPITh E} B 27
| Acr?t Asoghs Zhe Atoelo] Hrt
l . % ?j?‘oﬂ}\_]% "6]'@ }\'élE‘:H—i TE1 El"+ EZHI\E
L o I r Zlol Hamilton matrixel] ]38l crystal field splitting Acr
| ser 3} spin-orbit splitting Asofts 2QIth. T CulnSe, WF
s 5 =
| N wAle] BEFS T RRE 7@ Ui W 24 E(T)
- t ol Varshni #AXCE FE 10KWe] Table 29] oy
l - aso A w 7v4 E(10%3} 10Kw Table 32 FHF| of
| L) yz]e] zpo]2 FH free exciton binding energy, Ene
21O} o] A= H
zinc blende Ino spin-orbit spin-orbit 772/\;\1:]'. O]OJH 293 Koﬂ/ﬂ 10 KU}X] }\]-O]V] o;ﬂ—”‘ °©
S (PPl AaPddi(L), SZHEPEti(M)et Tabdt
Fig. 14. Fine structure for energy level of CulnSe,. (95 AMYAE 7 Ex(L), Exn(M) 283 Exn(9FE

Hamilton matrix[18];

Eip = %(ASO + Acr)
1/2

- (+)E(Aso + Acr)? - %AsoAcr} ()

= wEA. @ A7 EF Eye 0w 2o A
A9l o)

3 e A- B- 18|37 C-excitone] dUR|=

F718) exciton FAE kS Eel ST

CulnSe,/SI GaAs(100) ¢ 10K FHF A EH]
T BAF B9 It sk olF duARE HE 5
Ext Ex= 27t A

E, = Ewp(10, M) — Es(10, L)
= 11898 - 1.1839 = 0.0059eV
E, = Ex(10, M) — E-(10, S)

11898 - 1.4199 = -0.2299 eV 3)
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Acr = 0.0087 eV, Aso = 0.2329 eV 4
olt}. o] FELS Shay[l7] S°] eectro-reflectances
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Aso 0.23eV #F 2 XS & 4 Y. Varshniol
E(T) 32 (D=5 10KEW o] oU=] o] 7+ E(10)
e Table 20014 1.1845eVo]al, Table 34 10KY
w Ep(10, L) = 1.1839eVO] 22 E(10) = Ex + Ex(10,
L) = Ex + 1.1839eVolr E. = 1.1845 — 1.1839 =
0.0006 eveltt. 13 EE free excition binding energy
Erx = 0.0006 eVolt}, Table 20141, 10KY ], E(10) =
1.1845eVo|al Table 394 10KY w Ex(10, L) =
1.1839 eVoltl. E/(10) = Ex(10) + En(10, L)o|EE
Erx(10) = Ef10) — Em(10, L) = 1.1845 — 11839 =
0.0006 eVelt}. o] zHe Eqn(10) = En/n’ = End12 =
0.0006 evel dAgict, Wby 10KY o B/ B-9-2
Aapgie] olUA] Ex(10, L) n = 19 o 7R
rold A=) rz €9 A7 A-exciton 5-$-2]o|t}.

E (10, M)S tha3} Zo] gty EL(10, M) =
[Ex(20) + {E,(10, M) — E,(10, L)] — ExloiA 2zt
ZES Uidshd, 1.1898eV = 1.1845eV + (1.1898 -
1.1839)eV - E,7F ©th. Z#iA E, = 0.0006eV =
0.0006 eV/1%]e34 E (10, M) B-%-2l& 7FA] ol
A Ax relA olglZ olyx]7F 0.0006eV 7FZ21 n
= 1Rl Ax®E =W A1l By-exciton -%-2lo|t}h. EL10,
M)3} E,(10, L)9] olli=] 7+ze] Z17]¢] 0.0059 eV7}
oflal (22)ell w2l crysa field splitting ACrRI
0.0087 evolt},

E,(10, Sya-9-8l5 thadt o] sl El(10, ) =
[E(10) + {EJ10, S) - E,(10, M)] - Ex°llA Ex =
0.0006 eV = 0.0006eV/1* ©]ojx E, 10, S) B-%zle
7PAR TRl A=t I, 8o 0.0006eV offol
UE n =1 AR E A7 Crexciton B9 °|t}.
E (10, M) E(10, S Atole] ol|A] 7+ Ar7]€]
0.2301 eV7} ©Fal spin orhit splitting ASoq! 0.2329
eveltt, 30K ul Table 2014 E,(30) = 1.1807 eV©]
th o] 2% w Table A FHF Aupdle] oy
A Ep(30, L) = 1.1801eVelth. E(30) = E,30) -
Ee(30, L) = 1.1807 — 1.1801 = 0.0006 &V = En/1° =
0.0006 eVolodr] Exs(30, L) n = 1U o A, -exciton’s-
$-glo|th. vRIAIE Ex(30, M= (2)212] Acrk 0.0033
evel o= zki n = 19 wj¢] B,-exciton E-$-#]o]t},
AR (2219 Acret Asoote] Al 0.0066 eVel
QA2 2 E(30, 9% n = 1¢ W] 7R elA

A & W 471 Cr-exciton B-9-2lo|t}.

50K @ Table 2041 E,(50) = 1.1740eVolt}. ©]
=Y w Table A E(50, L) = 1.1734eVolth.
Erx(50) = E,(50) — Epp(50, L) = 0.0006 €V = Eq(b)/
1* = 00006 evoloir UATS & S irh. wEhA
Ep(50, L) n = 19 w] A -exciton B-$-2]o|t}. vpxr}
AR Ep(50, M= (2)219] Acrel 0.0034eve] 2=
Zb3 n = 19 wje] Bj-exciton E-9-glolt}. v R 2
(2219] Acret Asoote] Al 0.0069 eVe] QA= zZbal
Ep(50, = n = 14 o] 7p&A) reld Axd r=
£ 471 C-exciton B--2]olt}.

77K w Table 294 E,(77) = 1.1619eVolt}. Table
PN Ex(77, L) = 11613 eVolth. En(77) = Ef77) -
Epe(77, L) = 0.0006€V = E./n’ ©]oJ4 n = 19 o
A-exciton 5-9-2lojth. WA Ep(77, M)} n = 191
B,-exciton 5-%-2l°o]™ E(77, S} n = 191 C,-exciton

B9t o]d wWhHo= AHssle] Table 32 Fine
structured]]  3EAJEITE. 53] 293K duj Table 29]

E,(293)2 Table 39| Ex(293, L)7 737, 1.0121eV0]
oA CulnSes= 1-11-VIS 315HE HE=A|ZA] Aol A
w 7FAo] 1.0121 eVl A3 ol RkEAYS RISt
AT Ef293)7 Exp(293, L) E(293) = E,(293) -
Es(293, L) = 0 = Endn’ ©]odA], Ef293)3} Epp(293,
Ly n = ool A.-exciton B-9-2°|H Varshni®] E(T)
A T4 (49)2 2% wWslol] tlgste] A 7R}
o IelA Aed) r= 5w A7 A-excitons-$-2] =
A-exciton 5-9-2]EY°] 1=

4. 2 B

CulnSe, @474 de; vlekg HWE WHO R A7
Aok XA 34 54 43 Lawed] 3H FHE HH
CulnSe, BFete (112)d o2 Ay a4 vhels <
F A} HF A 2HLe 7] %7t 410°C, 5
o] 2x7h 620°CY wolRAaL, oW PL AHERY
A1 exciton emission Z=HEHo] 7 sl VEREAL
o] A% XA 2% (DCRC)2| WHAZ(FWHM) 7t
o] 128 arcsec® 7H 2kt A2olx Hall 2395 &
et Azt el wxe) olek:e ZHb 9.62X1016
cm >k 296 cm/V - s%1 pEe] wAA wheolgitt, out
b TR LroEAe 2n g% e 22 A 3§
glol] we} Waow, Inngt 2% YTl 73 E4d3)
ANUA= 61 meVitt. FFF spectraz-H T3+ oY
A 7] E(T)e Varshni equation®|ollx] EL0) =
1.1851eV, a = 8.99x10* eV/Ke|aL B = 153KY<S
AT E(T)ye 7P Zepdel €gk 7t

=
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o] T, 91k A=l [ Afe]é] oA 7HAdS Lsk
t}. 10Ke] FAF spectrum@kS Hamilton matrixol] <]
3 -3 crystal field splitting Acrgk-2 0.0087 evolH,
o] Fr& 7HAAY Zepel o3k 7haA el [y #9219}
et g Ateloll EAkitt. 55k spin-orhit splitting
Aso 7 0.2329eVolH, o|fkd 7R el ¢
g 7P TR e T, =919k Amdl g Alelll
At 10K | 7 e92l= n = 1 o
A;-, B9} C-exciton -5t

AR 2

B =Re 2004d% e skeda]e] x|
ol3le] ATH AL
502 8
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