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Growth and characterization of Znin:S, single crystal thin film using Hot
Wall Epitaxy method
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Abstract

The stochiometric mixture of evaporating materials for the ZnIn:Ss single crystal thin film was
prepared from horizontal furnace. To obtain the ZnIn:Ss single crystal thin film, ZnIn:Ss mixed crystal
was deposited on throughly etched semi-insulating GaAs(100) in the Hot Wall Epitaxy(HWE) system.
The source and substrate temperature were 610 C and 450 C, respectively and the growth rate of the
ZnInzS, single crystal thin film was about 0.5 mwhr. The crystalline structure of ZnInzSs single crystal
thin film was investigated by photoluminescence and double crystal X-ray diffraction(DCXD)
measurement. The carrier density and mobility of ZnIn;S; single crystal thin film measured from Hall
effect by van der Pauw method are 851%10"7 cm™ 291 ecm%V +s at 293 °K, respectively. From the
photocurrent spectrum by illumination of perpendicular light on the ¢ -axis of the Znln:Ss single
crystal thin film, we have found that the values of spin orbit splitting 4So and the crystal field
splitting JCr were 0.0148 eV and 0.1678 eV at 10 °K, respectively. From the photoluminescence
measurement of ZnIn:Ss single crystal thin film, we observed free excition (Ex) typically observed only
in high quality crystal and neutral donor bound exciton (D°X) having very strong peak intensity. The
full width at half maximum and binding energy of neutral donor bound excition were 9 meV and 26
meV, respectively. The activation energy of impurity measured by Haynes rule was 130 meV.
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718 B4 2 FANH B4 dig dFE HX
ket

B dFoMe 6N9 Zn In, S AIEE mole
v 2 A3} starting element 2 AFE3le, A)F
H Y A72dM &8 JFHLR ZnineSs E
g 4R §4€E 9vFAH L XRD(X-ray
diffraction)& ol-&3td ZAAF= ¢ FAAL+E
F3&5929, EDS(Energy Dispersive X-ray
Spectrometer)& o1 &3l9 HE 3 =AVE HY
gk $A4E Znn:S: A& HWE W& o
L3l wAAA GaAs (100)712 $o ZnInSs/
GaAs  epilayer®  AZAFHLoW, A4S
photoluminescence(PL)9} exciton emission 2#E
da o]F AA XA 3" FM(double crystal
X-ray diffraction rocking curve, DCXD)8 W+Z
A (FWHM)E ZAste] odolEdtl. Van der
Pauw W22 hall &8 233 4tz %
(carrier density)$} ©1%XZ(mobility)d] &% &
g dFsgd. aEn ex oEAMe HAF
(photocurrent) Z#HER-E ZAslY 7FHAY Y
AR A5 AL (crystal field interaction)™ 2®-
#A= A% Z8(spin-orbit coupling)ol] 2] & o=
e B (splitting) J4Cr 4So & UolE ¢
o, =3 33 (photoluminescence)d &3 3o
Auz wtd o] A€ Fee YA FHE
A 3te], BA AR opto-electric device) 29 &&
7Fe & gotr sttt

2. 44

2.1 Znin2S4 Ctdd A

AEA49¢ Zn(Aldrich, 6 N), In(Aldrich, 6 N),
S(Aldrich, 6 N)& mole¥) 2 &3l MY Ao
(7 16 mm, WA 10 mm)el ¥} 3X10° torr
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1% 1. Horizontal furnace for synthesis of
Znln;S, polycrystal.
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18 2. Block diagram of the Hot Wall Epitaxy
system.
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A8 HEA  ZnInS.o EAFE, ARALSF
& EUYL o889 TIFon], HWE WHes
ARE ZnlneSy ©23 uwtee] AAYAHE o|FFA
X-4  2Z(double crystal X-ray diffraction,
DCXD) #A 2 &3 st £ X-ray 33E A3
(Rigaku-Denki, D3F)¢] Laue F}w2}& ¥3&3td
Laue ®¥i® REAMH(AR 3 cm)2Z Laue AMIE
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243 n A QY AR F£Fo2 2 KGI
AANNE T2 A9 L& 293 Ko)A 30 K7t
2 W37 HA van der Pauw¥ 22 hall &3}
& A3

25 &= 7 (Photocurrent) =3

BAF &3 4L cryostat?) cold fingerel 1A
&1 DC HYE ddstd gaFgg do zAg
A vyets FAFE  lock-in-amplifier(Ithaco,
391A)E2 ZE3d3 X-Y recorder(MFE, 815M)&
712389t old ALgg 3@ H R (Jarrell Ash, 82
~ 000, f : 0.5 m series®)¥ 1180 grooves/nm (A
1190 nm ~ 910 nm)& A&

2.6 &2¥(Photoluminescence) &3

AR ZnlnS; ©2A 99 cryostat Wi #-of
9l cold fingerdl xR, FFez HjZisiu
He-Cd #elA(Nippon, 325 nm, 50 mW)E& 4odj
ZAbegg. 9%E ¥Eg d@=2z2 J4E9
chopping3t3 monochromator® £ %3¥31 £33
¥ 22 PM tube(RCA, C3 - 1034)F o}
lock-in-amplifier2 &3t X-Y recorderZ 7]
E319th ol cryogenic helium refrigerator(AP,
CSA-202B)Z cryostat (AP, DE-2025)8] 2&%&
Ao Aoz JeHA SZ3H
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3.1.1 Znin2S4 ctAe AY =

HAHE ZnIneSs HEAE BUE g ZAT
X-ray 3d FY & Fig. 391 B4} Fig. 39 3
ARdz 2 (k) B3P 8 4ol
JCPDS(Joint Committe on Power Diffraction
Standards)®} YA sE FHE°lYA  hexagonalE
AZEHASE € & AR, FAALE Nelson
Riley 2346 &3l S AN F 44[15]
o2 F% ARE 4% Fig. 4 o 5 B9t o
HolA BE ule} o] ap. 3852 A, co- 37023 A
Aot o] & S.Shionoyal4] Fo] B g a- 387
A, - 3701 ATt F X FE ¢ + U
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3% 3. X-ray diffraction patterns of ZnIn;S4
polycrystal.
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LATTICEE PARAMETER (A)

% 4. Lattice constant a, of ZnIn;S,
polycrystal.
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LATTICE PARAMETER (A)

¥ 5. Lattice constant ¢, of ZnIn,Ss polystal,
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312 Znin2S4 —tdd uef M% x=da A
HP=

HWE®] &%t ZnIn,Sq @234 et AL M
o2 WHAA GaAs(100) 7j#9) BEES AA
8l7] 9sle] 71#& chemical etching 331, &g
9 &£=E 6107TC, 71#9 X8 430~470TC =
WA FIHA AAAZ) Fig.6S 7189 2x8
450 T2 8t AJA3J ZnIngSq ©2A dret P
Z(photoluminescence) ZHEHOZ 10 "KolA
433 nm(2.8633 eV)olA exciton emission 2% E
Hol 7} ZstAl Yelstc). oo exciton ol 2]
B 2HEYL Aol H& FAAo] ALdA @
BY 5 gdv Aoz AFE ddF wge Ao
$355e L9t A3 ZnlnS, @2 dute
o)lFdA X-4d EFHDCXD)Y  HEX
(FWHM) & $4% 23}, Fig. 73 2] 7|#9
2x7F 450CY W HEXFEWHM) #tol 133
arcsecZ 7 Attt olg|@ &4 Az RH
ZnIn;Ss ©Z2A 9ehe] HH JF =2dL 7H9
2E7F 450 C, %Y 2=71 610 TS ¢ &
AUt ZnlneSs AR ¥9HE Laue WP WHALY
S8 #HYsted 9 87 L Laue AHNE E
ok o]AlR e A dgde 4 HE re b
& Greninger[16] =¥ & <] &3t ¢ Wuif4-&
ol 43t YEAY JHPES TG o] F
FE FEo| vt=EE o8 BJMHd &It HES
AZAsS dYe 27 ZnnSs GAA o] fF
AA F9S IR o] A7 A FAIE EF
Fg3 u@ HHF AIFA 2y 8L (110)49
Laued] AlZYE ¢ & AUTH =3 Fdde 2
EE 610 T, 719y 255 450 CE sl AR
Znln,Sy ©EA "o FAE a-step
profilometer2 &3 A3} 29 m= JFINSE
& 4 ARG

248 wcsec

COUNTRATE (arb, unit)
I EEEREE

POSITION {arc aec)

3%¥ 7. Double crystal X-ray rocking curve of
ZnInySs single crystal thin film.

nin S,

EDS INTENSITY (k. i)

% 9. EDS of ZnIn,S4 single crystal thin film.

3.2 ZnIn2S4 S d utoto] 3}8F P2 X xAb|

Znln:Ss 2R 4¥ 9 =49 EDS 2¥EYS
Fig. 99 Bt} EDSA2¥EYHL 999999 %9 &
g ZE Zn, In, SAA et B4 X-4L 7]
oz 3t9q &FFon, 7Zng S K-Ad E4
X-Mg oj43a1 Ine L-4 54 X-4L& A4
8t A3t Fig. 9914 Zn, In, Soll sig=&
FET 54 X-d 57 vz g olE
9] WA ule] wg& =AY] gL Table 1o B
o, 2 A9 starting elementd] 2A3 AFH A
A ANEC] 2 % 23 WHAA UxFHn
o] B FEH A7t A o)FoREL ¢
= At

¥ 1. EDS data of ZnIn:S4 single crystal thin

film.
Element Starting element (%) Growing crystal (%)
Zn 15625 14.256
In 51.042 53.134
S 33.333 32616
3.3 Hall 5%}

HWE WHez A" Znln,Ss ©2% utute
Hall £ & van der Pauw W{[17]e2 293 °K
A 30 K7HA ASAI7IEA & 2 A3
€ table 2] B¢t A3 Fx Hall o]5x9
2= 9EAE Fig. 108} Fig. 114] 44 Byl
Fig. 109 In n &) I/TAA & E<E 843 4
WA= 138 meVH R, Fig. 119 Hall o=
Fuyjita[18]5 9] ZA e} o] 30 “KelAH 100 K7
Ae TVdua 713 B&E Add 73
3,100 "KM 293 “K7HAl& TV we} zpast
o Za Atgd 71A% Aoz nAHJY =Y
Hall 25 2422 %¥ Hal A$Eo] 29 3
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ololA ZnIngSy @24 2 self activated(SA)
o 71Q8E nd HEAUYS & F YUk

¥ 2. Resultant analysis on Hall effect for
ZnInySs single crystal thin film grown by
HWE.

Temp. carrier density Hall coefficient conductivit Hall mobility

(K) n (cmgf) Ru (cmlf/c) g (.Qc‘t(l:m'y) [ (ct:!lv-sec)
23 851X 10}7 -84 10] 15993 21
270 589x10f7 -100x 10] 19423 368
250 456X 10)7 -1.3%10 18294 442
230 371x107 146X 102 1.8545 532
200 250X 107 -169x10 1827 620
180 1.05x107 -191x10] 1.749% 684
150 6.98% 1010 -2.14x107 15923 805
130 611x10° -2.38x10 14732 920
100 421x10%8 -259% 102 13925 9%
77 301x10% -282% 10 1.3536 895
50 224%X101 -328x 107 1.2649 650
30 2.23% 10" -373x10° 12142 399

—TTTr
.

CARRIER DENSITY (cloctron/m®)
3

3
]

°
-
H
@
8

3 30 38

TEMPERATURE (10%/T)

a3 10. Temperature dependence of carrier
density for ZnlnzSs single crystal thin
film.

MOTILITY (m'/volt - scc)

3% 11. Temperature dependence of mobility for
ZnInySy single crystal thin film.

3.4 ZnIn2S4 ©tA X wtoto] o x| o2t

924 g BFS EAL Fig 129 2o
Znln;SsE direct gap W= ol7] wWEd YAF
energythv) 2 3EFF AF(a)9 ZnlnSs @24H
dtale] energy gap (Eg) Abolell &

(ahv)®~(hy -E;) --——-—- 0}
o] @A dck Fig. 13914 A Aoe] (ahvy)?=09]
Az guEs Hel (VA 93 energy gapel #
ZFHY 7]#e 227} 450 TY 9 ZnIneS; ©3A
H}eko] energy gape A2olA 2.86 eVRTh

3.5 3 5 (Photocurrent)

ZnIn,S; @24 9ok 203 “KelA 10 °K7HA
2EE WIANIIEA SHT FAF 2¥YEHL
Fig. 149} 2o JAHF 598 X E table 39
2. BAF 2HEHY FAHAA i Yd
HFEE HARAAA A2 EE HAE
A% FAF B+Usd duFgudA AR
splitting®ll 9% BFH{F LTl FEHHAU.
FAF 52Ee A A4 #5E 5 9led o
ol & ZnInpS; GAA e SWAA TRE A
#A5)o]  spin-orbit  splitting ¥ non  cubic
crystalline field & FA&AId] 9319 band
splitting ©] Yol HRozZ B 4 gty oA
band theoryel ¢34 #x=H o] A= & S-like,
7HAARE P-likeZ Hgton, old P-likedl =t
Px, Py, PooF Zo] AJg E42 vFo] 4 = 3l
otz Bth SWAF (hexagonal) 7+ZE 3749
298 A(I'—Te), B(I'e—=Ie), C(I+—T'e¢) Aol
o o3 RezE EAFI[19] o9} HFHE Fde
Ul A 72 & JYebd Fig. 159 2Kt
Hopfield[20]%= spin-orbit splitting® non~cubic
crystalline filed®] FA &7 o At 2
ZBA = 29L |, Hamilton matrix;

b=

Eia= %(ASO*' Acr)-“)[% (Aso+ Acr)z-% Asoncr]

2 Edsdo. @ 97M EiF Ex= ded #
o}, Fig. 1491 A-, B-28 3 C-exciton?] <A
& Emx(A), Emx(B)Z8n Emx(C)E E7)3H
E: = Emx(B)-Erx(A)°]l L E; = Epx(B)-Emx(C)o] T}
Fig. 148} 10 °K9 #4F 2¥EJo2HE E
7 E.3t€ #o} Hamilton matrixol 9 crystal
field splitting dcr®t spin-orbit splitting 4so#t<
T8t 2E tg# gk 10 “KelA FHF ¥
$2(PP)e ARFAL), FAAFRNMSt B3
Q(S)E9 AEAE 742t Epp(l), EpM) 281
Erp(S)2 7|89 ol& oux24HE T E 7
Ex&

E: = Epp(10M) - Epp(10,L) = 3.1143

29511 = 0.1632 eV
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E: = Epp(10,M) - Epp(10,S) = 3.1143 - 3.1245 =
-0.0102 eV

°lt}, E;®} E:; #< Hamilton matrixel] <))
49 HAHE EW Jder=01678 eV, 4
so = 0.0148 eV o|tt. oj® ACri 0.1678 eVE
Shay $[21]o] B3 016 eV #EF ZF UX 3}
I 303, 4Sod ZAHF 00148 eV YA
Shay[2117} B3 0.016eV &3 A9 YA 31
Ak, ol| 10 °KellH ZF =z 4Crd 4So9]
A AFAZ Bol c-Fo] FAFA Yo YAY
4 dojuts dgERE 2 A&z Q.

¥ 3. Temperature dependence of photocurrent
peaks for Znln:S4 single crystal thin film.

Value
Wavelength E A
Temp, — ™ .nergy obtained i Fine
difference or
K (am) (eV) symbol (E1 or Ez) Y Asc structure
ea. (2)

'l
4335 2.8600 Ep(293L)  0.1632
01632 & s
298 4101 3.0232 Ep(23M)  (E» 2 ocr I'e—Ts

4303 28813 Es(2501) 01634 Il
.. o P s g

01634 & T
B0 472 3047 EOM)  (E) 634 et Te~Te

r'—rs

4271 29029 Es(200L)  0.1629
2 01620 & .y
® 4044 30658 Er0OM) (B 2R s Tewls

r—rs

4242 29227 Ee(150L)  0.1630
150 01630 Acr I's=T
4018 3.0857 Es(150M)  (Ev 60 e Te=Ts

I'—Ts

4222 29366 E(100L) 01620
100 01620 acr I'e=T
4000 30995 Ep(100M)  (EV 2 et TeTe

4214 29420 EoTIL) 01629 P le
K R P! ¥ g

0162 Acr el
T 3933100 ETIM)  (ED 2 o TeTe

r 7—’1' 6
4206 20477 Ep(50L) 01632
50 01632 Act el
3085 31109 ErO0M)  (Ew 2 aa TeTe
4203 29498 B0l 150 rrre
(ED) 01630 Acr
2 3WI IR EOM o oo T
3970 31230 EH30S) - s
(E2)
201 28511 Ee(oL)  OM6% e
(E) 01632 a&cr
10 3813UG BOM o Gon % T
3968 31245 Er10S) - S e

(E2)

3.6 &3 (Photoluminescence)

Fig. 162 Znln:Ss ©4dA wde] 2 W3l
mE PL 2¥EHS Yelin it PL 28 EHY
< sharp-line emission <9Y9#  broad-line
emission YHLE FEIL F Uui22]. Fig. 169
A AAE 10 °KY we] 4291 nm(2.8893 eV) &

-8+ free exciton emission spectrumS.2 oA
7t} Free exciton® €38 ZAF ALdxu
3= stAAdRe] AR} uA wziF o4
9 dURAE Ze FRZ 97dd A=Y o)
Hx 7HdRdee doz dAdd FF(hole)o] &
Al Erh old FFY AFozRE FEI Holu
A E3A o71d AR electron)= AFH exciton
< P43 o]Ee] AZAYY 9 spectrume] RE
WEEn, o)e}h o] Af AR} A HFFY %
(pair) 2.2 FAE excitond Coulomb 3o} 24
A Hoy e paire £4& 9AMY " A
3T FHE Ax &£Fs2 JduiA FHE 4A3F
o gltk. o]3& free exciton®|8tgth  Free
excitonZ E<tAZ Azl AFe) B o
A 2FdE. B excitone BELEo|Y A
2YBd7tx] AR Alolg ARFA %587 o
£ &F AU dEAixE ZEer

hv = E, - E§™
o714 EI™ & Free exciton®] 2 #oly =)o)t}
4 ()2 %¥ 10 KY u, E;& 29511 eVE 3}
o % binding energys 7 E,=0.0618 eVE
4] Shay$®} Tell[21]°] reflectivity23%E F&
exciton®] ZAdoluA 005 eV A AXFo},
4291 nm(2.8893 eV)e BeF BLEHE  free
exciton(Ex)2 #E&H A 433 nm(2.8633 eV)9}
4412 nm(2.8101 eV) ¢ ¥%2+= bound exciton
emission spectrum® 2 A At} Bound exciton
e F4 F& dgdE Ed(donon® dAH
(acceptor)®] free exciton¢] L4t o] 1 F9H %
& &%3= AE L) Bound exciton complex
7t 29¥ o Arje 23 AHNEHL  free
exciton®t} o4 die] el Bound exciton
o] WAl AAFY W W& HE photond] AR =

hv = E, - EE™ - EB
ojt}, o§71x EZ & Bound exciton®] ZAE ofu
o)t}

433 nm(2.8633 eV) %2 F4 donor-bound
exciton?l Vsoll 718te LID°X)Y Aoz A%
"k @) Yo zRE F§ donor-bound exciton?)
A YA E 00260 eVYEE ¢ F AYZ,
gﬁl; 02 2¥H EU$ o3 olux)e 013
eVdE ¢ F UMY EF L DX Qs
8927t 713 A8 4 et AL Hall 53 &
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oA n¥E uEd A} AT 4412
nm(2.8101 eV)& 8= Vzaol 93
acceptor-bound excitiong! (A’X)o.2 Mwg 4
Ak (4) AL ZHE acceptor- bound excitong]
AR E 00792 eVEE ¢ FUAUR,
£2 =01 28 7@ AdEe oledt dy
e 07920 eVE ¥ F AU 4503
nm(2.7533 eV)el %%l DAP(donor-acceptor
pain® 5224 nm(23733  eV)9 ¥eE
SA(self-activated)ell 71dste FEF J 92
3 A Hoich

4. 4B

ZnIn:Sy GaAs @24 weke HWE Wwgoeg
AR JBe 257 430 T, FEdy &
271610 TUd FH 43 2Pz 2AHGAL
o, ojd ojF FAA X4 8FITHDCRCIY #A
Z(FWHM) #to] 133 arcsecfith A29lA Hall
AFE Y A3 94 FEe olvEv Y
swzl FE=  851x107 electron/em’, 261
cm¥/Vsec?l n¥el whetel g gl
FAF B9 10 ‘KoM gxgdie spAz
o splittingell 2&AH ZEAHE ACrlcrystal field
splitting) & 1678 meV, 4So (spin orbit
coupling)®= 14.8 meV %t
Py 2HozRE $aes Fo] FL& AHYAAN
7 #EHE free exciton u3g #FEEHAL
n-¥LE deRdE W$- B8 AV FAH4 FA
bound exciton®] WEXE 9 mevel 9 Z
FoliAE 26 meV, 2282 ¥4 3l QA=
130 meVEHX SAZ 34 FA 4% & ez
A=l
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