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ABSTRACT

Opto-electrical Properties for MgGasSes Single
Crystal Thin Film Grown by Hot Wall Epitaxy

Hye-Jeong Kim
Advisor : Prof. Hong, Kwang-Joon, Ph.D.
Department of Physics,

Graduate School of Chosun University

A stoichiometric mixture of evaporating materials for MgGa.Ses single
crystal thin films was prepared from horizontal furnace. To obtain the
single crystal thin films, MgGa:Ses mixed crystal was deposited on
thoroughly etched semi-insulating GaAs(100) substrate by hot wall
epitaxy(HWE) system. The source and substrate temperatures were 610
C and 400 TC, respectively. The crystalline structure of single crystal thin
films was investigated by the photoluminescence and double crystal X-ray
diffraction(DCXD). The carrier density and mobility of MgGa:Ses single
crystal thin films measured from Hall effect by Van der Pauw method are
6.21x10" cm™® and 248 cm®/V - sec at 293 K, respectively. From the
optical absorption measurement, the temperature dependence of energy
band gap on MgGasSes single crystal thin films was found to be E (T) =
234 eV - (881 %101 eV/K)T?/(T + 251 K). The crystal field and the
spin—orbit splitting energies for the valence band of the MgGasSes have
been estimated to be 190.6 meV and 118.8 meV, respectively, by means of

the photocurrent spectra and the Hopfield quasicubic model. These results

- vi —



indicate that the splitting of the ASo definitely exists in the I's states of
the valence band of the MgGasSes/GaAs epilayer. The three photocurrent
peaks observed at 10 K are ascribed to the A;-, Bi-, and Ci-exciton
peaks for n=1. After the as—grown MgGa-Se; single crystal thin films
was annealed in Mg-, Se-, and Ga-atmospheres, the origin of point
defects of MgGasSes single crystal thin films has been investigated by the
photoluminescence(PL) at 10 K. The native defects of Vi, Vse obtained
by PL measurements were classified as a donors or acceptors type. And
we concluded that the heat-treatment in the Se-atmosphere converted
MgGasSes single crystal thin films to an optical n-type. Also, we
confirmed that Ga in MgGasSes/GaAs did not form the native defects
because Ga in MgGasSes single crystal thin films existed in the form of
stable bonds. In order to explore the applicability as a photoconductive
cel, we measured the sensitivity(y), the ratio of photocurrent to
darkcurrent(pc/dc), maximum allowable power dissipation (MAPD) and
response time. The results indicated that the photoconductive characteristic
were the best for the samples annealed in Se vapour compare with in Mg,
Ga, air and vacuum vapour. Then we obtained the sensitivity of 0.98, the
value of pc/dc of 1.42X107, the MAPD of 331 mW, and the rise and decay

time of 10 ms and 9.6 ms, respectively.
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©] bound exciton®] &4 ®t}.

a. A exciton
AH oA w b4 FxE ZEe= dbEA oA A excitonol] 2 A A g
g o u A hyt

hyv = Eg_EFX (33)

2 FoJ A a1, exciton?] ZAEFANUA Epxte

4

= Folth olu pi @A Agomy -
"

Fo] Aotk o]y e AF excitone EFNUAE JMA 3 Qo AA
oANA Folrhdtt AT HAPolA EHo] HEHo|oF &=t photon?
el ofF Homg 79 09 A+ excitonERbo] AEE T wEbA A
excitonel] |3 O]L T Fo] 020 excitond] #H FHOoRE I F2 Hb
Z2 2 Yegudt, 51 A7F 00] o}l exciton? 4 -$-ol+= phonon? H.Z
S Yo EEFRE HEHSs UHT = vk =3 excitonel tE phonon
replica® T3 4= Qo1 excitond +FHUAZ A3 phonon replicas <
broadd] ZI TH50]. A excitone ZAZFA WX 7} wl§- ooz Ao Aqk

2V & 2~
zhel = Q)

rlo

=



b. Bound exciton

MHEAYe] BEEEC] EAEY excitone whA FA 4R} 277 FAR
A2 gAskkol Ewwdl SEtEe HRAE olF=Hl °lE bound
exciton(BE)o] 2} gt} Bound exciton®] 2ol o3 W A AT ofF &
o] & HAo|th. HE excitone] E-E] shA HFHtEERR A% 9HA
r. = =9 oscillator strengtht= rPol nldlsl=z 93] At} weld BE 2
Fol A7l A"e] Avk Eg BEY oy AE 0olBng A2 wEAE
7HxItt. BEO o) gk 3 ol | 4] hys=

hv=E,— Egy — Egy (35)

2 FolA 4L, Epxi= BES| AgdlyA|elt}. drtdorw SeEoly Afte &
e = exciton®] &Ebol A= bound exciton@} A exciton®] o =] A}e
oaf AA¥ = BE Eww w99 o3t dux et Hl#H A Ut o
AA = Siol A AL BAEJ=Y[61] L #AAE Hayne's rule

Egx = a+ bE; (36)

olty. of7]of Eie F/l =2 W] o] 23 o Aojal URkA oz g=(0]H
= T BAEY o]2st Y7t AEs thE w835kt Halsted[52]
T2 o] AS WHAA FI F2 Wl o] 23} Ay A9 excitone] ©] &3}

AT Apole] @Al el WA el A=

EBX

5, = 0.1 (37)
olaL F7) =

EBX

g, = 0.2 (38)



x3

stk o171el A Epxiz BES] ZAeoludA|olal East Ep= 2HeF 5
Hel o] 3t oA et

3. "Wzt AZA%

Excitonell g @& Aot B F glom KkT>ExY xdAs

excitone] ¥ €}, oel A5 AAs AFE wWik Aolel s AAAA

1
"ok 3 FF AT al) =(hw—E,)*Ql AP Held w Fx WA oA
g Bg-Ele) Bk vhe oy o2 hy~ESl sharp cut-offS 7FA|H
EE YA ZOZE exp(— °ﬂ 2= tailS 2 "Jo 28y =98 F
E7F Z7)gte] wet e oA 29 sharp cut-off7b f10]# 1L spectrum-
A7 gl o] Hrh. S peake] WHEXZF F7FSEH peakel A= nE 9
Ag, =2 ooy A] FHo R pyY AG, 22 YA FOR o] 553, 54].

4. Mot EcE3Y A2
FASE AR Ael(D-V), zela dmehsh BAjzEe] Hel(C-A)E
BE FAG R o3 HA e KT<ES Ao #@Eoixi F-B

AAg AIdA hels5]=

1
hv=EB,— B, (Ey) + kT (39)

(40)




2 FoIH55] o] Aol & & Skl ¥E duyA £& E,-Eapd wH
NUAE 7HAH =L YA ZEE Maxwell-Boltzmann =¥ S zte=t)
RHE A uztg 125 2e A oy A FAEY Epe i}OI
7F glol D-V Hdol= o] QbHAIRE W59 oyA = Fi38] Aol7) ¢
or® C-A Hdoj& vluwA & FiEdn. AAowE #AFE C-A W=+
Eagles®] 2] (40)3} #& dA| st} v oY= &2 2 22 ¢F=1} Dowl[56]
5 & o] Z piezoelectric phononE |y o] 23t¥l B+E excitonso] 93] &
A= R vAl A7 Eeldar AR C-A Hole] A7
Williams[57]5 2] A%kl o] sbw

2 Fojdn o7 1=

1 -
- =
ZH(minority carrier) 59 1t FHolth S AodA av A EE =

T
g3k (1/D)P% ALdM L% ERIL SR AR I, 1c!, 7t
wr,

Ic - (42)
ERRNCUIN

olmg A= C-A Holo A= Nid H#dt. oA IN(T)E
thermalized electronE2] £%= B X H Aot} By E4-E F=27F 44
3 Af 2x7F F7hgkel wel ol23tElEe NP &= Ao weEbdq C-A

__(')__
g Hegle] e o]EHE]E Arreheniuse] 2] ¢)
E
Lo - Aexp(__A) (43)

el dethe] ol ziE A oUAE T 5 dulEs] FeekAs @

oy g AV|ERY EcE §EE dotWrlE 591



5. F-2A & AEYH

el Tt 27 sAlel EA8HH Donor-Accepter Pair(DAP)
AAge] 8 QAT H4o] v BES C-A AZT R4S A=

Hth. kKT<Ep, Ea?l A2olA= @4 o3&l Jorm=z DAP A
é?ﬁo] C-A ol nl&] o] dojudrt, =7} F7hste mel RE ¢
=99 F7F ol2dtE wEld C-A o]zt F7heth DAP A A 2
ol YA hve

ofd

2

hv=E,— (B, +Ep )+ ——F (44)

vdw
o7 Fo]th o]7|e| A e¥/ere DAP #Holel vt AbEjel ol est® Fie}
W) Abele] A olHA oAl Ewwi= A5/ H el van der Waals &3 2}
& ootk FAY wA Alele] A r& AAH et SHRE A3
4 9lomz DAP 23 EHL ARzl we bsd rakel o8 B
A Fe FrEEe]l W dYelA A ved ot Yy FUH S
L3 oyA7F AL wtAd A DAP AHEY ] Suby Ay
gl & o]E HiEAdE BE Ep < 20 ~ 50 meVo|RE
DAP &utel HElE2 Ey,+ Ep > e /e WHAE F JdE "o FAY

L = B ke /‘1 2 roll WE oluA A7F HojA ek <t

ku
=
T
u)

W(r)—W(O)eXp(—2—) (45)

2 FoAth 7oA W)= wEACA S0z DAPo| 9|3 A<=ola 1y
i+ shallow ZEje] Hol wtAelty webA 77k | Zd5E o] gEe]
FolEr. 2802 A ro] e AdFE HolgdER A=
=ow webA of7]ge] A7I7E & ul AFEd Ylddts FE o] HHY
o7 At ¥ AEL o714 Ao Wt wE FeEe fAE g



iz Fow olFdtt ey AY uw HF FxoAE =2 AAFE 9
o W "olx] g ¢S F99 FAU wf AS 23A]7]7]7F ol @k
whebA o 7] Al71e] Wste] whE e ool ofF Atk e e
9o FAY B e Bfols Tl &89 olso] AT58]. L7
Yu[59]5 2 GaAsolA o713 A71¢] S7tell whE DAP &8¢ olF 2 B
ol Tkl weEl AxtE g dAsAth A w7kA 7148 DAPY 7]

o 542 swee] Aa BAHA gL wEAC H8dn. Exewel ¥a,

H

Aol BAagol ® WA A= WA Ut FEA EI o23d EsE
o % (fluctuation) &2 A 7] potential L.5o] 2}H ¥ = o} 3
Ql potential FEE°] FAH] og7|o HuldE FRAE Alo]o] A AT

DAP A%t w%d JeER ErdTh o]el potential $E&el 2
AT A AL AUA e

7b ¥ of7]e Al I'= potential $-E<] zololth I'e 859 =7 ue}
Wetal dubA o g SEES v Wy "olx glo] dolgEe] wropxinh w
A DAP AAFe] A9Hd o713 A7|17F Al wet S-5-29 9147
E2 AUAZO R olFdty olwe AV|ZF wig F 4 ATk EF DAP
F B weEl ool Trtskd FoHek Nz Ht A e vE Tk Al
22 & oyx How olFdu. F-B9 DAP AZFTS FHste e
g B9 X JgEFHE HE otk dnk¥oem or)ge A7t
ofgt w == ol oW A2olA DAP MAFe] FriHY 227 F
7hghel wel &8 F=99 ==, 5 T2 F/H7F ol23tH o] DAP ol
A3 ArgA oL F-B AlAge]l AXGH60]. =3 A4S 7kl DAP Rt
FUld o s F-B #o|7k AXIth o] 4w DAPe F-B A4S A= the vt
A FFE TEHA We A o9elx BAAS AAst=d Abgete A9 A

tH61-63].



6. Phonon

E RBEEA A exciton¥} edge WF ~HEFH] 5L AG oA
2 29 2 A9 B%€7 vEhdth o] A2 phononol WE A
ola 4 RbE = excitonoly edge H3F A AA AR} AeAl A4 H o
271 wZolth Phonone A4S FASHL A& YAt bzt JdE A
walolt), webAl excitond} edge g WFo| A hye

hv=E,—E;—nE, ;n=0,1,2,3,~ (47)

7F ot 7)o Al Ei= exciton 2 =3k (localized) “dE]2] o] &3} o~
o]al, E,& phonone] 7FAaL & oy ol thF-E2] 33hE W= Aol A
7v4 =0l 7153 phonone  longitudinal  optical(LO)  phonon©] aL
n,-phonon & ZFH FA4E 2 e E5EE n=l, 2, 3, 4
phonon®] W& U= Heolod wEtTE Hopefield[64]= dubd o=z
phononell &Jgt #go] A7 &

o2 Btk 71914 L& phonone] W&l % nel WA BY B39
AU 71015 n e Lol 3] AP HOE 017 phonon WE] ol

olesh AL o}F AN uw A} ge A7) o] 28 UAE Ze
Bego Agel o 2L FAEE HE LwASd e obF F&A
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el s A ERHAEY Wit o] AAHERE o5 I HE= of
T Fo8stt. dWrHoRE Hol &L e FHE FAsta qdon
vacancy'} vacancy cluster & &3 vacancy? H5HAEE 242 #9955

Fo7t B

AaHe5]. Ze F=9d 93k e FEZ e EAL phonon?
oA W 927} broadsl 6] HE AL 9 BBL wie) A% w
Abgate] Aok v Y] B3 Rdo A JJAAE D o] 7] AE ] oA
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m 43 % 5%

A 024 48 sB8A7|= AF

2 AFAA AR B EA FAEE FE AVIE= 29 33 Zo] A A3
o 2o Aol 45 cmolth g H o & AFE3E kanthal (¢! 1.6 mm) F
9= WAAMEHACT-160)sF GAANEANCT-120 )& =2 Aol 3l
A7 2o A ol 19719] A= 7FA A & (variable resistor) ¥ MEZ <
ANA A7IZe] 2ETHE QR HA 22T F UA=E AT 29

2

o= Zo] 1 m9 alumina tube(¢: 30 mm)E 2ol 1143 < DC motor

3
[e]
ot ddsto] 52 3ol Thestes ok 2o Tl A7 Pt- Pt/Rh

dAYE L5 A7 (HY-AT 96, 0 T~1700 C)& dAdste] AdA72e &%
2 A5ty
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Fig. 3. Horizontal furnace for synthesizing of MgGasSes polycrystal



B. MgGasSes 2 A A

AE A9l Mg(Aldrich, 6 N), Ga(Aldrich, 6 N), Se(Aldrich, 6 N)& &
2 A@Zete] AHE G 16 mm, WA 10 mm)el ¥eol 3x10°
torre] X FolA Bdste] ampouled WHEATE I¥ 304 HEwkel ol
ampouled 3% H7|Z9 Fool €il 1 rpm &2 kAWo] AR 3§
WA J7I2 EE FSAAT 25 FsoRZ s AE 949 7Y
S7F2 ampoule ©] #¥] ¥ = S WAET] A ARME 20 TR &2HA
2 A 2%7F 500 Cell Z=datwl 1 Aefel A 24 A7 A A ZH T TLE
aL, ampoule & #-F= 3| HAstHA @9 AN 10 T2 2525 227 A%
skl 1000 Toll o]2™ 48 A F FAIA1Z1 5 A& DC 3 dEHe deds 1L
a1, 24 A2 Foh A WA A hAA MgGaSes W ol (ingot)S A Z38H3)
ol o2 A 443 MgGaSes T A MgGaxSey @274 what A48 HWE

source® A&t}
C. HWEJ ¢ & MgGasSes ©274 vt =

MgGasSes, ©HAA whup AFS 9sto] 17 49 22 HAFE £ hot
wall 7|2} 7|9 o 2 FA4E HWE WS AH&stth. d7l=2s A7 04
mm Y§2EAE A7 35 mm A e ghol vbEon, W2 e Ex
H 95 4885 Fol7] S8 Addd a5 F&st] AHgstdn S
de FA4® MgGaSes tHAAS S AMEstda, 7S whdAA

< AHE3EA T MgGasSes ©A4 ¥ 34 ¥ MgGasSes THAA

2 sta vkE AN GaAs(100) 713E HeSO4: HyO2 H2O ¢ 5

1112 E£3%3 {8 Ao A chemical etching 3to] 7|Ho &2 AFg3F on 7]

IS HWE &2 S €3, yie IF%2 10° torr & wj7] A7)

S SHAdy Ve 25 xAste] GaAs(100) 7] F Lol MgGasSe, T4 A
kS 05 m/hr A =2 AFA A
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Fig. 4. Block diagram of the hot wall epitaxy



D. 23 F=x

FdH MgGasSesE powder WS o]&sto] AA7=x AANGTE S48
e, HWE Wos Add MgGaSe, wore] A4S 219 59 22
o]% AA X-A 34 (double crystal X-ray diffraction, DCXD) &z =
s} olul X-A& Cu-Ka?l 3 15402 AL A&kt

E. Hall 23 &4

B 2487 98 AL S AL ngsta Ad Artw A

sYE
71 Ao R 2 KGO HAAAS Fa Ao 2%F 293 KollA 30 K7HA]
H3A 7] WA Van der Pauw W 2 Hall 35 A3tk o uf A&

MgGasSey 24 vt G35 & 525 FHAFE} G439 #
AL FdF 2FEdolgt st} FHAFE S8y S8 19 73 22 A
gro me I=E wEL FHAF 54 A cryostate] cold fingerel] 17
stil DC Ads dAdstel @3S A AletvA ves FAFE
lock-in—amplifier(Ithaco, 391A)Z < %3}3 X-Y recoder(MFE, 815M)Z 7|
23t oju AFE3F 3 - A X (Jarrel Ash, 82-00, f : 05 m series&)&=
1180 grooves/nm(A : 190~ 910 nm)ZS AF-&3& it}

0

K
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Fig. 5. Block diagram of DCXD(Double-crystal X-ray diffraction)



—
—
«— B
—
I —
=V “L A
Ry

Fig. 6. Block diagram of Hall effect measuring system
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Fig. 7. Schematic diagrams of the setup apparatus

for the PC measurement.



G. 3233 (Photoluminescence) &3

d7dE MgGaSey, @274 Bt

S cryostat HH-o 21+ cold fingerol 1A
ste] o2 wj7]stal He-Cd

o
Laser(Nippon, 442 nm, 40 mW)& Ao %

Atstgich, @t e WS @l=2 F£35k9] choppingdtil monochromator®
Fear E33E =S PM tube(RCA, C3-1034)= %o} lock-in-amplifier =
&3t X-Y recorder® 7]&3sSth oluf cryogenic helium refrigerator

(AP, CSA-202B)& cryostat(AP, DE-2025)¢] &5 & A2 A Aoz Y

A S o] W ARERE S FAY s 19 83 Zuh
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Fig. 8. Block diagram of photoluminescence measuring system



H. MgGasSes © 24 dvreto] X8 24

474 MgGasSes @24 243 Mg, Gadt Se 7] E917]olA Z4z 4
AelstA k. Samples ol ZF 91710 dAe] 2ok Ad ARbe FdEo
PL¥} Fd&= 540 7ME 3 Aol +2 HA xS st A4
ZHoE ZJUth Mg 571 291714 dAestz] $18) Mg 0.0015 g& A1
B A AHE Ao 2ol 10° torr A% FAGEA dSE LA A
T 235t ampoule® Mg Z719< 10° torr2 fASHHEA 750 CollA 1
st A et Ga 571 &9V dxestr] flal Ga 0.0015 g=
A3 A Aol ¥o] Skl Aug WHoeRE ¥ st ampoule?]
Ga &715tS 10° torr® fA8HHEA 1,050 C= 1A17HESH dA g a9tk Se
Z7] 9710 dA syl fElA Se 00015 g& AlA A A ¥
o] ZF E9ste] ampoule?] Se Z7]¢to] 10° torrzZ A shHA 480 C=
30 i T A etATE ol MgGasSe, Aol A =72 3 13 2t}

O

Table 1. Annealing condition

Sample Annealing condition

Mg 0.0015 g (750 C, 1 hr)
MgGazSes © Mg "

Mg vapour Pressure : 10 torr

Ga 0.0015 g (1,060 C, 1 hr)

Ga vapour Pressure : 10°° torr

Se 0.0015 g (480 C, 30 min)

Se vapour Pressure : 10°° torr

MgGasSes : Ga

MgGasSey : Se
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V. 438 43 9@ 3&
A. MgGasSeqo] ZAHATZ 2 ZAH|
1. MgGasSes 2 A9 AAHFX

A E MgGaSes HAA S 2= vhsEo A X-4 31d FHE 19
9ol Bt ¥l 99 3] FHEHFE (hkDS ®WHAel &g oFke] JCPDS
(Joint Committe on Power Diffraction Standards)®} UX|3t= FhE o] oA
rhombohedral %% AFHASS & F U1, Adx A<4Z Nelson Riley
BAA | ofste] S AMNE F AHe7Iew 3 AdE 19 109 11
of Btk 19l 103 1164 H&= vkl o] ap=3.9534 A, ¢r=38.8910 A%
o} o] #k2 Dotzel &[68]°0] Hirgt AR 44 ap=3.950 A 7} ¢p=38893 A

32 AAFL L 5 AT
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Fig. 9. X-ray diffraction patterns of MgGasSes polycrystal



Lattice constant (agA)
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Fig. 10. Lattice parameter ap, of MgGasSes polycrystal



Lattice constant (cyA)
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Fig. 11. Lattice parameter ¢y of MgGa2Ses polycrystal



2. HWEd] 9§ MgGasSes ©4A uteto] 43 %A

MgGazSeqs @424 ¥rete] 2 A 2712 43 (photoluminescence) 22
WS o] &ate] Tt HWES &3 MgGaSes ©2 A uh
o e A GaAs(100) 71Eel EEES AAS] flste] 71Es
chemical etching 3+ ¥ 580 ColA 20% E<F dAgson, Fwdde] 2
TE 610 T, 7[#e 225 360~420 T = WA 718X A H T
T3k AE MgGaSes A4 Bhete] o]F 2474 X-4 3]4=4(DCRC)| wF
ZA(FWHM) & 43 A3}, 28 12014 B vle} o] 7j#e] %7}
380 CTYul 264 arcsec, 400 T ¥€u] 212 arcsec, 420 C Luwj] HFEX
(FWHM) kel 229 arcsec vt ol9} 22 A= HE MgGaSe; 44 1
wol HAH A 2AL FoYe 2%:7F 610 CTUw 7] %71 400 T
duf o]FAH X-4A FJAFHDCRCO)S ¥HEX(FWHM) 7} 212 arcsec®
HAA AAEALYS & 5 UAAT olek ZF2 HA xxolA H5ARF 307 AHA
H  MgGasSes ©ZAA vuro]l F=7+= a-step profilometer= =43 A3} 28
m= FEA TS Aok
47 MgGasSey WH9ho] AA Gz 4 W9 E dolr7|
fletel XRDE 4 H Atk 29 132 HA x3dA 44d MgGaSes ¥
1to] XRD patterns HE At #5¥ 34 peak=  MgGaxSes (116)H 2}
GaAs(400)H oz AgH "t MgGasSes (116)Ho2 AAEA S &k
o 3 29 1394 HeE AAE MgGaSes (116)H o]9]e] t& 34
peak7} Holx| ¢Fol AgH wrute wAA wulo] FE R JFHISS &

P

T JdAal MgGaSes(116)H 9] 26 $1x+= MgGasSes ¢ rhombohedral %

Heg 24 3

i

AH 2750

>

A

= zh= W7 AY 46153 L= oA yERd Ao ® Hol MgGasSes
G424 ®ar2 rhombohedral 722 A EHA S & F AT
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Fig. 12. Double crystal X-ray rocking curve of MgGasSes single crystal

thin films measured growth temperature of substrate of 610 T
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Fig. 13. XRD 0-26 scans of the MgGasSes single crystal thin film
grown under optimized conditions.



3. MgGasSes 8t2e] 818 G273 xAdH]|

MgGaxSes TFAA 3 w24 wute] EDX ~¥EY AR 2 2AH] S % 2

of Btk EDX ~#Ef2 6 No| %25 2zt Mg, Ga, Se oA HeE 574

X-As 7o sto] S4gov, Mg Gad LA 54 X-A& ol&sfi,

Se v K-4¢ 54 X-4& Ak&ste] F4330th. MgGaSes thA4 % @2 A

vluko] starting element & ZAH| e} AAL ZAH|Eo 11 % 22 WY A
J o)FAHSS & F AT

ARE L glo] speh A =Aduvt

Table 2. EDX data of MgGasSes polycrystal and single crystal thin film

Single crystal thin film

Polycrystal
Element
Starting Growth Starting Growth
(wt %) (wt %) (wt %) (wt %)
Mg 14.05 14.22 14.22 14.32
Ga 40.30 40.28 40.28 40.31
Se 45.65 4550 45.50 45.37




B. MgGasSes @274 v9t¢] Hall &3

HWE ®Wo ojsto] e MgGaSes @24 ¥hare] Hall 3+ Van
der Pauw W o2 293 KollA] 30 K7HA] &%=& WeA7|HA SH3H o
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Table 3. Peaks of optical absorption spectra according to temperature
variation of single crystal MgGa»>Se, thin film.

Temp.(K) Wavelength(nm) Energy gap(eV)
293 563.3 2.2011
250 535.9 2.2302
200 548.1 2.2620
150 540.9 2.2921
100 535.6 2.3150
7 533.4 2.3242
50 531.5 2.3328
30 530.4 2.3372
10 529.9 2.3398
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Fig. 16. Optical absorption spectra according to temperature
variation of MgGasSes single crystal thin films.
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Table 4. Temperature dependence of PC peaks for MgGasSey

single crystal thin film
Wavelength
aveleng Energy Value .
Temp. . . Acr or Fine
difference  obtained by
(K) (nm) (eV) symbol Aso Structure
(E1 or E») Eq. (2)
Tu(z)—>T(s)
563.3 2.2011 Ep(293,L) (El) 0.1639 Acr (or A, excitoon)
0.1906 [5(x)—Ti(s)
293 524.2 2.3650 Ep(293,M) 0.1188 (or B.. excitoon)
504.6 2.4571 Ep(293,S) (E2) -0.00921 ' Aso Is(y)—T'(s)
(or C,, excitoon)
Ty(z)—>I(s)
556.0 2.2300 Ep(250,L) (Ep) 0.1640 0.1905 Acr (or A, excitoon)
. Is(x)—Ti(s)
250 517.9 23940  Ep(250M) 01191 (or B, excitoon)
498.7 2.4863 Ep(250,S) (Ez) -0.0923 ' Aso F.s<0yHFn<sJ
(or C, excitoon)
Tu(z)—>T(s)
548.2 2.2618 Ep(200,L) (Ep) 0.1643 01909 Acr (or A, excitoon)
. I's(x)—T(s)
200 510.0 2.4261 Ep(200,M) 0.1187 (or B, excitoon)
492.3 2.5183 Ep(200,S) (E2) -0.0922 ' Aso I5(y)—Ti(s)
(or C, excitoon)
Tu(z)—>T(s)
541.0 2.2920 Ep(150,L) (Ey) 0.1642 Acr (or A, excitoon)
0.1908 [5(x)—T(s)
150 504.8 2.4562 Ep(150,M) 0.1159 (or B, excitoon)
504.3 2.4585 Ep(150,S) (E2) -0.0923 ' Aso F.s<0yHFn<sJ :
(or C, excitoon
Ty(z)—>I(s)
535.6 2.3148 Ep(100,L) (Ep) 0.1640 Acr (or A, excitoon)
0.1907 D5(x)—T(s)
100 500.2 2.4788 Ep(100,M) 0.1190 (or B, excitoon)
482.2 2.5711 Ep(100,S) (Ez) -0.0923 ' Aso Is(y)—Ti(s)
(or C, excitoon)
Tu(z)—>T(s)
5335 2.3240 Ep(77,L) (Ey) 0.1638 01905 Acr (or A, excitoon)
. Is5(x)—=T'(s)
i 498.4 2.4878 Ep(77,M) 0.1159 (or B, excitoon)
480.5 2.5800 Ep(77,S) (E2) -0.0922 ' Aso ( Fsg*HF{(sJ :
or C, excitoon
Ty(z)—>I(s)
531.5 2.3326 Ep(50,L) (Ep) 0.1640 0.1907 Acr (or A, excitoon)
. I's(x)—T(s)
50 496.6 24966  Ep(50,M) 01189 (or B, excitoon)
478.9 2.5888 Ep(50,S) (Ez) -0.0922 ' Aso Is(y)—=T'i(s)
(or C, excitoon)
Tu(z)—>T(s)
530.5 2.3371 Ep(30,L) (Ey) 0.1638 01905 Acr (or A, excitoon)
. Is5(x)—=T'(s)
30 495.7 2.5009 Ep(30,M) 0.1187 (or B, excitoon)
478.2 0.2929 Ep(30,S) (E2) -0.0920 ' Aso F3g’)‘>l"|(3) )
(or C, excitoon
Ty(z)—>I(s)
529.9 2.3397 Ep(10,L) (Ey) 0.1639 01906 Acr (or A, excitoon)
. Is5(x)—=T'(s)
10 495.2 2.5036 Ep(10,M) 0.1158 (or B, excitoon)
477.6 2.5957 Ep(10,S) (E2) -0.0921 ' Aso Is(y)—>T'(s)

(or Oy, excitoon)




Fig. 21. Fine structure for energy level of MgGasSey



Hopfield[64]+= spin-orbit splitting®} non-cubic crystalline filed®] A &
o 93] 7FAR 7 ZEbA] = 2 PSS | Hamilton matrix

v | =

l(Aso—kAcr)—(—F)[i(Aso—F Acr)?— 2As,oAcr] (50)

Biw= 5 3

TSR @ o714 Ei B thed 2ok Ade o8] e A-,
B-718] a1 C-exciton®] oY AE Erx(A), Emx(B)18]1l Epx(C)2} 3#7]stH
E1 = Erx(B)-Erx(A)o] 1L E; = Epx(B)-Erx(C)oltt. Ei¥ Eo= 212 Acrd A
sog F Abstelo] drh,

E AFgAaE ddF ~¥9Edor BE E# E, S %ol Hamilton

=

_YE I:Ll

matrixol] ¢]3l crystal field splitting Acr® spin—orbit splitting Asodt< T3
o EZE MgGaSes WA 9l FEFS5 2 ER HHO2RE 3 oA
W 7 Ey(T)Sl Varshni #A2 o2 FE 10 Kwle % 39 oyx o 344
E,(10083% 10 Kl % 49 FdF9 oY= o= FH free exciton
binding energy, ErxE T3t o]ojA 293 KellA 10 K7HA Afole] FHd 7
e PP)el= Fado(L), S HM)e Gkt (S)Ee] duxE %
7} Epp(L), Epp(M) 28131 Epp(S)Z 3#7]38F0] exciton YA n#ks &213k
o}, MgGaxSey/SI GaAs(100) ¢ 10 K| FdF ~HEHA = FHdF{F 5%
7N7F A ol5 Ay A® FE T3 Eit Eoe 47 ved 2

<

ic)

Ei = Epp(10M) - Epp(10,.L) = 25036 - 2.3397 = 0.1639 eV
(51)
E; = Epp(10M) - Epp(10,S) = 25036 - 2.5957 = -0.0921 eV
Ei%} E23tS Hamilton matrixel]l tigds] I3 w4gas =
Acr = 0.1906 eV, Aso = 0.1183 eV (52)



ojt}, o|lu] Acrzt 0.1906 eVi= Shay S[70]°] electro-reflectanceE =7 5}o]
T3+ crystal field splitting 9l A Acr 0.19 eVHEY} & dA&aL Qi
spin-orbit splitting o1Y# Aso®] Ak 01188 eV YAl Shays[71] H st
011 eV gt A8 dAstar vk, olwf 10 KollA FAo1x Acrat Asof]
A AoRE Hol c-Fol FAsHA Ho] dAE W doju= A Eae

A5 9

i~

Varshni®] E(T) &4 (49ZF¥ 10 K&duje] oux w 71+4 E, (1003 %
34 23398 eV o]al, i 4oA 10 KY€ W Epp(10,L) = 2.3397 eV o]E=Z
E¢(10) = Epx + Epp(10,L) = Epx + 2.3397 eVl A Epx = 2.3398 - 2.3397 =

0.0001 eVoelt}l. 1 2 & free excition binding energy Erx = 0.0001 eVo|t}.
E 3oA, 10 KY o, E.(10) = 23398 eVeola, # 44 10 KY o
Epp(10,L) = 2.3397 eV ot} Eg(10) = Epx(10) + Epp(10,L) o] =2 Epx(10)
= E,(10) - Epp(10L) = 23398 - 23397 = 0.0001 eV = Epx/1° = 0.0001
eV olth Epx(10) Epx/1°9} Ak wabd 10 K o) Fd7F 552 %
g o] ol YA Epp(10L) n = 19 wf 7FAAY Ty(z)ell A A= Iis)=

Zw A7 Aj-exciton %ol E (10, M)& va3F #Zo] uzsir} E| (10,
M) = [Eq10) + {E,(10, M) - E,(10, )] - EpxoldA Zt7e] #=&
A3tH, 25036 eV = 23398 eV + (25036 - 2.3397 ) eV - Epx7teth. 13
A Erx = 0.0001 eV=0.0001 eV/1° oI A E,(10, M) B3 Is(x) 7Ha =
ol A HAA7E Ti(s) AZdell Al off2 |7} 0.0001 eV HA<Q] n=1<]
A==2 5w A Bi-exciton &-F2lelth. Ey(10, M)Z} Ey(10, L) oA
Aol ZHE7|9 01639 eVZE ofYa &2 (G wEk crystal field
splitting Acr?!  0.1906 eVolt}. E (10, S)E$-8E L3 o] uZ3ic}
Ex(10, S) = [Ex(10) + {E,(10, S) - E,(10, M)] - Epx°lA Epx = 0.0001
eV= 0.1638 eV/41* ololx E (10, S) E%2E Is(y) 7FaAdel A A=z T
i(s) A=d) o2 01638 eV ofefiel 9l n=dl]l A==R =9 A7
Ca—exciton E-$dolth. E, (10, M)3} E, (10, S) Ato]e] ol |x] 7+A LS # K7
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9] 0.0921 eV7} oFY AL spin orbit splitting Aso¢l 0.1188 eVo]t}.

50 K9 o] 3® 394 Eg(5B0) = 23328 eVolt}. o] &% uf I 4of A
Epp(50,L) = 2.3326 eVoltt. Epx(50) = E4(50) - Epp(50,L) = 0.0002 eV ©]
I Epx(h)/2* =0.0002 eV = 00002/2° ¢ LAz} webd Epp(50,L)&
n =24 9 Tuz) ZFAARAA AA7E Tis) A=tz 51 AP0 As-
exciton &g olth Ep(GOM)E n = 2¢ o) Ts(x) 7FAAdielA A7 T
(s) A=di2 59 A7 By-exciton 5 -%2°]th Ep(50,S)= n =29 o T
5(x) ZHAA Al A7 Ti(s) AEd2 1 A7 Cy-exciton & 52 o]t}
100 K9 W X 3014 E,(100) = 23150 eVolth o] =9 w ¥ 4o A
Epp(100,L) = 23148 eVeltl. Epx(100) = E4(100) - Epp(100,L) = 0.0002 eV
= Erx(b)/2° = 00001 eVelolr AXgh& & F vk webA Eppe(100L)2
n =29 9 [yz) 7FdAdel A a7k Tiis) A=tz 51 A1 As-exciton
B9-golt) vpIAAAR Epp(100M)E n = 29 w I's(x) 7P Aol A A}
7F Ti(s) AEth®E 5w A7 By-exciton 292 o]ttt Epp(100,S)= n = 2¥
W Is(x) 7R A A7 Tis) A== 59 B2 Cr-exciton 558
ojth, olgl W o= At F 49 Fine structures T3t th 53] 293K
Al ¥ 39 E,(293)& ¥ 49 Epp(293L)3 71, 22011 eVe]olA
MgGasSess= [ -Ty-VI,Z 313E bt 24 Ao A o] 7F40o] 22011 eV
A A Moy wrAQlS glstdth Eg(293)3 Epp(293 L) Epx (293) =
E, (203) - Epp (293L) = 0 = Epy/n®0] o] A], Ex(203)3F Epp(2931)& n = o
2 Ac-exciton &2l o]® Varshni® E (T)3 2 (49)& == ste] o3t
o ZFHAA Tu(z) oA A=dl IN(s)Z 9 A7 Ac-excitons -]
A-exciton E-$-glolth. wEbA Epp(293M)E n = ¢l Be-exciton %%
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1. As-grown MgGasSes 23 vlgte] PL A2HEH

a9 22 10 Kol S48 MgGaSeq ©Ha7g whabe] spubsg Ao Ed
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olty. 1A HiE wpel o] Pk AAEHL sharp-line emission G H
7} broad-line emission-9 S o2 T2 = UoH72]. DI A F A ]
okt A7) ¢ 5339 nm(2.3220 eV)9 &

spectrum &2 o] AZt}. Free exciton T3 A4 A2 vt #3510
7hAbd o] AAzE | A o kA o] de] dUAE zbe FAR o7 EHW
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&3 excitone @A AL olE°] MALT W spectrume] WS WEFH o
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Hol ZEtA HW Z2be] paire FAAAAR AAVE AEFHAE AR
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ol sy Aet Agel|yAE 2=t

-2+ free exciton emission

hy = E, — ELree (53)
o714 ELE free exciton?] 2ol Y= o]t}

2l (53) & HE 10 KY w, E, S 2.3398 eVE &}o] 3 binding energy

= 4z EEF = 178 meVEA Sell 5o reflectivity 258 73 exciton]
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539.1 nm(2.2996 eV)2] &2l T4 donor-bound exciton?l Vseoll 71¢1

b= L(De,X)Sl Aoz Azten (64)24 S ZHE -8 donor-bound exciton
o A AE 224 meVIE ¢ F AL, Haynes ruleol 93t
EBX

=02 2HH FY o3 duA= 112 meVY S & o+ At =
D

g L(AX)oll 719lete= S-¢-217F 7Hd $AlstAl vyebd 1S Hall 23 54
A pEe e A X oju FEd Fg-2] A7l REEA|(full
width half maximun: FWHM)#< 18 meV T 233 541.9 nm(2.2877
eV) 592 Vol 93 acceptor-bound excition?] T1(AgX) o2 AWa 4=
A}t (54) Ao ZHE acceptor-bound exciton] ZAEo Y A= 343 meVEY

EBX
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=01 ZFE 73 e o
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100

I (Ao,
el as-grown MgGa,Se,

(7]
o
1

Photoluminescience intensity (arb.units)

o

1 1 ]
450 500 550 600 650 700

Wavelength (nm)

Fig. 22. Photoluminescence spectrum of as—grown MgGasSey
single crystal thin film at 10 K.
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Fig. 23. Photoluminescence spectrum of MgGasSes single crystalline thin
film at 10 K annealed in Mg vapour.
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Fig. 24. Photoluminescence spectrum of MgGasSes single crystalline
thin film at 10 K annealed in Se vapour.
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Table 5. pc/dc of the MgGasSes cell annealed in Mg, Ga, Se air and vacuum
(light intensity : 3,000 1x)

darkcurrent photocurrent ratio

sample (A) (A) (pe/de)
MgGasSey 152x107° 2.61x107° 1.72x10°
MgGa:Ses : Air 7.98x10° 8.21x10™" 1.03x10°
MgGa:Ses : Vacuum 5.95x10 " 2.51x10"! 4.22x10"
MgGa:Ses : Mg 6.93x10 " 3.69x10 5.33x10
MgGa-Ses : Ga 6.01x10° 1.65x10" 2.75x10"
MgGasSe, © Se 1.38x10°7 1.96x10° 1.42x107
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Table 6. Response time of MgGasSes thin film
10 Ix
sample
rise time (ms) decay time (ms)

MgGasSeyq © Mg 22.0 235
MgGazSes : Ga 17.0 12.3
MgGazSes : Se 10.0 9.6
MgGasSey : Air 12.3 10.2
MgGazSes © Vacuum 31.9 29.4
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