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ABSTRACT

Opto—clectrical Properties for CaAl:Ses Single Crystal
Thin Film Grown by Hot Wall Epitaxy

Lee Ki-Jung
Advisor : Prof. Hong, Kwang-Joon, Ph.D.
Department of Physics,

Graduate School of Chosun University

Abstract

A stoichiometric mixture of evaporating materials for CaAl:Ses single crystal
thin films was prepared from horizontal electric furnace. To obtain the single
crystal thin films, CaAl: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 600 C and 440 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 CaAl:Sey single crystal thin films measured from Hall
effect by van der Pauw method are 9.98 x 10" cm”® and 296 cm?/v - s at 293
K, respectively. The temperature dependence of the energy band gap of the
CaAl:Se, obtained from the absorption spectra was well described by the
Varshni's relation, Eg(T) = 3.8239 eV - (49823 x 107 eV/K)TAT + 559 K).
The crystal field and the spin-orbit splitting energies for the valence band of
the CaAl:Ses have been estimated to be 5.14 meV and 1.27 meV, respectively,

by means of the photocurrent spectra and the Hopfield quasicubic model.

_ix_
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These results indicate that the splitting of the Aso definitely exists in the I's
+ T'4(C) states of the valence band of the CaAlSes/GaAs epilayer. The three
photocurrent peaks observed at 10 K are described to the Ai-, Bi-exciton for n
= 1 and Cis-exciton peaks for n =15.

From the photoluminescence measurement of CaAl:Seys single crystal thin film |, we
observed free excition (Ex) observable only in high quality crystal and neutral
donor-bound exciton (D°X) having very strong peak intensity. And, the full width at
half maximum and binding energy of neutral donor bound excition were 27 meV and 12.6
meV, respectively. By Haynes rule, an activation energy of impurity was 63 meV.

The open-circuit voltage, short current density, fill factor ,and conversion efficiency of
p-Si/ n—-CaAl:Ses heterojunction solar cells under 80 mW/cm® illumination were found

to be 043 V, 242 mA/cm?, 0.74 and 963 %, respectively.
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Band structure

Fig. 1. Band structure of CaAl:Sey in the Brillouin zone
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Fig. 2. Radiative recombination process across the band gap

Collection @ chosun

_15_

@ : electron




2. Exciton A| 2%

2 & excitondl] ¢
3 wbsgolth dubE o7 KT>ES &% JIos olvx wzt A4 ¢HB-B)o]
dojupA gt Ao AFAdAet AFA-Egol FA7|A Ao abgel o8 A
excitong FAotAYV AA-A-E o] EwEo £¥rE o] bound excitone] ¥dH"

o,

_Hl

a. A exciton

A oA u A FF2E5 zheE dEA|o Al A+ excitonel 9% A g
JIA hve
hv = E, — Epg (33)

B FOojA AL, exciton®] A HA Epx

4
1

1 1 1
i +—o0l3l & Oxd/\l-/\ ne ok
4 m, my 12 e °

o] Aotk ol#dt A excitone LENUAE 7FAaL 9low AGA]l Hof
gtk QA A s el BEH|OF sk photon®] & %ol ofF A
oz AL 0% A excitonETro]l AT Wb A excitone] o ol
5o 09 exciton?] S FHoR 93 FL WEZ Yehdr 544
7} Qo] o} exciton®] 74-9-°|+ phonon® HXE o] LEHHE HEHL W=
4 Attt &3] exciton©] Y% phonon replica® @& 4 ¢ om exciton® €%
o YA & <138l phonon replicaE< broads] A tH55]. A+ excitons 4ol =] 7}

W Homz AedAw #A% ok

2 Folxlt} olm] = St Ao A

)
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b. Bound exciton

ZA58 excitone P G4 UAF 277 SRS E
£ bound exciton(BE)o] &} gt
F Zeo] ®& HHolth HEF

o 2™ oscillator strengthT™

Bound exciton®] @] 93 @33 AL of
exciton®] EEo] oFs)
il welelne A9 Atk webA BE W] Al7le 49s Atk £ BEY

sl WA= Oolne A2 WEAE Zhxith BEO| % R ol | A hv

g Folxal, Epxe BE®S] AddufAeltt. dutdomw Eeioluy Ao £Hubs
T exciton®] A= bound exciton?t A excitone] AR Zpeof| o) A
el BE Eve £ o238 olyA et HlgdAel stk o] #Al= SiolA
e FAHA=H([56] 1 #A A2 Hayne's rule

EBX :a+bEi (36)
olth. oj7]dl Eie F/H ZH2 WY o] 23t ouAelal dWhA 0w a=00]H b

ZI) BAES] o]L3) of X7 Y S u 8835t} Halsted[57]58 o] 4]
S HAAA FA ZFL WY o] &3} A9 exciton®] ©]=3} o X Ato]<]

EBX

B, = 0.1 (37)
olal F/ FH &

EBX

B = 0.2 (38)
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7 gdetgrrt o7 oA Epxs BES ZAgeuAo]lal Ea9t Eps e F7h9
o] &3} ofifx]et}.

Exciton®] <%k g2 AH2 Mgk B 4 glom kT>ExQ =X A& exciton
7

o] BHHY. olel % AA 4Ee Wz "ol 5| AATeA Ak F F

1
T AF7E al)=(w=E,)* ¢l AFdeld o 2o whmAlelM wE 2o B
Fe w2 AU £o® hw~ESQl sharp cut-offE 7HAW E2 dUAHOEE=
exp(— Lol Wi @il 2A Bk aey 299 wRsb F4se] ge v

kT
o X2 2] sharp cut-off7} §1o] Al spectrum< 7 d)A o] Atr}. 3+ peak
o] W& 7} F7bel peakd 1A= nd Y AF, & dyA Ho= pFe A
o o1& o7 o] %358 59].

4. Mo} FEEIH] A4

o

Fet TR del(D-V), ZElal Amojer E/izEe] Hol(C-A)= HE
FA EAN7E o] 23} AL KT<ES] A=A #HEojxa F-B A2 F <l
A hr[60]+=

1
hy = E, — B, () + kT (39)

2 Fojgh of MM kT AL wAd Wil Suse] g€ A7t AFA

0% ARYE WUHE FFF GUY AMM e Folth F-B ALY 2vE
Feo A eI

, E,
Iy (hv) o< (hv—E, +E, )" %exp|—hv—E, +
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B FoluH6ll o] AolA & F Slke] W oA £
2 A & A EL Maxwell-Boltzmann +¥ & )
WA Fx2E Zbe BtEACAE A8 7] FEe] Epe Abel7t §lo] D-V A
2 WAES] oAl F/3] Zol7b glom=m C-A ol H]
AgHew BFE C-A WELE Eagles? 4 (40)3F 2 A A3}
%

=

¢~ Eap® TEIHA

Zreth wE A4

il

g 5t =t Dowl56]5 2 ©]E piezoelectric phonon& ©]
&, excitonseol o8] FAE= WH-o vA A7|FwEola A
k. C-A o9 A7+ Willlams[62]5 9] Alikel st

1 (t\/%1
[opce TC—A(ﬁ) el (41)
2 Folth. orjeA = EE A AAHAEES agslA AdreE &g dA
(minority carrier) &9 Hit FHo|tf. § Ao as AL 2o Fasha

(42)

ol g AZ C-A Aol A7]&= N
electrong9 % ¥ HAYZ et BAY EoE w27 A3t A8 257F 5
7}t whel ol eFEEE N = zA4adith webd C-A i BSelo £ oJF

& B+ Arrehenius® 2 ¢l

FHE deu ol2iy &435} ouxE & 4 Ual63] sk gov
el A7IERH E5E v55 dotdl7|= 64l
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=
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5. M-8 B QAT

WA e Foe ol B Ao £X18H Donor-Accepter Pair(DAP) )2 &
ol ¢ HZAF Aol ¥ BES C-A A2 AATH dAH o= dojuA 4
th kKT<Ep, Eadl Aol s A4 o]23lgo] Houg DAP A 2% o] C-A o]
of "la Fel dojdty 2wt Sl wel BE & F99 FAYE ol 23ty
W wEba] C-A Hol7k S71etth. DAP A4 E 2% olyuA hvi

hl/ = Eg _(EA+ED )+§_r_Ede (44)

o7 FolAth o)A e¥ere DAP Hole] v AEel o] sty Fel Wi
Atole] AA7A oA o]l Eyger= S E 9] van der Waals 3.3 o 14 %] o]
ok F 8 Abel o] A r& AXZE met SARE VHE F JoeBEE DAP

HAEYP L A3 wEl 7he s rgkel o EAESHYI FL s WS
Aol Al A vErE Blolth mEy Tl S& WAEY] o238 oAVt A
HEAo| A= DAP ~HE- ] Suld AYEET UERdT &) o5 RFEA oA
= HE Ep < 20 ~ 50 meVelB& DAP &$utd AEHEL By + Ep > e /er e

WA = 9l Holxl Foi A REREO] 7] 8}

a
A 27y Holx wEs)7h gk olEd A9 He] e W2
W) = W(O)exp(—2—) (45)

2 FoZth 97 W0)e wmAlelA Folzxl DAPl 23 4ol
shallow 7Fei¢] Hel whgoelth wepa A7) 2 2}
AzH oz A ro] 77k BYFE AogdER Fil AL Ho
7] 77y & w) AFE"] °

& o7 A7) WEke] mE 59

gy A o 1HF FrdAs
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a9 32 pn AFE HEAAY YA F9E vEW o2 Ay i
W pn HF diode®] Fermi 1WA A7} pet n Fol 2o, gVl g
+ potential barrier’} &7 €}, Potential W&o 4L xYU u] pZFoA o7jd A
A= nel®E, ngd &2 pelFE olEdA Ho nFde HX

&0 FHo] o]FolA o] Zzlo] A wj thA] W) WEFe] gito] dojut

rir

l

=3

a5 oA A dEE HEA H o] W= Fermi £917F ngd pFolA ME
Dbtk whebA open circuitd W pF I ndAboldll= V] H ol FAddH. HgA
Ao it oAl FrmE ¥ 4o Rt ¥ 4904 source I solar
radiation®] €%+ 3 carrierd o7 2HE A3 Aapo|r}

=9 ¥3} #AF(diode saturation current)e]il RpS F-&} #&oju}.

I=I(e®*" —1) —1I, (49)

o= G = NN+ )T (50)
Na(—5)"" ND(—I;-)”Z

o7 FolAH 24 49RFH 94L& open circuit voltage (I=0) Ve

_ (kT 4 kT
=0~ ), ( Is+1) (==)In ( ) (B

oltt wtgta FojZ I o] W8] open circuit voltaget® ¥3} AF 1)

_24_

Collection @ chosun



N

Iregion | |n-type region I

junction layer

o o~ o __
Photon\ \ qV; potential barrier
° _
—_ ] —_——————— Fermi level
0 O Eqg
electrode \
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Fig. 3. Schematic diagram of a p—n junction solar cell energy level
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In ( H}IL - VIgRIR +1)= ( )(V IR) (56)

Rat A4 A% Rl H8IA =9
4L glo] 2AHEA Eed =0+ &R

Al J-V & vehuly, el xAbE o diode leak HF7F AL wf Vot
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Fig.4 . Idealized equivalent circuit of a solar cell
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2 AdelA ARET EAA 48 FH AV|EE Oy 5% Zol AFstd o
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Al O, ©
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Temperature
Controller

Fig. 5. Horizontal furnace for synthesizing of CaAl:Ses polycrystal
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B. CaAlSes 424 A

AEH A2 Ca(Aldrich, 6N), Al(Aldrich, 6N), Se(Aldrich, 6N)& & H| 2 A 235}
A" 9374 16 mm, W74 10 mm)el 2] 3x10° torr 9 T &l A
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™ e 8
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lo

C
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dE 5 2 oha WhEAA
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etching 3to] 7|#to s ARgelglon, 7|3 SHdS HWE A Sl ¥, uF

o F[EE=2 10° tor 2 H7|AZ F, Zurdal sde en
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¢ GaAs GaAs

- -
Heater

Source
Poly CaAl,Se,

Reservoir
Se

Vacuum Chamber N

Fig. 6. Block diagram of the hot wall epitaxy
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D. 2A+=x

#dd CaAl:SesE powder WHE ol&ste] AA 7z, AAGTFE SH0L
W, HWE Wi ez J4d CaAlSes BHhe] Agde 1y 73 22 olF 44
X-21 3] (double crystal X-ray diffraction, DCXD) &= & =3
AL Cu-Kagl 34 15402 A2 A& Th

E. Hall &9 =4

Hall 38 4317 8] A24A Foll Ae sA4gsta Ao Q17td 7]+
TFHoRE 2 KGY AL i Ao 25E 293 KolA 30 KWFX] H 3} A] 7] T A
Van der Pauw BHNH 92 Hall 342 =43}

¢ 8% gt

d

325 e FHAF 54 2E cryostat®] cold fingeroﬂ aAeal DC AL o
Asle] GAZS Ao xAbetHA] Vo= BAFE lock-in—amplifier(Ithaco, 391A)
= a1 X-Y recoder(MFE, 815M)& 7| '.6}ME} olw] Al&-3- 344 A(Jarrel

f 1 05 m series&)& 1180 grooves/nm(A : 190~ 910 nm)E AF-&3+%
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Specimen

COMPUTER
CONTROLLER

| ", reference : GaAs (100)
slit-1 ™,

X-RAY
SOURCE

Fig. 7. Block diagram of DCXD(Double-crystal X-ray diffraction)
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Fig. 8. Block diagram of Hall effect measuring system
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Chopper Lens

Lock-in
amplifier % R
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Sample —

Fig. 9. Schematic diagrams of the set up apparatus for the PC measurement
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G. %33 (Photoluminescence) &4

Add CaAlSes ©@AA WS cryostat WF-o 3+ cold fingerol| 3173}
Aoz H)718tal He-Cd Laser(Nippon, 442 nm, 40 mW)E Aol ZAtsi ok v
118 A28 <35t choppingdtil monochromator® #3dtH a1 #3435 9
< PM tube(RCA, C3-1034)% ol lock-in—amplifier® % %38l X-Y recorder®
71535k el. olw cryogenic  helium  refrigerator (AP, CSA-202B)%
cryostat(AP, DE-2025)¢] =% & g=oA Aoz Ugurx SHsAT o u

Abgst A4 A9 MEEe 29 103 2ok
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HELIUM

REFRIGERATOR
|  TEMP CONT.
MONOCHROMATOR
PM. .
TUBE -5
|  Lock-IN-AmP.

CHOPPER

|  x-v RECORDER

CRYOSTAT

VACUUMPUMP  |———r
Y SAMPLE

_____________________________ =N

He-Cd Laser

Fig. 10. Block diagram of photoluminescence measuring system
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H. p-Si/n— CaAl:Ses ©lFEH 3 HIFAA A4

1. p-Si/n— CaAlsSes ol S HY B FHAA 9 A%

Si 7]#$] ol Hot Wall Epitaxy® &2 CaAl:Ses 2142 AAA A p-Si/n-CaAlSeq
o]E4T HEAANE QA nE YA ~10° torr WEFSA indiumE &

3 B AR 7)o A 387} %ﬂﬂé}@ ohmic contacte] ¥ %% 3ol ngol 7
3 Zhsto] A& st p-Si/n-CaAlSes ©f
T AY HEHAAE AAekadar, AR FdaA e G Ee 29 119 gk
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~

H +— Au (+electrode)

Si

Fig. 11. Schematic diagram of a p—n junction solar cell energy level
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2. Spectra response =%

P-Si/n-CaAl:Ses ©1F 3 Bl 24 2] spectra responses monochromator(Jarrell
Ash, 82-020, 0.5m), 300nm~1100nme] & F oA X-Y recorder(MFE, 85M)E

ol-gste] A8t 7] Estsith

A

iV
o2

I

3. A5t-Adste

4 2w Z8 EAES 8 mW/er tungsten halogen lamp<}

AFr-dst
electrometer(Kikusui, DMZ-1400), curve tracer, oscilloscope® ©]-&3}o] =339

o oju] AR 54 FHEe 19 129 2k
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Fig. 12. Schmatic diagram of V-1 characterization measurement
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@48 CaAlSey A S HE=E

Btk 29 139 X-ray 32 FY2 2H (hkDe @ 7-Fd do3%
JCPDS(Joint Committe on Power Diffraction Standards)$ < *]s}+=
orthorhombic & AHEHASFE & F AUUL, AAEFE Nelson Riley E A2 <
olste] ke AR ¥ QAMYI82]e® 3 ZAde Iy 14, 156 2al 1Y 16
o Al B BRe} o] a=6.3252 A, bo=104713A , 22|31 ¢p=105271 A %t} o
@2 Klee, W.5[78]0] Hast A} A a,=633 A, 1=1048 A, 123 ¢ =
1053 A 3 2 e & F AT
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o ] il l 0l W Al
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TFig. 13. X-ray diffraction patterns of CaAl:Ses polycrystal
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Fig. 14. Extrapolation of measurement lattice parameter a, against
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Fig. 15. Extrapolation of measurement lattice parameter b, against
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Fig. 16. Extrapolation of measurement lattice parameter ¢, against
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2. HWE®| 2]3 CaAl:Ses @4 # utulo] A4 xAv}
A4 Add

CaAlSes, @274 were] HA Ad 212 olF A4 XA 8% =4d(double

A AE7] $18ke] 7] #-2- chemical etching 3+ § 580 TollA 20% EoF dxjs}
onf Zursle] SXE 600 C, 7|He] LRE 420~460 C 2 WMAAEA HF
Azt olwl 4 CaAlkSes @474 ¥ o]a 4 X-4 34 34(DCRC)S
HE2(FWHM) & S48 A3, 7% 177 2ol 7|#e] 257 440 T o o %
Z(FWHM) gte]l 117 arcsec® 7Fg Zskth ol9f & Anz X ¥ CaAlSe, @2
A wdhel HA A 2He e 257 600 Cdu el =7 440 C
Ae & oAt o9k Be HAH FPoA 5 AR 307 AFE  CaAbSes ©E
3w J

q ulako] FA= a-step profilometer® =43 A 22 mE AFHYALSE A4k

#HA zstel A A8 CaAlSes, HHehe]l A4 7% 9 WS Loty 18t
XRD7F A=Ak 28 18 H# zdolA AdFE  CaAkSes o] XRD
patternS H.Eth #=% 314 peakys CaAlSes (003} GaAs (400)H o= A
e wEe CaAlbSes (00)H o2 AAHIASS AT =3 17 18004 H=
AT CaAlSes (00)™ o]2]e] thE 3|4 peak”’} Holx| ol F44d #9teh2
Az dhdke] g2 AFHASS FA T S ddem 0hHe 20 A=
CaAl:Ses®] orthorhombic 75 2zt W2F A2l 34.063 YA|sh= LAl vepd
AoZ Hol CaAbSes @274 W92 orthorhombic &2 AJFHAES & F
UATE.

a% 197 HA 844 2304 48 CaAlSes BFe] W Apxlolt}
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Fig. 17. Double crystal X-ray rocking curve of CaAl:Ses single
crystal thin film
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Fig. 18. XRD w— 20 scans of the CaAl:Ses single crystal thin film grown
under optimized conditions
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Fig. 19. AFM surface-morphology of the epilayer grown below optimum

growth conditions
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3. CaAl:Ses G273 vruto] 3jstgE 4 A1

CaAlSes 243 @44 wdhe] EDS A EY HE R 24
of Btk EDS ~HERL 6 N9 58 Zt& Ca, Al Se oA
Me JFEo R sto ZAHZP o (Ca Al L-4 B4 X-41&
K-Ae 54 X-d& Akgste SAsn. 248 2 @24
element & F/du| e} AR FAUIFE] 1 % Ak HY oA Ux
FeA £AH7E Z o] FoA5E & F UM

Table 1. EDS data of CaAl:Ses polycrystal and single crystal

Collection @ chosun

thin film
Polycrystal Smgl.e c.rystal
Element thin film
Starting Growth Starting Growth
(wt%)  (wt%)  (wt%)  (Wt%)
Ca 9.78 9.78 9.78 9.79
Al 13.17 13.18 13.18 13.19
Se 77.05 77.04 77.04  77.02
— 52 —



B. CaAl:Ses B2 A4 vbutb o] Tall &3

A4d CaAlSes 44 B8-S Van der Pauw WH O =Z Hall 35 293 K
A1 30 K7HA 2= ®3tE F9A S43 g8 T ol ughs 1% 200 vE
Wolth 18 200141 ®i= mpe} o ol & 296 em’/V - sec FoH,
Fujital84]9] ZA3}e} Zo] 100 KolA 293 K 7FA+= Z A} Abek (lattice scattering)
of 7Qlgk oz oAAM, 30 KAl 100 K 7HA+ B AbeHimpurity
scattering)ol] 93k ZAo® B ok Az Ateke 0 K o]4e] oA A=Y=}
o] ARE A2 o5 HFEL Ao F£7]4 potentialS ®E| St carrier 9F A
b Atolel A& AEdtt. Az e 2E7F FUFgel webA AR Az}
Abgbe 1o A FAl(domain)stA Hrk. wEbA ols iy X7 F7hghel ke

=

o,
of
b
N
N
0%
rio

Fasty Ak 71908 olE e TV wdlste vl mI BB At
&2 AW carrier’} CaAlSe, @27 Hhubo]l Al apAo|x Fdd o] 23td
SoEd #ZE3 A3 2 stA % carriers Coulomb force A3 #HE 0

T 998 x 10" ecm™® ¥l Carrier density:® &%
gk 5o A5 el wat el Ao, ojme] 2% H5(1/T)ol et In n
T2 a9 213 Zrh @43 oy A Ege 1 219 &)l 8 Ad 572

meV At}
S Hall 23 &A= BH Hall AlFEo] 29 Ftololi] CaAlSes @47

ek o self activated(SA)e] 71918} n & W EA IS 4 = It
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Fig. 20. Temperature dependence of mobility for CaAl:Ses single

crystal thin films
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Fig. 21. Temperature dependence of carrier density for CaAl.Sey

single crystal thin films
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C. CaAl:Sei B4 wvte] BFF ~AEAR F37

ol 11 A 7}

CaAl:Ses @27 ¥iete] 2o wmEs FEFF 2¥EHS 2093 KelA 10 K74

=EE WA E Bt CaAlbSes @24 ¥ A

Z o] 239 FEHa 2YEHSR FE AR ouA
(

a) & T8kl (ahv)*~ (hw—E,) #AE Fg #3

g

oft
m
T,
ki
24
o

(hv)el Wgsh= FF5 7

ol ux] AL  Table 2¢] E3krt.
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Fig. 22. Optical absorption spectra according to temperature

variation of CaAlxSes single crystal thin films
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Fig. 23. Relation between the incident photons energy hv and

(ahv)? in the CaAlSes single crystal thin films
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Table 2. Peaks energy of optical absorption spectra according to

temperature variation of single crystal CaAl:Ses thin films

Temp.(K) Wavelength(nm) Energy(eV)

293 373.2 3.3219
250 360.5 3.4390
200 348.1 3.5613
150 338.2 3.6658
100 330.8 3.7483
77 328.2 3.7775
50 326.0 3.8034
30 324.9 3.8163
10 324.3 3.8230

a9 247 CaAlbSes GAA vbate] 54 3] 9% direct band gap®] &% 9

=
#£4S Jebaz vt Direct band gap®] 2% &4 Varshni? [81]

(60)

2 @ wEeka gith o 71A, B0 0 K49 olux 7, ash Bi= Aelm,
E (0= 38239 eVolil ai 49823 x 107 eV/K, BE 559 Kot}
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Fig. 24. Temperature dependence of energy gap in CaAl:Ses single crystal

thin films (The solid line represents the fit to the Varshni equation)
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D. CaAlSes G2 A vtuto] F A7 AHAET

% 25% CaAlSes @27 ulahe] Lo
A1 10 K 744 255 WHIA|7|HA &
o] #1A = Table 30 Aelstitt. 18 263 2ol 34
Aol dlgE = PR Atz 2E AxEd o3 A7 S gl
7PAZR splittingell €%t FHF E5-elEe]l #5513

)
ot
=

T EF

3 4 glEd, 2 ol CaAbSes @A w2 teragonal 72E A7 o] spin-orbit
splitting ¥ non cubic crystalline field ¢ A &3] 2]8le]  band splitting ©] Loyt 7
ox B & 9grl. o]AL hand theoryd] ¢&tH e HEWE S-like, 7HAAYE
P-like® Htom ol P-like?d =& Py, Py, P9} o] A9 92 o] 2 4 Jdux
H ok}, teragonal F 3 203 KollAl 10 K74-A&= 3719 H-$-2 AT, — I'), BTy + Iy
— I, CT3 + Ty — Iy Aololl oz Aoz FAH 8] of¢t A A A +x
& Ve 17 279 B
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Fig. 25. Photocurrent spectra of CaAlzSes single crystal thin films
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Table 3. Temperature dependence of PC peaks for single crystal CaAl:Ses thin

films
Wavelength Energy Value A -
Temp. (k) diff. btai cror e
(nm) (eV) symbol (éle;fIgze) © S;ne(c;)by Aso Structure
Fz(A) i F1
373.2 33219 E,293L) 00478 0514  Acr  (orAw excitoon)
293 3679 33607 E,203\) _ Buo i
—VU. Orbe €Xcitoon
3669 33788 E,2935) Uy 00127 aso 1l SN
(orCe excitoon)
Fz(A) i F1
360.5  3.4388 E,250,L) 99479 00515  Acr (o Ar excitoon)
250 3556 34867 E,250M) _ (B T + TuB) ~ I
—VU. or excitoon
3546 34959 E,(2509) Oy -0.0128  aso ol RO
(orC15 excitoon)
Fz(A) i F1
348.2 35611 Ey200L) 99478 o514 AT (or Ay excitoon)
200 3435 36089 E,200) _ B0 T S R
—VU. SO or excitoon
3427 36180 E,2005 Gt 00127 por By, excitoon)
(orCi5 excitoon)
Fz(A) i F1
338.2  3.6656 E,(150,L) 99479 00515  Acr  (or A excitoon)
150 3339 37135 E50M) _ LU b rh® - 1
—VU. or excitoon
3301 37225 E(509 G20 -00126  aso N CLGESOR
(orCi5 excitoon)
Fz(A) i F1
330.8 37481 E(100L) 99477 00513 acr  (or Ar excitoon)
100 3266 37958 E,100MD _ LU Lo rh®) o I
—VU. or excitoon
3258 3.8049 E,(1009) TR -00126  aso ORGSR
(orC15 excitoon)
Fz(A) i F1
mo WEOER B Lo ove o fmen
. . 3 4 — 11
3233 38343 E 77,9 00091 0196 A (or Bi excitoon)
: : pR ey (Es) : SO Ty + TWC) » I
(orC15 excitoon)
Fz(A) i F1
I R
. . 3 4 — 11
3212 38603 E.oM) 90093 o199 A (or Bi excitoon)
. . D y (EZ) . SO I's + F4(C) - I
(orC15 excitoon)
Fz(A) i F1
o BEOBMR BER e 00 o R
. . ) ‘ - l
320.1 38730 E,30.s) 90092 _5p19g A (or By excitoon)
: PRIV, (Ez) : SO Ty + TWC) » I
(orC15 excitoon)
Fz(A) i F1
o BETOER RGN ml Com o SEE
. . ) ‘ - l
319.6 38797 Ex10.s) 90091 _gp197 A (or Bi excitoon)
: PRIV (Ez) : SO Ty + TWC) » I
(orCi5 excitoon)
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Fig. 26. Schematic band-bending structure diagram of photocurrent in the

CaAl:Ses layers

_64_

(*ICollection @ chosun



NN

Eq(D)
Acr : - &
f? 1TR\ (M)
Aso M;+,(B)

y

.
/-\
[+ (C)

Fig. 27. Fine structure for energy level of CaAl:Ses
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Hoplield[80]+= spin-orbit splitting@} non-cubic crystalline filed®] FA] &3} <]

& 7FAA 7Y dEbA] = 292 | Hamilton matrix

O

1
E = %(Aso—l- Acr)—(—l-)[% (as0o+ acr)? — % Asoscer] £ (61)

i
Fel
r i

stk & 4714 Eidt Ege v £tk A3 os) 22 A-, B-1¥
3l C-exciton¥] AUAE  Emx(A), Emx(B)Z8]32 E(OFF E7Isld
E; = Emx(B)-Erx(A)°] 3L E = Epx(B)-Epx(C)0]th. E13 Eo= 27 Acrd Asodbs
b Ababdo]

B ApoME FAF ~2FdEdoR BH EX E 32 2ol Hamilton matrix
of 9]3] crystal field splitting AchJr spin—orbit splitting Aso#t2 gkt &3
CaAlSes WA T35 A2 HE 3 oy x| w] 214 E(T)¢l Varshni #
Ax o= FH 10 Kwle Table 29 oA w] b4 E(100%% 10 Kull Table 3¢]
BAFY A9 zFolZ HH free exciton binding energy, ErxE 2Fgkt}. o] o
A1 293 KellAl 10 K7HA] Atele] 47 B-¢-2/(PP)el= abddi(L), 13k
MD&F @t (S)ES] UuAE 242 Epp(L), Epp(M) 1231 Epp(S)E 3£7]5}
exciton FAF n#ke & sHA
CaAlSes /SI GaAs(100) ¢ 10 K #dF 2~2FEdo= #d7F B2 3747}
UTH ol & A =E FY T3 E I Ev 2 oS3 £k

L

E:
E-

0.0478 eV
-0.0091 eV (62)

Epp(10,M) - Epp(10,L) = 3.8706 - 3.8228
Epp(10,M) - Epp(10,S) = 3.8706 - 3.8797

E1# B35S Hamilton matrixel s8] 95 w4 e E£29

Acr = 0.0514 eV, Aso = 0.0127 eV (63)

olt}. olu] Acrzt 0.0514 eV Shay 5[85]¢] electro-reflectanceS 7 3sle] 3+
crystal field splitting VA Acr 0.05 eVZHEFH 2 AX3dFar ¢lal, spin-orbit
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splitting A Aso®] A4k 0.0127 eV 9 A Shays[84] Biigk 0.01eV a3 A
o dxletar vt ol 10 KellA S Ho1%l Acr¥} Asoo] A3 ZAF}E Ho} c-
ol FAstA Blo] it uf dojues AEEdE 2 dA|star Uk

Varshni®] E (T) &2 (DEFH 10 K" oA o b4 E(10)%k2 Table 2
o 5 38230 eV ©]il, Table 3¢l4 10 K& o Epp(10L) = 3.8228 eV ojlB =
E(10)= Erx + Epp(10L) = Epx + 38228 eVolA Epx = 3.8230 - 3.8228 = 0.0002
eVoltt, 1# 2 & free excition binding energy Erx = 0.0002 eVo|t}. Table 29I
A1,10 KY o)) E(10) = 3.8230 eVolal Table 39141 10 K o Epp(10,L) = 3.8228
eV o|th Eg(10) = Epx(10) + Epp(10,L) ]2 = Epx(10) = Eg(10) - Epp(10,L)
= 3.8230 - 3.8228 = 0.0002 eV = Epx / 1° = 0.0002 eV o]t} Epx(10)E Epx / 1°
o dAFH. wEbs 10 KY o 347 552 Fabagde olyA Ee(10L)2
n=1d oW kAl Iy oA A=d e =% 4% Aj-exciton B¢ ot
E (10, M)-& v&3 Zo] azsirh EN10, M) = [E 10 + {E, (10, M) - E,(10,
L)1 - ErxelolA 279 gES didsid, 38706 eV = 38230 eV + (38706 -
3.8228 ) eV - ErxZFETE 184 Erx = 00002 eV= 0.0002 eV/1° o] A] Eo(10,
M) B-f2l& Iy + Iy 7hdadel A dxp2F T d=mdjoll A ofgf = o %7} 0.0002
eV 7H42 n=1%] A== & A7 Bi-exciton &% °lth E, (10, M)# E(10, L)
o] oyA ztAe] H®7I9l 00478 eV7F obya (3)Ae] wWEl crystal field
splitting Acrgl 0.0514 eVoltt. E(10, S)59-2& vt Zeo] st E (10, S)
= [Eg(10) + {E,(10, S) - E (10, M)] - Epx®l A Erx = 0.0002 eV= 0.0476 eV/15%
ol X Ey(10, S) &%= I's + Iy 7hdAd el A AAr I A=d) "ow 0.0476
eV ol &= n=15% AEZ E1 A Ci-exciton 552 olth Ey(10, M)}
E,(10, S) Atol9] oy x| -4 L2 HH 7] 0.0091 eV} o}l spin orbit splitting
Aso?l 0.0127 eVeltt.

50 K2 ) Table 2614 E,(50) = 3.8034 eVolth. o] 2ol u Table 3|4
Epp(50,L) = 38032 eVeolrt. Epx(50) = Eg(50) - Epp(50,L) = 0.0002 eV o]
Erx(b)/1? =0.0002 eV = 0.0002 /1> ¢ A 3c}. wehA Epp(50L)2 n = 1% o T
o oA AEY I'E &9 X Ai-exciton &-5-#] o]t}
£k E(50, M)B-+2% E60, M) = [Eg(50) + {Ex(50, M) - E,(50, L)] - Erx
oloAx Z+zre] FES WYshd, 3.8510 eV =3.8034 eV + (3.8510 - 3.8032 ) eV

_67_

Collection @ chosun



»

O

[y + Iy 7FAAR el A dx7F Ty Aol A ofgf 2 oy x]7}F 0.0002 eV 114
n=1¢1 A== & A7 Bi-exciton &-%2lolth Ey(50, M)# E,(50, L)o] olv%]
FAe] HH 7ol 0.0.0478 eV7l ol al (3)4 e uwhel crystal field splitting Acrgl
01541 eVolth E, (50, S)B%22 then go] wAstth E,(50, S) = [E,(50) +
{Ex(50, S) = Ep(50, M)] - ErxolA  Erx = 0.0002 eV= 0.0477 eV/15° o] 4]
Ep(50, S) B2l Iy + Iy 7hdAel M AA7r I Aol s "oz 0.0477 eV
olgfel & n=15%0 AEZ EW A Ci-exciton F-F-2o]th Ey (50, M)# E,(50,
S) Atele] o= 7FAL HH 712 0.0091 eVZ} o} al spin orbit splitting Aso?l
0.0129 eVeltt 100 K = Table 2014 E(100) = 3.7483 eVoltt. o] 2% of
Table 3°¢1A41 Epp(100,L) = 3.7481 eVelth Epx(100) = Eg(100) - Epp(100,L)
= 00002 eV = Emx(h)/1* 00002 eVeleld Axge o & gk whebA
Epp(100L)2 n = 19 ] Ty oA Axd) IMZ E9 A7 Aj-excitons-$-2] o] T},
gk =gk E(100, M)&-5-2l+ E (100, M) = [Eg(100) + {Ey(100, M) - E,(100,
D] - Ex°ololA ZH2+e) #ES tHYdshd, 37958 eV =3.7483 eV + (3.7958 -
37481 ) eV - Exx7}arth 284 Epx = 0.0002 eV= 0.0002 eV/1* o] A] E,(100,
M) &%= Iy + Iy 7ZFdARd el ] dx7F Ty Aol A ok = ol | =] 7F 0.0002
eV 7t7A< n=1¢ AEZE Ew A7 Bi-exciton &% o]t} E (100, M)3} E,(100,
D)9 odA ztzAe] Ar7Ie]l 00477 eV7y ol (3)el wel crystal field
splitting Acrgl 0.0513 eVelt}. E, (100, S)&-52& vt o] sl E, (100,
S) = [Eg(100) + {E,(100, S) - E,(100, M)] - Epx°lAl Erx = 0.0002 eV= 0.0475
eV/15° ool Ey(100, S) B¢ I3 + Iy 7FAAdeA A7 Ty A=l A
WoFZ 00475 eV offo] AF n=15%1 A== Euw Y Ci-exciton 5-F-2o]Th
E (100, M)3} E(100, S) AFole] o= 1AL 2R 719 0.0091 eVZF oY 3l spin
orbit splitting Asol 0.0126 eVe|t}.
old ®WHoez st Table 39 Fine structure[85-871& sttt &

293K du Table 29 E(293)2> Table 39 Epp(293L)3 231, 33219 eVo]olA
CaAlSes= [ -M-VI,E 3HE Bt AZA] A9 A o ZFFo] 3.3219 evVel =
d Hold HEAYE FlstArt Eg(293)3 Epp(293,L)2 Erx (293) = Eg (293) -
Epe (203L) = 0 = Epx /n0]oA], E(293)37 Epp(293L)2> n = %%l Ac-exciton

- EpxZtEth 284 Epx = 0.0002 eV= 00002 eV/1* o)Al E,(50, M) B-$-=
1=

N

3
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Zlol™ Varshni® E J(T)¢l &2 (D& 2=w3le] t)&sle] 7FdAtg Taoll A
b "Z &9 A7 Ac-excitons-+2 & A-exciton &-F2°|th  Epp(293,M)
n = ©%l Be-exciton %92 B-exciton Zlolar,  weEbA Epp(293, S):=

[
o
n = ¢l Ce-exciton 3%-2 C-exciton &-$-2]o|t}.
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E. CaAl:Ses G2 A4 wluto] 53ubsg

ﬁ

Y 282 10 KollAl &A% as-grown CaAlSes WZAA ubdbo] sgubs) ~ 9
dolth, 19 2804 BHE vlel Zdo] #Idg ~HEH L sharp-line emission 4%
I} broad-line emission-¥ S o2 FE3 = QUH72]. I XA 3250
nm(3.8148 eV)¥] E-$¥ & free exciton emission spectrum®® o] AR} Free
excitone £ 2R3 AT AS5HE JPAAN Y AR oy|A u] HA
ol Fe] oA E zZhe FAE AV|HH ALRdglE o7|Hi JpdAd el s FeE
HAdE A-g(hole)o] A Bt o] FEo FAL2ZHRY Fw3] HloluH] o/
o 71" A electron)t A& 3 exciton® At o]Eo] A Ags u spectrum
o] Blg WEIth o] & o] AFAAtet AHA-E] A(pai) & ® TdE exciton
< Coulomb ¢1¥o] 2H&38}A Hw 24249 paire FAUAAE A7 ZEFHE
A =255} A= FArsk wol dnh o] A& free excitonel e} T} Free

rkr

M
_E

excitone EotA st Axte; AFo AAge] o)A AEEr). T3 excitone &
oy dste] x84 uj7tx] ARArelE AfFEA 557 widd F XA

hv = E, — EJ* (64)

714 B E free exciton®] 2 ol x| o] T},

2 6hHez FH 10 KY v, E.& 38230 eVE 3d}lod 3%t binding energy® 2t
7+ Efre = 828 meVEA] Sell 59 reflectivity 255 T-3F exciton®] 2 3ol =]
8 meVe  # dXghr}. 3250 nm(3.8148 eV)e] #FIF 592 free exciton
emissiond] Egol 7I¢lske ez AZET 3361 nm(3.6838 eV)el 3391
nm(3.6562 eV)9] %2+ bound exciton emission 2R EH o2 o AZt} Bound
exciton® F4 F2 dldE F7)(donor) 2 ¥l (acceptor)dl| free excitono] &}y
o] 11 FUAERE E5E= AE 2l Bound exciton complex’} AEE w A

o

free exciton®.t}h “F3bado] vERATE Bound exciton©] ®rAF
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hy = E, — Elf* — E2 (65)

o]t} o] 714 E& & bound exciton®] 2 g o1 =] o]t}
336.1 nm(3.68388 eV) ¢ &2+ T4 donor-bound excitong] Vol 7|13t
L(De,X)2l Ze® AZFATE (65)2] &5 B -3 donor-bound exciton® 2 &

A= 126 meVYE & 5 U3, Haynes ruledl 95

Esx oo ZEE F)
Ep

o] o] 23} oA = 63 meVAE & F AUATh EFF LD X)el 788k &2 7t
7V S-AlskAl vebd AL Hall 239 S04 n¥8& Jebd 33 A g o
Bt B9-2] Al7]9] ¥R A (full width half maximun: FWHM) %< 27 meV 3t}
283l 3391 nm(3.6062 eV) B-2ZlE Veol 23 acceptor-bound excition$!
L(AX) o2 Aye 4= vl (65) 4] 22 H-H acceptor-bound exciton®] 7 e

o

A= 1586 meVY S & F 3231, Haynes ruleo| ¢35

Epx = N
= 0.1 ZHE o
E,

wkrle]l o] 23} X 1586 meVHS & F UUTE 343.6 nm(3.6083 eV)
L(A0X) replica [1{Ag,X)-1 , 345.7 nm(3.5864 eV)+ [1{Ay,X) replica L1(Ao,X)-2°]
a1, 3757 nm(3.30 eV)+ SA(self activated)ol] 719138 #d3 5922 22
=
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Fig. 28. Photoluminescence spectrum of as—grown CaAlSes single crystal thin film

at 10 K
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G. n-Si/p—CaAl:Ses | 5HT HIAA a8 2 54

1. p-Si/n-CaAl:Ses ol ETHY vl FA X 9 spectra response
AZE  p-Si/n-CaAl:Ses 91 EHE HYAA o 80 mW/cm”] tungsten halogen
lamp #2342 FY 22 monochromator®] 300~1300 nm < H7FA w38 FA}
sl A ¥ 299 28 spectra responses =74 8FA th p-Si/n-CaAlSes ©|EH 8
YW A2 spectra responsev 300 nmol A F-E F7}sl7] AlZFste] 1300 nm ol A
Faveke HaA W2 F 985 e 3ol 3813 nmoll A w1AEEE whE o]
VERSLTE o] 9f e vl A W F 992 CaAlSes Tl Ho] THste] Si Fol
HALs & 5 vt "AA o7 spectrum peaks CaAlSeso] peak® th
g o2 & Ztem, 918 nm ool A T skglvdl ol S Si 9

ol Zp7E A 7] wiel dojvbs ddem Qg

=,

i

ki

A

o
o

ol
B
N
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Fig. 29. Spectra response of p-Si/n-CaAl:Ses hetrojunction solar cell

_74_

Collection @ chosun



2. p-Si/n—CaAlsSes oS- A FAA J-V 5A,

fill factor ¥ & &

S zo] FUL o, -V FAe] e 54
of olux AT ww Wk oheh fill factor® F9 FHEE Wl FgF 2H =
stupolth. ol J-V B4 A= HGAA Y A uw FxE A&
A et HA G 2Askl A p-Si/n-CaAlSes ©1FH e
o BEAA o tungsten lampel A W2 80 mW/er HE FAFA]
g =89 1y 303 Zrh.
a3y 3004 Renkel Zo] JRAR(Ve) 2 049 V, dE AR EE(JF 285
mA /erel vk ¥ 319 J-V B4 FAozE Y ¥ B4 HU 2HEAAA
A (V)2 043 V, AFEE(Jmp)= 242 mA/crre]al o) fill factor &= F - F=
JooVimp /Jec Vool &3l A 0740w BjFdA] A8 W EEL n=]umpVu/Puol &3
A1 963 26Ath AAE B A= Alde] BT BfF HAbLol o) B gAA
7b EdEel o] FA43] HastrR F7|9 HEH FALEE $AE F

H(MgF)e] & a8t}

0] =
AN
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Fig. 30. J-V charactristics of p-Si/n-CaAl:Ses hetrojunction solar cell
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Fig. 31. Maximan J-V charactristics of p-Si/n-CaAl:Seu hetrojunction solar

cell under 80 mW/cm®
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3. p-Si/n-CaAl:Ses o1 EH T HFAA 9 oA o 2

298 2@ Sid CaAbSed HE A oUAE mee vehya 9, 19
RMOE AT B o W 2ae vehla ook ¥ 2b)el A B
© vk Zo] CaAlSed & &&= 430 eV, oA w A2 332 eVelal Si
© g FHE 410 eV, A 1 AL 110 eVolr, Sist CaAlSese] 7 A
AUA7} 048 eVIlelmz  HEFe HPFe A u 2FIH TG
PR} oluA] we) PH) = BEEEme

Vn/Vp=Na.e,/Nd.e, (66)

olth. (66)21 0l s F-obH dIujel #=w F9AtelY ouX] An = 0.12 eVe]
a1, FARY S HEn 294bele] oA Ap = 0.13 eVelth Hg A[77]=

qVOZ Xp ~Xan * Eg_(An+AD) (67)

B Folx ol He] o8 73 HE A= 047 eVeltt
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9%;=4.10eV  (5,=5.08eV 9,=5.08eV @,=4.30eV

E. T TLE=0.20eV E,
E;=1.10eV Joztev E
AR, S L LU LU L R P e F
Er i ] 0.12eV
Ev —
Egp=3.321eV

oE,=2.42eV
l E,
(@)

T gv=0.47eV

ox;=4.10eV
ox,=4.30eV
EC
] l T 2E.=0.20eV
Emleev s T E
~p=0.31eV i
4 an=0.12eV F
Ep;=3.321eV
~E,=2.42eV

(b)

Fig.32. Schematic diagram of p-Si/n-CaAl:Ses hetrojunction solar cella solar

cell energy level (a) before junction (b)after junction
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v.4 &

= T 4

3}e} F2H AHE ZAFSHA T B3 HWE B o2 CaAlSey, w474 Hvbdt

= =4
o]

1. 349 CaAlSes thAA e ZAA %+ orthorhombic ©]W
A bo=104713A 123 c,=105271 A% tt. CaAlSe, ©AA vkl X-4 34
=4 A3, CaAl,Sed HHH g =
th CaAlSed @24 ¥tete] HAGFxAL ol 44 X-4 25=54(DCRC)
o] ¥k Z(FWHM) Zke] 117 arcsec® 7} Fe 7139 57} 440 C, %4
o] %7} 600 T w Ak

- 71
sote (0)Wew 43d wAd wEge o 4 99

2. CaAl:Sey, w4 whalo] Hall €3 E Van der Pauw HH o2 =43 4
oA $ukal FE 998 x 10 cm® o]EXEE 206 cm?/V - sectl. EF
Hall Al57F 29 gtolojx] Aad @47 dhake nd deAde & 4 sl

o},

3. Hall ol&xe 2% =42 100 KolA 293 K7H#+= AxF Abgk(lattice
scattering)ell 71413 Zolm 30 KelA 100 K7HAl&= E¢=
scattering)ol] 7|13 Aoz A7 AT

At eH(impurity

4. kAl we] 2 AEARS & A5 dE 5o A5 Gl wep s

shelewn, In n3 2% TelA -3 243} oA 572 meV{th

5. #&F spectra® HFEH 3 oAl u] M E(T)= Varshni equation®]

2

B(T) = E,0)= 55— 14 Eg0)=38239 eV, a= 49823 x 107 eV/K, B= 59
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K & &8t E(D= 7hdAe] depiel ok 7hdaii o] (A& <
A [iAbole] o ux] ZHASle Lokt

6. CaAlSe, @27 Blote] Fd7 2AEGA oJA o] = 7 A
A AEYRE 2E dAEe 93 FHAF BrEEH E}J}%E]M]/ﬂ 7HA A
splittingel &3 FAF S-¢elEe] #5HIAH FAF S A FeA B
=% & e, Al — D, CI'y + I'y — I Aojol] &gt
Aoz gdldry 10 KolA 4% crystal field splitting energy Acr=5.14
meV, spin-orbit splitting energy Aso =127 meV 3t}

4

-
=
o
+
<
l
-

7.10 Ko @2 fxé SRRy uFde AYdA & e Aa AN E(free exciton) #
(bound exciton)s 9l =7} #F U} off
7 75 AAE(ound exciton)e] WHAHI AG WA= A7 27 meVe 126 meV
At H3 Haynes ruled 93] 3t B¢&Eo €438 oy 63 meV Aty H3
L(DoX)ol 71¢1et= B-¢-217F 7H -FAIskA vebd 212 Hall &3 SA4olA n

=2
—o
o3l
(ot
£
N

(3
oZ:
N
=
-
b
12
>
rim

8. 4% WHo| lembo] MES WE o A% BY AN £Aa7) 8 mwel BLE %
Arsle] JiEE AR (Voo)e 043 V, @& AfF BE(Jso)T 24.2 mA/cm, fill factor 0.745
odo] A WP LS 963 % AT
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