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ABSTRACT

The Study of Growth and Opto—electrical
characterization of ZnIn:Ses Single Crystal Thin

Film by Hot Wall Epitaxy

By Hyang-sook Park
Advisor : Prof. Hong, Kwang-Joon, Ph.D.
Department of Physics,

Graduate School of Chosun University

Abstract

A stoichiometric mixture of evaporating materials for Znln:Ses single
crystal thin films was prepared from horizontal electric furnace. To obtain
the single crystal thin films, Znln:Ses 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 630
T and 400 T, 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 ZnIn:Ses
single crystal thin films measured from Hall effect by van der Pauw
method are 9.41x10" electron/cm’ and 229 em™/V - s at 293K, respectively. The

temperature dependence of the energy band gap of the Znln:Ses obtained



from the absorption spectra was well described by the Varshni’s relation,
Eg(T) = 1.8622 eV - (523 x 10 eV/K)T*A(T + 7755 K). The crystal field and
the spin-orbit splitting energies for the valence band of the Znln:Ses have
been estimated to be 182.7 meV and 42.6 meV, 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 I's states of
the valence band of the ZnlnSes/GaAs epilayer. The three photocurrent
peaks observed at 10 K are ascribed to the A;-, Bi—exciton for n = 1 and
Cor—exciton peaks for n = 27.

After the as-grown Znln:Ses single crystalline thin films was annealed in
Zn—-, Se-, and In-atmospheres, the origin of point defects of Znln:Se4
single crystalline thin films has been investigated by the photoluminescence
(PL) at 10 K. The native defects of Vz,, Vse, Znint, and Seir obtained by
PL measurements were classified as a donors or acceptors type. And we
concluded that the heat-treatment in the Se-atmosphere converted Znln:Se4
single crystalline thin films to an optical p-type. Also, we confirmed that
In in Znln:Ses/GaAs did not form the native defects because In in

ZnlnzSes single crystalline thin films existed in the form of stable bonds.
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Fig. 1. Band structure of ZnlnzSes in the Brillouin zone
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#A 5 ok



b. Bound exciton

HEAY e EEEEe] EX6HH excitond vHA 4 HAF 2707 R
A5 FAslo]l EwEel Hutuo] HgAE o|F=dl °]& bound exciton(BE)
2t gt bound exciton®] el &g LF AAFL olF &
Aolth, BHE excitone] EE °fetA HHtHE=R AR v e A2
oscillator strengthi= rio] ®l#sln= Aws] =t wlea] BE 39 A7)
8] Ark. EF BES £FoUAE 0olnz HE HIEAE 7R

BEo| &% w3 | A = hve

1

=
s
pun

/\o]-

rir

Py

hV - Eg - EFX - EBX (35)
2 FolA il Epxv BE®] AgtelyA|olt}. dntaow EEEolv) Ao &
W5 = exciton®] £ 4]+ hound exciton@ A+ exciton®] o U A o
o3 AAH=dH BHE ETE 99 o3} duyxet widl#A Ut o]
FA = SiollA A5 TAHUAETE[49] 7 #A A2 Hayne's rule®

Egzx = a + bE; (36)

olth. e 7)e] Bz ) & Wl o] £ahelil el
b & FAG AR olenuAst 38 g W FE5Th Halsted 5
[501& o] 4 HAAA A H& @Al ol £d G|Uxeh excitond] o] &

s} oA Apole] Aol whafe] WA GEjel M=

g, =01 (37)
olar 7N e

EBX ~

g, =02 (38)
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3. 47t A 2% (Band to Band recombination)

Exciton®l] &J3t @332 oAt & = lom KT>ExQ] XA+ exciton
< ujz

o] By} oldl A9 Axet HFe wk Hold o3 AAGEA Dok B
F5 AF7E av=(v-E)*e A-ddoeld w Fxo] umA A wg B
Zle] B v x| £o2E hv~E2l sharp cut-offE 7MAH &
ANUIA &0 2= exp(-hv/kT)e] 2F talle ZHA Ak a9y 299 B

7V SU1ske] wEk v oy X Ee] sharp cut-off7} §loIA Al spectrum-=
A4 )" ze] "yl Ed peake WEX 7} 27160 peak? A E nd 9
A = YR Fog pyel e e YR Ho=z o]Fgiri51,52].

4. W ¢} B457e] A4 (Band to Impurity Recombination)

FA ZhAA RS Ao(D-V), 1E]al HEdlel wzie] Hol(C-A)&
HE F dsfr) o] &3} 5% ke KT<ES A2 #HzEol« i1 F-B
ANAE o1« hv[53]=

hv = E, — E,(Ep) + %kT (39)
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Ipp(hv) o (hv—E,+E, )Y exp| —hv—E +

B FolnHB3l o] A & F o]l e olyA &2 E~Eapd +H
NUAE 7FA W =2 YA &L Maxwell-Boltzmann ¥ & zt=t)
HE A48 W 14 3328 2t MEAqAAE o8 711 FAEY By H
2ol 7t glol D-VAole F-'o] Qte ARt WA Ee] oA FH3] o7}
Rormz C-A HAolx HjwF 2z Il

£ 9] Eagles® 2[25]¢F & <
5[54]2 o] = piezoelectric phonon E°|4 o] B8 exciton 5ol 9
a FAE= WEFo mAl "7 diteleta Ak C-A ol AlVE
Williams[55]5 ] A4t &b

P

Lt
g

o ,oc —L <%)1/2$ (41)

2 Folxth 7oA 1= BRE AZAY BHHEES &M AMEE &g A
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AH(minority carrier) €2 Hi FHolth. §l Ao o AL EE 2%

=

st (1/D)Pe ALoA ex oEml vl By AR I ,octcl,

7} €t

olmz Ax C-A Holg] A7l Nyl wl@dteh 7)oM) N thermalized
electron €9 5% ¥ HAJAFo|t} HA B

=7} F7heke) wek olestE e N+ #adith wels C-A #3 5%
o] &% oEFHHE Arrehenius®] 2] ¢l



5. F/-971% (Donor—-Acceptor Pair)A] 2 g

HEEA e Foek N7 sl EAshE DAP A de] s AAd
Hrgo] H™ BESH C-A A2 A3 dAH ez dojupA A kT<Ep,
Ea?l AolAe= d4 o]23tgo] Jona DAP AAFe] C-A #olo| H
3l wWol dojdtt 257 SrhEel weE BHE & £99 FUNF o] &3
w mebs] C-A Hol7t S71sth. DAP A2 % 3 olyA hve

2
hv = Eg—(EA+ED)+§T—Em (44)
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oz FolXth 7oA ¥/ere DAP Folo] i Ayel ol eslE Fr
k7 Atole] A7 A oA o] al Eyaer A=A E van der Waals A 5.2}
& o Rl FAG A Alele] Al r& HA o] wEl EAE 7}

F 9onE DAP ~#ER e ARTrd W 5 r gol I3 Bas
e

Mo & me

¢l F2 FrEEe] W& G A verg Aeolvh. ey FAN
W Eo] o] 23} o X7} A2 HlmAd A= DAP ~FE ] Suky A
E2Y Yepdr &) o] & HEEAAE HE Ep<20 ~ 50meV °o]2=E DAP

Sug AUES By + Epdel/er & BEAZ 5 Qb "oln Fo

A el Zlojeta Mz e rol W' oA Arp HolA Eajrr ¢td

W(r) = W(0) exp (— r ) (45)
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7hstoll whel &L F=9Y EeE, F FE FATE ol =3kEo] DAP #do]
AH APA LG F-B A A el AXTHE0L B3 d714E 75 E DAP Bt
Ad ez F-B Aol7l AR olxd DAP ¢ F-B A2 A2 t&
A FRE TEE e 3l olddn BAE dAstEd SR A o

tH61-631.

6. Phonon

3) LA A excitond} edge WHF A~HEFHO] 5L A o]
ZHHAo g Hylg 9 /9 2927} vehdtl o] AL phonone] WE #A | 9
ElR=R excitono]ur edge W33 IANA A ARG FFelA A4 Eo
o o]t} Phonon: A78& Tdstal Sle dAke] Ak @ e s W

th. wEkA exciton® edge WF9] oA hve
hv=E,—E,—nE,;n=0,1,2,3, - - (47)

7F At o7]d A EiT exciton 52 1§ (ocalized) “Eje] o] 3} o] 14X

o]31 Ep¥ phonone] 7FAal Ql& oy elth. tiF-ie] IheE WA oA

7}y vkZo] 7153k phonons longitudinal optical(LO) phonon®] 31 no-phonon

T2 5H FAEE 2 N9 5928F n=l, 2, 3, 4, - phonond] W& ¢
3

‘]S}L Hdole] mEr}h Hopefieldl64]w= 9WF4 2= phononel o8 w3ge] A
71 1
_ N
In_ n! (48)
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Fig. 3. Horizontal furnace for synthesizing of Znln:Ses polycrystal



B. ZnIn:Ses T2 A A

g9 428l Zn(Aldrich, 6 N), In(Aldrich, 6 N), Se(Aldrich, 6 N)& EH] = F

A EYPste] ampoules WERITE Fig. 39 38 A7z FYo ¥
M2 A Te] AT E A HAr|Re] 2xE A
2 9% AELAY SV S7F2 ampouleo] I EE AL WAE7] fl8)A
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g2 ARgelATh ZnlneSes 2R RS HaSOs i HO2 : H20 S 5:1:1 & chemical
etching ¥ WA GaAs (100) 7|93} SElS HWE A ol ¥ Wie
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Fig. 4. Block diagram of the hot wall epitaxy



A4 E ZnlnsSess powder methodE o83t AAHF X, AANTE SA
sl o HWE WHoz AAE ZnlnSes ¥9e]l ZAH A2 Fig. b9} &2 9]
A7 X-4 3 & (double crystal X-ray diffraction, DCXD) A= A5}

Atk olm) X-412 Cu-Ka§l 3H4 1542 A2 AHgskad ot

E. Hall &3 =4

oy,

Hall &= A2dA o Ae aAshar Aol I7bd A7) F4o2 2

n
ki

KGeo] Az a1 Ao 252 293 KollA 30 K7F<| WaA|71'8A van der Pauw
o2 SASIE T ol ASd S Ve =+ Fig. 63 @Al

F. %A 5 (Photocurrent) =4

ZnlnySey, HAA ¥k A 34
AE Fd57F 2 EHolg g FAFE 5467 o8 Fig. 73 22 /=
Lo wet FRE wE FAF A AL cryostat?] cold fingerol| LA sk
DC A& dAdsto] Gagg Ao Al v = F17E lock-in—amplifier
(Ithaco, 391A)Z F%35te] X-Y recoder(MFE, 815M)Z 7] 535t oluf Al&
3t 3] A A A (Jarrel Ash, 82-00, £:0.5 m series-&)% 1180 grooves/nm(A @ 190
nm ~ 910 nm)E AH-&st 3
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Fig. 5. Block diagram of DCXD(Double-crystal X-ray diffraction)
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Fig. 7. Block diagram of photocurrent measuring system




G. %33 (Photoluminescence) &4

A3E ZnlneSey ©AA S cryostat WHol 9+ cold fingere] 17,

-go g wj7)sal He-Cd Laser(Nippon, 442 nm, 40 mW)E Aol ZA}SHA
ch wgE We W=F 3439 choppingdlal monochromator® -4 3} %

a1 B3E 48 PM tube(RCA, C3-1034)= 4ol Lock-in—amplifier® %3}
X-Y recorder® 7]&38Hth olul cryogenic helium refrigerator(AP, CSA-202B)
Z cryostat (AP, DE-2025)9] 258 A2oA] Aoz g HA FHstA Tt

of W Ag 2% gA e MFEE Fig 8% 2t
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E-A7)ol dx2]sl7] Y8l Zn 15 mge AlHI} A Al
10°% torr A% §XehEA A8 Eoa] WF B8t ampouled] Zn Z7)9te]

10° torr7} HEE 430 CollA] 1 A1ZFEer AAE38IAk In £7] 29]7]4A4]

)
1%
of,
r )
2
N
2
!

SHATE Se 571 E97IAA EA st 184 Se 1.5 mge AlHI S A
o Yol MFE 2] ampoule?] Se Z7]%te] 107 torr7} ¥ EE 480 CZ 30 &

¢t A ol ZnInoSes HAA Hhre] AA 2] 212 Table 13} Lt

Table 1. Annealing condition.

Sample Annealing condition
Znln=Ses * Zn Zn 15mg (450 C, 1hr)
Zn vapour : 107 torr
ZnlnoSey © In In, 1.5mg (870 C, 1hr)
In vapour : 107 torr
ZnlnoSsy @ Se Se, 1.5mg (480 C, 30 min)

Se vapour : 107 torr




V. 4% 2% 2 @
A. ZnInsSeqs®] BATZ D AN

1. ZnInaSeqs 2 A Q] BA T

F4E ZnlneSey tHAG S w22 vHEo] 54 X-ray 34 FHEZ FH
(hkD2 ®z+tA] 93k 6zke] JCPDS(Joint Committe on Power Diffraction
Standards)®} €At FHEOIOA tetragonal® HAHFHASS & F UYL
A2 Nelson Riley BA A o] o)ste] zke AArsE & AbH[67]08 F
sb A} a,=57111 A, co= 114207 A vt o] #2 Trah[68] o] Hi1gh
AL 4 a,=5709 A 3} ¢, =11.449 A o] A< dAee & 7 AAUTh

_1

2. HWE 2|3t ZnIn:Ses @24 utulo] A=A =7

ZnlneSes ©AA vt HA A4 x4 I (photoluminescence) =3
Ed 34 e ol &35le] sl th. HWEel 28 ZnlnoSes T2 wheh A
G2 WA GaAs (100) 719 BEES AASY] fste] 713-E chemical
etching ¥ % 580 CeolAl 20 & &< EAEsIF o, gy 258 630
C S52 380~420 T WHEAIZIEA A7 Fig. 9% 7|8
s Wl A7|HA e ZnlnoSes HEA WS 10 Kol A 545 3
% sHEo| ZHe] 258 400 T2 o] A7 Al8s 8 682.7 nm(1.8161
eV)ol Al exciton emission Z=FETo] 71 ZFetA vebwTh o]# exciton

emission®] €18 Mg 2HMEFL ATl A Aol AN WA & Y
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4

o
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Zlo g AAE v dbulo] Z o] k5 Sk

A dhute] o] A4 X-A HHIA(DCRO)S FHEA(FWHM) & =A% 43,
Fig. 103} Zo] 719 257} 400 C ¢ u) ¥ (FWHM) gto] 128 arcsec®
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Fig. 9. PL spectra at 10 K according to the substrate temperature variation

of Znln:Sey single crystal thin film



Fig. 10. Double crystal X-ray rocking curve of Znln:Ses single crystal
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Fig. 11. XRD 0-26 scans of the ZnIn:Ses single crystal thin film grown

under optimized conditions



3. ZnIn2Seq G2 A

u}l
-1
o

utupol 3ot FEA AW

L |

J 5 = Y] e Table 29 BTt EDS A EH

o YA 6NY & Z& Zn, In, Se

Table 2. EDS data of ZnlnzSes polycrystal and single crystal thin film.

Polycrystal Single crystal thin film
Element
Starting(wt%) Growth(wt%) Starting(wt%) Growth(wt%)
Zn 14.29 14.43 14.43 14.58
In 28.57 28.46 28.46 28.45
Se 57.14 57.11 57.11 56.97




B. Znln:Seqs G2 A vbuto] Hall &3

Znln:Ses 474 8149l Hall €35 van der Pauw W 22 293 K o A
10 K7HA 2525 W3t Al71WA S48 1L 3ts F °l& = nE Fig 12
of YeRSitt Fig. 12014 HE vlel o] o]F ) A& 229 crn2 - sec
gom 100 KellA 293 K 7FA+= ZAF At (lattice scattering)©ll 7
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T2 wlgste] #A4drr B4E AL 4" carrier’t ZnlngSes T4 A
kol g AAolA FdE ol3E &
© Coulomb force 32805 AFHY Bz Ao dEL 53 Fom
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Fig. 12. Temperature dependence of mobility for Znln:Ses single crystal

thin films
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C. ZnIn:Ses FZAA vlulo] FJ 5 4=

ZnlneSeq @24 HiHte] FEFa AYERS 2

=5 293 KellA 10 K7HA]
MBA7IEAM S8k Fig. 140 B 355 AHEdoR FH AR
o Ay (hvyel Westz FFF Ag(a) & okl (ahv) ~ (hv—E, )9 3

AZHFE o] & 5t Table 3 R4t

Table 3. Peaks of optical absorption spectra according to temperature

variation of single crystalline Znln»Se, thick films.

Temp.(K) Wavelength(nm) Energy(eV)
293 681.1 1.8202
250 677.4 1.8303
200 673.5 1.8408
150 670.4 1.8495
100 667.9 1.8564
77 667.1 1.8586
50 666.4 1.8606
30 666.0 1.8616
10 665.8 1.8621

Fig. 15 Znln:Sey @274 dhehe] Fo= 4oz E 3 direct band gap?]
2= 948 veRYar 2tk Direct band gap®] <% 9)£42 Varshni 2[70]

N

(49)

& 2 wEstal Stk o714, Ef(0)= 0KollM e o\ A, a9t B A=el
o Eg(0)& 1.8622eVeli ai= 523 x 10 'eV/K, B 7755 Kol o},
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Fig. 14. Optical absorption spectra according to temperature variation of

ZnlnzSes single crystal thin films
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Fig. 15. Temperature dependence of energy gap in Znln:Ses single crystalline

thin films(The solid line represents the fit to the Varshni equation)



D. ZnInsSes F2 A vhulo] 334 5 (Photocurrent)

Fig. 162 Znln:Ses @24 uvlule] Fxdf{F ~HEHS 293 KollA 10 K7HA|
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Fig. 16. Photocurrent spectra of Znln:Ses single crystal thin films



Table 4. Temperature dependence of PC peaks for single crystal ZnlnpSey thin films.

Wavelength Energy Value
. . Acr or Fine
Temp.(k) () . bol difference obtained by A Struct
Aso ucture
¢ syimbo (1 or B2) Ea. (@)
Ty(z)-I'i(s)
681.1 1.8202 293.L 0.1702 © i
093 BEo( ) 01702 Aer {or Ao excitoon)
622.9 1.9904 E.(293,M) (B Is(x)—T'1(s)
(or Beo excitoon)
Ty(z)-I'i(s)
677.4 1.8305 250.L 0.1705 i
050 BEo( ) 01705 Aer {or A1 excitoon)
619.7 2.0010 E.(250,M) (B Is(x)—=T'1(s)
{or B1 excitoon)
Ta(z)—>T1(s)
673.6 1.8406 200.L 0.1705 i
200 Eo( ) 01705 Aer (or A excitoon)
616.5 2.0111 E.(200,M) (B I's(x)—T'1(s)
{or B: excitoon)
Ta(z)—>T1(s)
670.2 1.8499 150.L. 0.1703 \
150 Eo( ) 01703 Aer (or A excitoon)
6137 2.0202 E.(150,M) (B I's(x)—T'1(s)
{or B: excitoon)
Ta(z)—>T1(s)
667.9 1.8563 100.L. 0.1702 i
100 Eo( ) 01702 Aer (or A excitoon)
611.8 2.0265 E,(100,M) (B I's(x)—T'1(s)
{or B: excitoon)
a(z)>T1(s)
667.0 1.8588 (77.1) 0.1707 i
- Eo 01707 Aer (or A1 excitoon)
610.9 2.0295 Eo(T7,M) (E1) I's(x)—T'1(s)
{or B: excitoon)
a(z)>T1(s)
666.5 1.8602 (50.L) 0.1703 i
50 Eo 01703 Aer (or Az excitoon)
610.6 2.0305 Eo(50,M) (E1) I's(x)—T'1(s)
{or B, excitoon)
01702 a(z)>T1(s)
661.1 1.8613 Eo(30.L) ' 0.1823 Acr {or Ay excitoon)
(B I's(x)—T'1(s)
30 610.3 2.0315 E.(30,M) N
-0.0304 {or B: excitoon)
601.3 20619 E,(10.5) ) 0.0425 Aso Fe(y)mTi(s)
{or C1 excitoon)
01705 a(z)>T1(s)
665.9 1.8619 Ep(10.L) J. 0.1827 Acr <°rFA1 exrcltoom
10 6100 2,035 E(10,M) ! SCOmIS)
-0.0304 {or B: excitoon)
6010 2.0629 EA(10.9) ) 0.0426 Aso Fe(y)—Ti(s)

{or Cxr excitoon)

50 —



Fig. 17. Fine structure for energy level of Znln:Sey



Hopfield[72]+ spin-orbit splitting™ non-cubic crystalline filed®] T4 &

ol o s 7hA A 7 2R = 298 Hamilton matrix

1
Eio= %(ASO"‘ ACT)—(‘F)[% (Aso+ acr)?— % Asoicr] 2
(50)

2 Rt & AVIM E B o3 2k Al o) 22 A-
B- 12]31 C-exciton® oA & Erx(A), Epx(B) 2]l Epx(C)2} 3#7]8HH
Ei = Emx(B)-Erx(A)°] 2L E» = Epx(B)-Erx(C)lth. E13} Eo ZH2f Acr® A
sobe 2 AbTeje] "t

AT e AR 2HERoR FH E¥ E4tS 3ol Hamilton matrix
o 28] crystal field splitting energy Acr® spin-orhit splitting energy Aso %k
S Zdrh B WEAS] #EF FAoENEH F dux] u 1A E(D)
Varshni #4145 FE 10 Ku|¢] Table 39 oluv# w 74 E,(10)3t3 10 K
Table 49 #7572l oA zolZ HH free exciton binding energy, Erx
£ 2k} olojA 203 KellAl 10 K7HA] Atelo] A5t B-f-2l(PL)oll= abd
L), TR Ga(S)E2] olUuAE 24 Eee(L), Eee(M) 12|31 Epp(S)
& 3E7]8ke] exciton YA ngks Felskith
ZnlnpSes GaAs(100)2] 10 Ko 347
th olE A2 FH 7% Ei% Ev 44 vhe3 2ok

E; = Epp(10M) - Epp(10,1)
E: = Epp(10M) - Epp(10,S)

2.0325 - 1.8619 = 0.1705 eV
2.0325 - 2.0629 = -0.0304 eV (51)

E17} E2%2 Hamilton matrixel] t$is] 3 WA 4e =9



Acr = 01827 eV, Aso = 0.0426 eV (52)

ot} o] W] Acrat 0.1827 eV Shay [73]5 ©] electro-reflectanceE 5% 5l
T3 crystal field splitting energy Acr 0.18 eV #EI = dAsta §lal,
spin-orbit splitting energy Aso2] =A%k 0.0426 eV 9 A] Shayl73] 5©] Halgh
0.04eV gko Ao dAjstar At of w 10 KelA] SA =% Acr#} A
Ay A3 Hol c-Fo FAsHA Ho] YA ) doju= AdEEd=
A8 Ut

Varshni®] E (T)& (492225 10 KY wje] ofuyx o] 24 E(10)%k
2 Table 3914 1.8621 eVe]aL, Table 4414 10 K¥ =] Epp(10,L) = 1.8619eV
o] Fy(10) = Erx + Epp(10) = Eex + 1.8619 eVollAl Eex = 1.8621 - 1.8619 =
00002 eVelth Eex(10)i Erx /179F AX &k wheba] 10 KY o FAF 59
2 Fagdle] oA Ep(101)2 n = 14 w 7PdAd Tuz)ol A A=) I'i(s)
2 Eu A7 Aj-exciton F-F-Eolth E,(10M)E th3 o] st
Ex(10,M) = [Eg(10) + {E,(10,M) - E,(10,L)] - Erx ©11A] ZF2be] h&E& Ul st
H, 20325 eV = 1.8621 eV + (2.0325 - 1.8619) eV - Epx7} @t 28 A Epx =
0.0002 eV = 0.0002 eV/1° I A] E,(10M) &%+ Is(x) 7Hd Aol A d =47}
[i(s) Amdfell A o}ef = o =7} 0.0001 eV 2FAR n=191 A=Z =0 A
21 Bi-exciton &--2lelth. E,(10M)F Ey(10,L)e] ¢y iAol w7l
0.1705 eV7}F o}l (5129 w2} crystal field splitting energy Acr$! 0.1827 eV
o]tk E,(10,9) 89818 t}&a o] mAstl EL(10,8) = [EL(10) + {E,(10,9)
- E,(10,M)] - Erxell A Erx = 0.0001 eV = 0.1704 eV/27* oo 4] Ex(10,S) 5%
= Ts(y) 7FaARdelA] [27F Di(s) A=) 2o 2 01704 eV ool 3l n = 27
A A2 EW X Cy-exciton &-F2lolth E,(10M)3} Ey(10,S) AFole] o
A 21AE ZR 719 0.0304 eVZF oFY Al spin orbit splitting energy Aso%l
0.0426 eV ol T},

50 KY o Table 3941 Eg(50) = 1.8606 eVeoltt. o] &% wl Table 4°



A E(B0L) = L8R eVoltk Em(0) = Eu(30) - Eep(30L) = 00004 eVolal Epx(b)/2°
= 0.0002 eV = 0.0004/2°¢ A} webA] Ep(GOL)S n = 29 1w I'y(z) 7Hd}
ol A Ax7F Ti(s) A=Y 2 v A7 Ar-exciton 5§ o]t}

Eep(B0M)= n = 29w I's(x) 7FdAbdel A 27 Ti(s) d=d=Z =9
A7 Be-exciton 5-%-2]°]th. 100 K w] Table 3914 Eg(100) = 1.8564 eV e]
th. o] £x9 u] Table 4914 Epp(100,L) = 1.8563 eVelth Eex(100) = E (100) -
Erp(100,L) = 0.0001 eV = Epx(b)/1> = 00001 eVolod A A2 o+ & itk
kA Epp(50,L)2 n =19 # I'y(z) 7FAARA A A2 Ti(s) A== &
w A7 Aj-exciton®-$2lolth wpRIMRE Epp(BOM)= n = 19 W) I's(x)7}
Az ol Al A7} Ti(s) A=di® £ A% Bi-exciton &2 °]t}.

olgl Bfo & A33to] Table 49 Fine structurel74-76]15 73ttt &
3] 293K o ) Table 39] E.(293)2 Table 39] Epp(203L)3 231, 1.8202 eV
oled Al ZnlnpSes= [ -ML-VLE shstE WHEA|ZA] A2ex] o] 117e] 1.802 eVl
A5 Hold MmA|YS BA1EATh El(293)3 Ep(2931)2 Frx(293) = Ef(293) -
Erp(293L) = 0 = Er/n0]934], By(293)3 Epp(2931)S n = 9] Aw-exciton 2$-
o] Varshni® E )¢ &2 (D& &xwsle] tl&ste] 7HdAe] ['y(Z)
F9 9 A T'(S)E Ev A7 Ac—-exciton 3-8 & A-exciton 5% 9]
o} wEbA] Epp(293M)E n = 09 Be—exciton %-$-2] B-exciton 5% 9]
o



E. ZnlmSes 274 vt i3 (Photoluminescence)
1. As—grown Znln:Seqs ©274 ututo] Pl A~HAEH

Fig. 182 10K¥ W ZnIn:Ses ©AA BFhe] by ¥ EGS Yl
olth. Hubgd AW EY L sharp-line emission 4 93 broad-line emission %
o2 FEE & YrH77]. Fig. 1804 @3pgd]l F oA wl kgt A7)
676.3 nm(1,8332 eV)2] F-$2]+= free exciton emission spectrumCZ o A%l
I A Art fgSHw A e Hapr)
AUA w] FHA o)) oUAE Zte FAZ oVFHY HEUE o7 =
ZPAA O Fo 2 ddE A-F(hole)o] FA Art o] w FFe geo
HH SE8] yloluA] XetA 71" H A electron)= BE 7 excitons ¥73
<l

& o) spectrume]| B& WEILE o]$k o] Al ARt

ol

t}. Free excitone <53 2

Hﬂ

A58 AHpain 2 FAE exciton® Coulomb o] et wm 27
o pair FAAAAY AR AFFAE ARSESD A AU EA)

3l HAck o] A2 free exciton®]#} THtl Free excitond E¢HAstar 2kt

gl QA o8] AEHATE. EI excitond EEEo|y A ¥IE
|

o] 714 Ef*= free exciton binding energy ©]t}. (53)2] 0 &K E 10 KY
o), E;& 18621 eVE 3} 7-3F binding energy® Ef= 289 meV=A4] Sells
[78]°] reflectivity® HHB -3 exciton binding energy 28 meV$F # x| 3o}

676.3 nm(1.8332 eV)9] Hd H-9-2] = free exciton emission$] Egoll 7]¢13}



rir

ez AZET. 682.7 nm(1.8161 eV)eF 7152 nm(1.7335 eV) o] &9

flo

bound exciton emission &~FEH O E AT Bound excitone T4 =
gdE 70 (donor)®t WA (acceptor)dll free exciton®] FHbE o] 1 F9 AR
2 $E3shE AE Sk

Bound exciton complex?} Zd@3h w] 7| SFAAELL free exciton
noy gl yeldth Bound excitono] WAF A w wWEHE
photon®] ol 14 #]+=

hv = E, — EJ* — E& (54)

olt}. o714 EB & bound exciton binding energy©]th.
7 AISEAl Bol= 6827 nm(1.8161 eV)e]l %-%-2+& $4 donor-bound
exciton?] Vseoll 7118 LD XIS Aoz AZbdr )2 HH F3

donor-bound exciton®] AgolHA= 171 meV 92 & 4 U231, Haynes rule

Eny
o o3t ESK = 022 5F F/9 o3l A= 855meV UL & F

Uk I DXl 7k 27t 7P A4S A vEd 212 Hall
2% SAHA nEE vEd AF A7t olw) kg B2 Al7]e wb
X[ (full width half maximun:FWHM) #t<2 18 meV At 1231 715.2 nm
(17335 eV) 525 Vuol 2%k acceptor-bound excitiond! LA’ X))oz 4
He 4 k. (544 2 ZHH acceptor-bound exciton®] Aol VA= 99.7 meV

°,
o

Exy
< 4 91131, Haynes ruleo] 93 EB‘X = 0.12X%E T3 wkrel o
A

=3 YA 97 meVL-S & F AT 7435 nm(1.6675 eV)e] peak+
DAP(donor-acceptor pair)oll &gt #dd F-$-2lo)ar, 844.7 nm(1.4678 eV)=
SAe| 7]Qlsh= Fdy 592

fu
&
b
oo
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Fig. 18. Photoluminescence spectrum of as—grown Znln:Sey single

crystalline thin film at 10K



2. 9xd3 ZnlneSes ©2A ubuto] sgubsg 4
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71

ZnlnoSey WA wbehS 450 T2 Zn 97|14 1 A1 59 dAelsh,
10 Kol A S243 333 29298 Fig. 199 BAch EA o|xe 10K
o] Fkd A~HERQ Fig. 187 HlstH Fig. 1994+ L 5929 SA
emissiond] 9% RS Z Ho|= broaddt #HIF 527 YERUA &9t
Zinc vacancy Vze Vz, Vz ' 2 V27 93 Vz'E neutral zinc vacancy
g} pavh 24 W Vo FE5E exciton(Ag, X)o ] w29 E
Lo= FAeh=d Lol YehuA &gs AL Zn #9714 fAZE Zine
vacancy Vz. 7} Zn® A ¢ A a1 Vzo 7F §1o1A, Vz'ol 49 exciton(Ag, X)
7F 1710l Lol yeuA &= A ZATH79-811.

Selenium¥ A #H@ ofH ETES L2 17|53l L7 o35, s '8
o EANEA, Vi o9 L' A (Varlo 'ol @89 ¥ 48 SA
center#} X A)8FaL, complex acceptorgZtil® A TITL Zn E9 7)ol A E A
3 Vi Ssite?} Zn® YA, (Va-lse) "8 SA center”} $1014 complex
acceptor’} A71#] o}dlar SA emission®] 2|3 broaddt PL peak® e}
A @via Brl Zn 29719 A2 1 o|ART DAP A AT 3
i B2 AV B S7FE AR BRItk Zn #9714 €32 ke
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Fig. 19. Photoluminescence spectrum of Znln:Ses single crystalline thin

film at 10 K annealed in Zn vapour



ZnlnoSey @24 814hS Se B9 7)o A 480 Toll A 30 & F9oF dA sl
10 Kol A SA3t 3 29 E- S Fig. 200 BT} Fig. 20014 B+ #pe}
Zol L B-%e7t vERIA o}stsith. Neutral selenium vacancy Ve
donorell <3 exciton(Do, X)o &g #ubd B-9-2] L7 §loizl 22 Se
A7l A dA g skl Vs ol SedA7F APA L Ve '7F f1o14 Vs’ °ﬂ T4
exciton(Do, X)7F 17191 L7} vepbx] E=cvta azgch =3 Fig. 2004
(Do, X) 3L B-527F AFA AL L(Ao, X) 38 5527 7P A%
Ao Hol ZnlnoSey ©AA HHE Se ®97]0lA dAAFozA py W
AZ AFHE & 5 AJTE SA emissiond] 9% broadd F-%-27F Se
A7l DA elstod = gloj A« &kl DA el o]de] RS st 3l
< SA center Se?] vacancy Vs.2to F#3slttE SAolth Znet A 3hd
T Ing A3 BEES I B8 Loldd u, Vet A8 (I,-Vs) ™
T (In-Vse) 12l d89 SA center’} 9t ¥ complex donord 1A}
Se 7oA EA st = SA emissione] 2§ broadd peak”} “ERLFAL
ek BeEbA, (Iz-Vso) H3z (nVse)'?l @] SA centert A24H gl
A= FA

83 ZnlnSes @AY WS In 97l A 870 T4 1 A2 &< &
A2l ZnlnSes @24 S 10 KollA = 21°]
Hth In #9714 dA2lsbd 1 o] de] PL spectrum¥® Ao Z& &
2 kol Utk In® FFE 719 wA| &al ZnInoSeqs A wlERo] A Ay

than o

o)
o)

o

riz

ML

g T
rl

N

g BAY 299 Fig

CfQ

o)

FO
O

32



100

Znln,Se,: Se
10K

SA

PL Intensity (Arb. Units)
()]
(@]

DAP

600 700 800 900 1000 1100
Wavelength (nm)

Fig. 20. Photoluminescence spectrum of Znln:Ses single crystalline thin

film at 10 K annealed in Se vapour
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& 5 AU
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5. #&F x"AEdom 33 ouyAx u R E(T)E Varshni equation

E (T) = E,(0)— = 2 wrsskar ik o471, 0KellA e o= A

E(0) 18622 eVolal, a=5.23x10"*eV/K , 3=775.5 Kot} &kd] 2%
s uA W A E(DE A 2l o@ saAde] I@e A
wr) T4(S) Atele] o dx] AL ghr),

d

6. Znln:Ses ©2A wrete] FH 7 AFAEG A oA A aidH = 7hd
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