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43 H7)2eiM AginS, A& 333k« HWE(Hot Wall Epitaxy) 22 AglnS, &2
7 uhahg wbd A GaAs(100) 7)ol AAA A AglnS, BEA whate] Ay 212 3¢
49) X 680°C, 7| We] £E 410°CH T A = 05 umhrlT. AginS, ©2% hete)
AARA ] FAle| A 10 Kol A 33833 (photoluminescence) 2~ E# o] 597.8 nm(2.0741 eV)ell A
exciton emission ¥ E& o] 71} ZlaiA Jepdow, w3 o|FAA XA 8% (DCRC)
9] HFEX(FWHM)XE 121 arcsecZ 7} Ato} A A 24YE o 4 s+ Hall E54
van der Pauw Woll o8] FA =G0, x| 2&E3 = Uk FES o] F Xy 293Kell
A 2z} 935X 10"%em’, 294 cm?/V - s$3t}. AgInS,/SI(Semi-Insulated) GaAs(100) ¥+2 A 4ate]
BE, FAF spectraS 293 KoM 10K7HA] 2Askeic). FE4 A9 EZ o2 HE band
gap E/(T)= Varshni 4ol e} AlAbst A} 2.1365 eV - (9.89X 107 e V/K)T/(T + 2930 K)ol
9o PAF A= E2 o2 HE] Hamilton matrix(Hopfield quasicubic mode)y 22 A AHgt 2
& crystal field splitting Acrgko] 0.1541 eVel™ spin-orbit AsoZt-2 0.0129eVHS #elslgic,
10Ky o FHF 5252 n=199 A, B-¢ C,-exciton B3 9-& AUt

Abstract

A stoichiometric mixture of evaporating materials for AgInS, single crystal thin films was prepared
from horizontal electric furnace. To obtain the single crystal thin films, AgInS, mixed crystal was
deposited on thoroughly etched semi-insulating GaAs(100) substrate by the Hot Wall Epitaxy (HWE)
system. The source and substrate temperatures were 680°C and 410°C, respectively. The crystalline
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 AgInS, single crystal thin films mea-
sured from Hall effect by van der Pauw method are 9.36 x 10" cm™ and 294 cn¥V - s at 293 K,
respectively. The temperature dependence of the energy band gap of the AgInS, obtained from the
absorption spectra was well described by the Varshni’s relation, E,(T) =2.1365 eV —(9.89 x 107
eV)T?(2930 + T). The crystal field and the spin-orbit splitting energies for the valence band of the
AglnS, have been estimated to be 0.1541 eV and 0.0129 eV, respectively, by means of the photocur-
rent spectra and the Hopfield quasicubic model. These results indicate that the splitting of the Aso
definitely exists in the T's states of the valence band of the AgInS,/GaAs epilayer. The three photo-
current peaks observed at 10 K are ascribed to the A,-, B,-, and C,-exciton peaks for n=1.
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AglnS, = HI-VLF 31¥3HE HEEA| 24 Ao
A ofvix] wztA o] 1.87ev el 2F Mol Hix
Aololr vl Bt Az A oeek A=A )P
LED(light emitting diode) 5> ¢ll -84 ] 7Iei5|
3 gl FEFHI Qe EHeln. §3] AglnS, &
AH A Bapgle] Fulg 2pA AR, 2 o)Al HAL
}e] Fuipe] 2E Wz A 3} (conversion) A o]
o] 438 4= gl wiAY Fraxz S84 ] 7
A= glo] okde] AT EAATIL &
ws AYPE Aok P AgnS, o] AR W
Bridgman-Stockbarger technique,” zone levelling,”
jodine vapour transport,” liquid encapsulated czo-
chralskiLEC) W ) A1F 23 ¥ e-beam F2 ,""
Hot Wall Epitaxy(HWE)'? %°] 2lv}. HWE "
2 A0S AAH sHdste ZAAdNRE 7| el
Tl 33 Fo] o] AAHEF = <l
d 993y FyAdelol ke 2AsAM AA
S AAAZ| B2 ofA e ubebg ubE 4 9l A
2o £A8 2Y § 3o dges YA
4= glel= A o] =Y

B AFoME $3H7ZE AlF}ste] 6N
Ag, In, S AlEE mole V|2 A gFsle] P 2ol A
24 Ao 2 AphnS, FHAA S A s &
Y GHA-e XRD(X-ray diffraction) & #1&
sl e, EDS(Energy Dispersive X-ray Spec-
trometer) & o] 83t AE 9 ZAW|E #elFlg
o}, FAE AginS, THE A2 HWE 9 & ¢]8-3}
o] WP A GaAs(100) 7| $lo] AglnS, ©2A
uhak8 ARAIA| 72w PL2] exciton emission 23]
Ef o]F AA XA 8F Al (double crystal
X-ray rocking curve, DCRC)®] ¥F&-] (FWHM) &
A 3le] GolHhrt. w3t 2= JEAH 93t
334 5 (photocurrent) 2% E¥ 2} Hamilton matrix
2 olgs PR HAAA AFEAE (crystal
field interaction) & 2% - A = A} Z 214 (spin-orbit
coupling)®l] 2%+ ZE}A] (splitting) Acr# AsoE T
33, FHF 525 excition FAS n ZHE

oFohugteh.
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Fig. 1. Horizontal furnace for synthesizing of AgInS,
polycrystal.
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2-1. AgInS, CHREIA 84

B9 Ag(Aldrich, 6N), In(Aldrich, 6 N),
S(Aldrich, 6 N) & Eu| 2 X gfsle] Mg Mz
(217 16 mm, W7 10mm)°] ¥} 3 X 10%torr 2]
AFoA A B4lsted ampoule S THESTH. Fig. 19
3 7122 Foko ¥ 1rpm2E Ao
A =E FHA Ar|2Y L8 ASAAS.
2E 5oz Q3 AR FY FE
ampoule ©] 5= A& WA 3] YA Az
20°CE 22|HA 2 FA4l9) 227) 500°Ce) =23t
o 2 AbeolA 24 A17F FAIAIZIG . 28T am-
poule & -2 S|A3PaA &9 A2HF 10°C =2 &
=& 232)7) A)zsted 1050°C el o) 2 48 A7 #-
21212} 5 <4 DC A RE 9} AYE 11, 244
7k 5ot Ak Y 4AZ) F 3" EAE A
HWE source-8- AgInS, ™ o1 2] (ingotys Al 231t

2-2. HWEO| 2J8t AglnS, BN ot M%

AgnS, @244 bt A4S 913t Fig. 29 &
2 2FF49] hot wall H7) 329} 7|Hoe FAE
HWE #-$ AH43l9oh. 4712 A7 04 mm
g 2w S 217 35mm A Hel] Fret IEHS
o, A7|2 9 dal %S dEES ¥l
7] 918 Mool F& FA3 M. F
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Fig. 2. Block diagram of the Hot Wall Epitaxy
system.

W2 AR AgnS, SHEA Y BEg ARSElg]
I, b AA GaAs(100) & 7oz A8l
AglnS, =43 92t H,S0,:H,0,: H,OE 5:1:1
2. chemical etching 8+ ¥FH AA GaAs(100) 7]
3 FUYE HWE A o Y Y {9 A3 =
£ 10%trr 2 wi7]1A1Z] F 0.5 pm/hr A SR
AZA A

2-3. @™ P=x

FAE A AghnS, o) AATZ, A,
+HHE o[ &3le Tl on, HWE W o=
A" AginS, SAA ubete] AAA L o] F AR
X-A1 34 (double crystal X-ray diffraction, DCXD)
A2 2 &4 shg ). =3 Xoray 34 AX] (Rigaku-
Denki, D3F)¢l| Laue 7} eh8- $-33sled Laue i
o RRAPE (A1 - FEAbe] 9] AHe] 3cem)2 & Laue
AMALS #edstglot. o] o) X-A-& Cu-Ka & AH-
shodch. AgnS, &4 ¥be] F7= o-step pro-
filometer(Tencor, o-step 200) 22 &3 8}5 o},

2-4. Hall &3}
Hall 3312 $A317] A3 #2743 & AL

Hot Wall Epitaxy(HWEy o] 2]& AgInS, 92 A utute] A&z} . 199

1A 3}3L Ao Q7 A7) A 22 F 2 KGY
AR L 31 A X2 293 Kol|A 30 K7HA]
W 3}A} 7] A van der Pauw ¥ 2.8 Hall £39-5
Z7 sl .

2-5. X ¥ (Photocurrent) {3

FAF &3 A& cryostar®] cold fingerol 1243}
31 DC A4S A3l A F-E Ao 2AlEH A
e BHFE lock-in-amplifier(Ithaco, 391A) &
%Z3l3 X-Y recorder(MFE, 815M) & 7] &3}y
t}. o] A}8-3t 3] Az} (Jarrell Ash, 82 - 000, f
0.5 m series-% )+ 1180 grooves/nm (A : 190 nm ~
910 nm)E A3}

3. 48 @ % @

3-1-1. AgInS, B2 A9 AAF=

TAE AghnS, A2 S FEZ qhEe] 3AHT
X-ray 3" FHE Fig. 3¢l 2}, Fig. 39 34
FHE FE (hkD)-2 H2HF e 28 g3ke] JCPDS
(Joint Committee on Power Diffraction Standards) 2}
AR 8= FHEoloA tetragonal . A A H S
o4 4 3, ARAE Nelson Riley 24 Ao
ojsted k2 AAR F bV er 73 A3
7}7} Fig. 4%} 50 E.givt. )l B nigl 2+
o] ay=5.758, c,=11.137 At} o] Z+-S Martinez
TVl ¥3d Az AF a,=5860 A} c,=
11233 Ae] A2l 4AFE <& 4= 3l
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Fig. 3. X-ray diffraction patterns of AgInS, poly-
crystal.
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Fig. 5. Lattice parameter c, of AgInS,.

3-1-2. AginS, B3 v AR 229 AAF=2

HWE®l 2|8t AginS, =384 whe A2 4
o2 "wbHAA GaAs(100) 71He] E5EE A
Ast7] $93hed 7192 chemical etching 3}3, S
He) £EE 680°C, 7|HY =EEF 390~450°CE
W 3}A) 71 A AAAZ . Fig. 62 7198 &%
£ 410°C & 3] AAE AghS, D2A % 7
u+s3 (photoluminescence) ¥ EHF 22 10 KA
597.8 nm(2.0741 eV) 9l A exciton emission 2% E.
Yo) 7} 7sHA ebde}. ol excitonol 2|3
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Fig. 6. PL spectrum at 10 K according to the sub-
strate temperature variation.
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Fig. 7. Double crystal X-ray rocking curve of AgInS,
single crystal thin film.

uhs) AM|EH L Zgto] A& AR o] Aol
38 5 gy AoE AR EA uhe] Ae)
o} & 3}-S Eslch. AAE AgnS, 44 whate] o]
2744 XA 3BT DCXD)2 HHEA|(FWHM)E
A3 A3}, Fig. 73 o] 712 227} 410°C
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Fig. 8. Black-reflection Laue patterns for the (112)
planes.

o o] ¥kEx] (FWHM) kel 121 arcsec & 7} 2t
otet. olidt 24 A2 HE AghnS, ©AA H}
o] A AR 2712 71w X271 410C, F
Hele] 271 680°C Y-S U 4 AT, AglnS,
w24 ubhg Lave Wi HRAPHOZ #Hedsls
Fig. 83} 22 Laue AMAE AT}, o]AkAl e 314
Aol -5 7 & y2} 8 Greninger'® =%
Z o] &3led ¢ Wulff - o] &3ld BEH9
IHHEL FAslo}. o] Fod® HEo] =
o8] Ao dgsle HE 9Fstd ddS
28 AgnS, ©24 dhtel] Ag YAl Fo& 2
. o] ARzlY] A FHE EF T3 ulx
A gt A Fig. 8- (112)HY Lave ] AR Y S
& 4 Qlsich. =3 Sl £ 22 680°C, 7|
ol EE 410°CE 3t A3 AglnS, HZHA
kol 7= oo-step profilometer 2 X8 A7}
27 um= AAEHAETES 4 5 AU

3-2. AgInS, THd¥ uiajo] Si8t FEX =4H|
AglnS, BHEA 7 943 uiete] EDS A% EF
AR 9 2A) ZHS Table 1] 2415}, EDS 29
EHZ 6N 58 2+ Ag, In, S oA o=
4 X-AL 7182 sl AP, AgH In
< LA 54 X-AE o838k, S KA B4

Hot Wall Epitaxy(HWE)%] o] 2J &+ AgInS, stA A wtuke] Hgatst 201

Table 1. EDS data of AgInS, polycrystal and single
crystal thin films

Polycrystal Single crystal thin film
Element Starting Growth  Starting  Growth
(%) (%) (%) (%)
Ag 37.610  36.900 36.900 37.421
In 40.034  40.799 40.799 40.591
S 22356 22301 22.301 21.983

X-A& AHste EAsc. 9EA 9 4EA
ula}ko] starting element 2] 2Aw]e} AR 2A
HlEo| +2% & WA dAFHI glo] 3}t
FEA 2N} A o] FoIH S & UL

3-3. Hall 53

AAE AglnS, &2 #t2& van der Pauw
o2 Hall £3E 293Kl 30K7HA) &% ¥
B FHM 4% FE T o1TE ug< Fig. 9
of Yehilet. Fig. 994 Bz wle} 7o o] 3=
7} Aol A 3= 294 cm¥/V - secd 2™ Fujita'2] 2
e} zreo] 100KoAM 293 K7HA = A=A Alwk
(lattice scattering), 30 KollA] 100 K 7R &= B<E&
AR} (impurity scattering) o] 7] ¢l & A o2 Jztgl
t}. Carrier density & 2% /Tl gk &2 =4
Hefol] whel WAL 9lglom o] W 2® o
(UT)ell N3 In nZt-2 Fig. 103+ e}, 4] 2ol
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Fig. 9. Temperature dependence of mobility for
AgInS, single crystal thin films.
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Fig. 10. Temperature dependence of carrier density
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A E, & n < exp(-E/kT)EY-E Fig. 109 71&7]
oA 73 A3} 112meVEHTt. =3 Hall 3}
Z2Azte 2 HE] Hall AFEe] 9 el
AgInS, 723 vk celf activated(SA) ol 71213}
¥ EANYE 4 U=
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Fig. 11. Optical absorption spectra according to
temperature variation of AgInS,/SI GaAS(100) single
crystal thin film.

i =R 837

Table 2. Peaks of optical absorption spectra accord-
ing to temperature variation of AgInS,/SI GaAS
(100) single crystal thin film

Temp. (K) Wavelength (nm)  Energy (eV)
293 661.9 1.8731
250 6384 1.9421
200 616.8 2.0101
150 600.6 2.0643
100 589.3 2.1039

77 585.6 2.1170
50 582.6 2.1282
30 581.1 2.1335
10 580.4 2.1362

Ry, FFF 2 EF o2 e AR oy
A (hwyell &3k F-F5 AT (F T3 (ohv)~
(hv —E) 9] #A 22E o= AL F5led Table
20l Zokel,

Fig. 12 AgInS, 9274 vhate] F4= F4lel 9
31 direct band gap 2] &% 9FAL eI 3l
t}. Direct band gap®] 2% 9)&A4-2 varshni
equation'”

E(T) = E0)- 715 M
S 7 9Esla gtk 971A E0) & 0KelAM2]
A 7, gt B ASel™ E 05 2.1365eVol
I o 9.89X107°eV/K, B 2930 Ko]th.

AgnS, S84 whate] e=w 3o 2 BAHF
2#ERS 203KAM 10K7HA] HA4% Aide

215

Egl0) = 2.1365 &V
a =9.89X 10 SeV/K
8 =2930K

1.85 1
0 150 300

TEMPERATURE (K)

ENERGY BAND GAP (eV)

Fig. 12. The temperature dependence of the energy
gap in AgInS,/SI (100) single crystal thin film. The
solid line represents the fit to the Varshni equation.
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Fig. 13. Photocurrent spectra of AgInS,/SI GaAS
(100) single crystal thin.

Fig. 133} 23, &5 o FHF 572 94
+ Table 39 A=3}sit.

AL R o] 7H4-& e A RMEY] o
2] o} F+Z%& Shay'” 7} electro-reflectance 2% E.
HE 233k AglnS, 2] 293 K9 E/(T)+= 1.8700
eVol™ | crystal field splitting Acr=0.15eV o],
spin-orbit splitting Aso ¥ 0.01eV E.o} M}l 3}
o} 20 &3] AR A 9] 7P A = spin-orbit split-
ting Z} non cubic crystalline field 2] FA] &3}l 2]
sled Fig. 149} 7ol E2]H™ | Fig. 14A I(X)
2} TAZ) Atel9] ol d=] ZHFe] Acre]aL T(Y) <}
Ty(X) Ate] 2] oA =] 747 o] Asozt 3FH >

Band theoryell 2}3pd HE=A o] HAE=E S-
like, 7F AN 2 P-like 2 B.312H | P-like Al £+
P,, P, P, ¢} o] A 7}2] FH = vHre] A 4 3l
-C]_-’l—l 19}.;}_.21,22,23)

Hopfield®” = spin-orbit splitting ¥} non-cubic crys-
talline field 2] FA| &Il 23] 7Pd=le) 7} 2de}

A& 29-S, Hamilton matrix;

Eip = %(Aso+Acr)

/2

—(+)B(Aso +Acr)i - %AsoAcr:] Q)
2 B89 & €714 B3} By Bt ek,
Al el 93] 3H& A-, B- 18] 3 C-exciton 2] oy
AT En(A), Ex®) 22T ExO)2h #7150
E, = Exx(B) — Egx(A) ©] I E, = Egy(B) — B, (C) ©] T}

Hot Wall Epitaxy(HWE)g ol 2J& AgInS, 9234 upe] A4 .. 203

E & Ex A7 A Aot ZE A el
s

E QTN FHF 2 EHe2RE E
E, %S #ol Hamilton matrix ol €}8}] crystal field
splitting Acr 2} spin-orbit splitting Aso 3t-& 231}
gl = AgnS, Hl=A9 FEF5 FAHLEHE
T8 oA W] b E(T) <l Varshni #4422
HE 2K9We E@)Ft 2K9 Shay” 7} T3t
n=1¢ exciton A2] oA Zk 2.0250 eV £} 2}
o] 2 X-E free exciton binding energy, By 5 3tT
A} g, o]ofA] 293 Kol A 10 K7HA] Atel] A
57l PPyl = AN (L), T M)}
DAY (S)F9 WA E A7 Eppl(l), EnM) L
2|3 Ex(S)E E7]3) exciton A n TS &l
331z} 3.

AgInS,/ST GaAs(100) epi-layer®] 10 K= F3F
2H ER o= BA 7 -5l 37071 A ol = ol
YA 25 T3 E# Ex 2H7 o237 2

E;= Epp(10,M) — Ep(10,1)
=2.1859 - 2.0358 =0.1501 eV

E,= Ep(10,M) — Ep(10,5)
=2.1859 ~2.1948 = —0.0089 eV

E, 3} E, 32 Hamilton matrix ol W j sl < 1t
AAE E9

Acr=0.1541¢eV, Aso=0.0129¢eV 3)

o|c}. Shay 9] FAHAE T4 (3)F ¥ Acr =
0.0041eVe] 2318 Z3 X3} Aso: 0.0100
eV B} FH.L zlo] opi o] B} & 00129eV
& Feldtg T}, Table 290 & 293 KelA 10K
7HA] |, Epp(293,8) — Epp(293,L), Epp(30,S) — Epp(30,L)
uﬁ! EPP(IO,M) - EPP(IO’L) %}:‘é 3 Shay 7]’ 2::':‘75]?1'
Acr=0.15evV & 272 (3)A19] 7k} vl wshd 0.0041
eVl @25 Zk3 XS & 5 slEh. Ew(10,5)
— Epp(10,M) = 0.0089 eV ¢]edA] (3)4]2] Aso 9=
0.0040 eV 228 zt1 Y3} gl

Varshni®] E(T) 34] (DE%H 2K4Y 99] E2)
-2 2.1365 eV olt}. E(2) = B+ E(Shay) = Ey +
2.0250 eV ol A Ep, =2.1365-2.0250=0. 1115eV
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AglnS, &4 wtehg HWE HPE 28 A3 7
o X-A 3AH &4 Z3 Laved] W FH 25 E
AglnS, 2th2- (112} 22 AR <2A vty
< o4 4 Ude. HA A 2L 9] 25
7} 410°C, 4] =7} 680°CY ], o]uf o]
%+ 24 XA 854 (DCRC) 2] ¥HE-X] (FWHM)
kol 121 arcsec grt. Ah2el| A Hall 312 &3
g A3} kAl w9} o] F e ZH2 935X 10"
cm™, 294 cm/V +s9] n¥ 9] AR whate) A}, 3
¥4 spectraell 23 oA o] 2 E(T)%& Varshni
type 2] E(T) = E,(0) —oTT + Bl 4 E,(0) = 2.1365
eV, a=9.89 X 107 eV/Ke| L B=2930 KU & Hal
et E(M & 7FAAR Zebdof 23 7pdat
2] T,(2) T A= 1(S) Aol o] 7+
A4S gt

10K 2] #A5 spectraZt-S Hamilton matrix ¢l
2] 3] F3F crystal field splitting AcrZt-2- 0.1541 eV
ojnf | o] & FiHzlel Zebol 2% A A
Ii(X) &k T(Z) Atelell EA)5bsdc}. =31 Spin-orbit
splitting Aso -2 0.0129 eV o]n] | o] & 7}A =}
o Zrebdell 28 PRI Ty(Y) 9} Ty(X) Abol el
&8 10KY W) A F 598 3= n=1
DL A-, B-#} C,-exciton 3-8l }.
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