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22 F2 27094 Cu(ln,Ga)Se, 2AFollA CdSe] WAATS A3 F4317] 98 SH FHFHOZA,

(1) Cu(In,Ga)Sex(CIGS) ENFAAANA AFHE=(I)-AL(V)E A= @A,

(2) Az"-tarel AR (custom-designed cell)olA] SH FHAFES =As= dA; 2

(3) A7 (2) dA19] Ax=g-gAl dA A 7132 BAES T S FAF AFLEE(Jp) 9 CdSe HA
S (Ryeas)) AFolel X4 AAES Hies dA;, & Ed= AS EAHOE e, &2z BF ZAAA
Cu(In,Ga)Se, Aol A CdSe] WAES AH ZAH3 7] g W FAFH.

A7 2

A1l A,

(4) 271 (3) @A olF, A="-tAR] AAlA S FdFe AFLE=Up) S+ 2 CdSe AR (Ryces)) Aol

o A} FEAS fESE wAE O 2@es AL 540w s, 24 B4 24004 Culln,Ga)Se, Aol

(5) 371 (3) BANA P& FAA DA D A7) @) BANAL ) DA FEAE HPHel wARH £
Hg o @A E O TR AL FYOR i, 24 BF 24904 CullnGa)Se, 2AAA CdSe) WA

A7) (2) AN, A=E-RF AXE= Al/Ni/CAS/CIGS/Mo 2.2 #F 5 o]
E=2 2744 Cu(ln,Ga)Se, Z3ollA] CdSe] WA S AA A3 98 =4

AT 5
A1 WA A3 5 o= & ol oA,

A7 (2) BAIA, EE AR e WA 29 90 A 110 mi/en’ 2 AML.0 WA 2.06¢] ZAo)A
e AL ERow s, ax B2 2ddA Culln,Ga)Se, 2N CdSe] WAgs Ad =437 93

N e

rgood

FAF
A7 6

AL WA AT F ol @ el oA,

47 (3) @A £AA AL, a5 AR (Rs)ol ZW FAR ARAEUS) A5 Aol washa,

log(Rsccas))~log(Jip) ol 71&717F -2Q1 A& AR k=, 24 &2 27004 Culln,Ga)Se, 22#kollA CdSe] ™



[0001]

[0002]

[0003]

[0004]

[0005]

ZIHSd 10-2023-0030330

[AA71M, Je= CIGS Blde] wet(short-circuit) AFLE, Ve CIGS Eld] 7HWFs] 2 (open circuit)9]
e Y E o r RdHE AL EXoR 3=, A4 TF ZAANA Culln,Ga)Se, A A CdSe HA

JLp
[AA71A, f(FF)= 2HEE &3k, Jieo CIGS BlFAA 9] @e(short-circuit) AFZE, Ty CIGS EIYHA
o /MEE Z(open circuit)e AYES VElRE #F1oz2 FAEE= S EHORE e, && 52 Z2doA

Cu(In,Ga)Se; Z=Apoll A CdSel WAZS AF SHsk7] A 54 FAd74.

=0 FHAFH B3I Ao, B} AAMEAE 2x TZ Z2AA Culln,Ga)Se, AAFolA CdSe] o

I

AR ¢4 AxE 2 oty Hs8l, ths A XA Tzt Ves #e TEY WY EHS EAAE
A& FQasitt. 7% Z(functional layer)® A& (growth)o] ofgiZol| A&S A= AG, A Yolre A
717 EAL AFEor EAX oo} FI},

CIGS(Cu(In,Ga)Sex) 9l p—n A& (junction) FEYRZ & & CdS+= F2 33 = SFH 93] A4EH, =
=, o] "Wl 93 CdSel AL ol J&FS A Wtk 71A(substrate)d] EWHAElQF CdSe 71A
(substrate) AbolollA] Az} EAd(lattice mismatch)ol] 8 CdSe] Ado] F&FS W=
oh. TS CIGS ZHel ZA(composition)™ 2#|¢l w3k (grain orientation)ol] <]3lA] =
AdHA Ak, T 10 B wke} o] CIGS WA & CdS7F whehe = st wt, f2 7|3z wuto] of
W BEE FHE 49T, 7S e MARS SAE] A e FEA fE vl wheks g et
HA S SHsHE Aol dwtdoxt, fa 7ddolE SEE oz AAs] wiEe fE7id oA ¥

FF

Wb, dse) A1A BRe wEA ARUN A4 SA4E
Mol A casel 4714 54 AgAon Z4 A7
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Jﬂ.‘i‘

HA, ASE-CARRL QA S7EE 2] FHOR Jpdt Rywsdl TAA WAE 29T 5 3ok 7 AAR,
A FEE S St R ® BAIE ZAMA ol & &4 (approximate theoretical formula)& S <AL
S (EE CIGS Bldaxe] A (FF)7F 100%2h= 7HA43ke). wixgte s Srpga a3 A}
WEe 3 AHE (FF)7F 100 %2 7H8 §lol, Jpst Rws®l #AIE WA P4 T2 02 At

<

rob

= %Uéoﬂ/q Zﬂ?_?_] z.;‘?j. FAHF ‘:;Xé Ho]‘t‘é]% O 45 ZHEEH, 7n(0,9), IHZSSQ]' CuyZnSnS,, SnS El szse:s%

Z3stE A Vo= Bl A (chalcogenide solar cell)olA % &go] 7}53iT).

F 0001) tiedls SEE55FH A10-1883951%
(531%4d 0002) digtil=r 55533 H A10-2057653%

(531%4d 0003) distil=r SE553]FH A110-0429568%

e
2
o

22 &2 234 Culln,Ga)Se, AAFellA]l CdSe] WAS A3 F4317] g AFHeEA, (1)
Cu(In,Ga)Sex(CIGS) HFAA AN ARFU=(H-HA (NS SAst= A (2) A=H-AA HA (custom—
designed cell)ollA SH FHAFE SAsI= @A 2 (3) A7 (2) A ALF-HAS] AANA 57H] =2
TS Tl S¥ FAFY AFREEUR S CdSO AT (Ryws) Atele] X% #AE Tt WA E X3
T A

kA s A, A7) (3) @A ol F, AZH-YAS] AX oA SH FAF AFU=) B CdSe WA F (Ryas))

Apole] Al FEAS fESE WAE W X8 4 A

N

2= KeN
TET=

kR E A, A7) (3) ©ANA

TR FRA BA R A2 A7) DA FEAS WPl W
o Wi d £ 4 Ak

vpA AL, 271 (2) A, ALEH-HARD AA = AL/Ni/CAS/CIGS/Mo o2 453 5 U,

WHERSA L 471 (2) WA, S0 AR SR WA 29 00 WA 110 al/en’ R AMLO WA 2.068] E
Aol £33 4 ek,

RS, 4] () Bl £ WA, S WAR(Res)l FW FAR ARAEUNY 45 AT
o WS, log(Ryca)-log(hn) 8] 718717 291 A o= Fu,

gl 7] 2 et el 4ek
__nJscVoc
Rsieasy = 2=—=—
Jip

[3714, Je= CIGS ElFA o] weh(short—circuit) AFEE, Ve CIGS ElFAe] 703 2 (open circuit)$]
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[0019]

JscVoc

Rgcasy = f(FF) x 2

2
[0020] Lp

=1
= -

ok

AR

]

[0021] [A71A, f(FF)&= 29E ] ¥ AH A

o] 7R¥F3]) & (open circuit) <

%k, Jse= CIGS BlFA =2l @& (short-circuit) , Vo= CIGS H =]

s UEtdE #lez x99 5 o

)2~
_’_
il

wge] aa
oo wE A% 52 2AA CIGS AFellA] CdSel WA 3
CIGS Ef® J-V dlelel e} weH(short circuit) HAE-tAFe]
o] &3}e] CdSel WA3S =AHT 4 9},

cell)J o= T
~"-vAel AANA CdsE meb IRe] At Aejibd),

=
=

o

.

H

3T ==
T H AT

[0022] & el il s

short-circuited custom-designed

i3

l

4% 5437
A7 (

=

[0023] ol CdSe] WA

=

[}

[0024] (Ryeas))d S FAF

AQ

7} 3] Z (equivalent circuit)
A=

p

L

[0025] IAE7F 100% 7} skell WA (Ryeas) 3%

A9 (o) R ALEH-HAQ Ao 59 Fd7

Az

[0026] 2] (semiempirical formula)< o}zfe} 2},

bl T3 Holut,

L"-q

scVoc

[0027] Jip

&

[0028]

o
T

Mej o] SF=gh(F(FF))& 0.63FF + 0.430.2 AAbEdar,
o]+ 1.8 x 10 ohm-cm®] H7] AgFol o).

CdS(60 nm) ¢ = A ¢k 30 Mohm/sq

dlu 5

=

[0029] ZH Az"H-tA] AA A Zn0:Ale] ¢F W (thin {ilm)e] WAFS Fg

HH
wat

[0030] olyz}, CuyZnSnS,, SnS %

[0031]

s Xk

o

1(a)= CIGS WA A3t CdSe
st ulg olm g Uehd

ol A CdSE HH¥ FA

QLEE!

5 oA (corresponding

energy) EAF
A A&}

T 1(b)e fg ¥4
o|m=| o]},

]_

A28 1) 7 (plane scanning electron microscope) &2 eI

FAE

Uehl ofw] ot}
W loll A CdS/CIGS/Mo

2~

T 0] =

AA -

oz 4AHe] At Axd-TA A

F7] 9fel 22 x=xde] Wl 2w aell A Zn0:A1/i-Zn0/CdS/CIGS/Mo

_6_
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o7 AAFY = T+ W-~7YU(standard lab-scale) CIGS ElSAA S Yeld Aolt},
28-tAl HAo| Al Wl 2w Floll AFe S5 Aol WEE =48ks Ao},

% 3(a)e CIGS BFdA delA dAx-43 4o TS vepd om Aot A& CIGSE 7H=4e dSE
wel 23, 9 oA EIFHT},

& 3(h)= 7A="H-"AG AAdA CIGSE 7H=2de (dSE e 2= A7 55 Yekd Aol
Vol

ol
w
o
mv)
i
_w_
>4

%30 ST W IR Aste A% A #ag JEd 2z, o

T 3dE IR A= Q3 ol AFIE #As a2 s JeEld Aojth. Heto] Voo A He o229, F £
= (photogenerated) AF+ tho]o= AFol & o], = AF(net current)”} 0] Hr}.
T 47 9 29 shof] &g AXH-tA] AA A F7HEZE YERA Flojt).

T 4(a)dA A7) wle]lZ2-AA (micro—cell)& CIGS mlo]|AZ-EGHA] 2 CdS vlo|A2-A3P7]|2 T4 5o
ATt

= 4(b)= AzkE f-2Ad FF A As AANe] 10 mVl SAE JV =S dEkd Aelvk (i

711 mV, Js 30.8 mA/em’ 2 FF 73.7%).

&= 4(e) JuesVk HIOlH EJAES yepdl defjszoln], Sk RellA J-V 5] aejzel =4 g o

H
ol
i
WE,
BN

W sl wet Axg-tiA el SR B4 vehd 2ot

= 5(a)E UAF Res), S D Licaend T4 @A g JRE d7] 9% sEEE YER Aot}

= 5(b)e 5718 E 40 98 log(Rsas)-log(hp) el 40 AAE 42 e Zo|t},
é]]—

H

62 WAG(Rs) & T3/ A% 78 B34S fEat7] Astel, 0 27 3ho
Afsh Agte] WSS L ol
% 6(a) x%h x + dy APOIOA iusSt Tow®] WEHE vEbA o]m)xolct,

Azt A9l A oA

T 6(b)v 7ME TS24, #WEZW(top metal contact)e] A (x)el W Jyed] 7S vERA 2z o).
Jues® gkl Jold 0 mA/em 2 Ao gamAu, Fad By sy st sy 2%

7P

ox
o

Jergs(x) = Js¢ for 0 < x < Licanarny and Jegs(x) = 0 for x = Liconarn)

= 72 AR (Rycas) S 78171 919 WA RA A4S FEd 2 zelr.

H

7(a)= LANE (FF) 45~78% B lA FF CIGS Bl¥AX 9 167 J-V S vebd g solt},

H

7(b)= &= 7(a)2] 167 J-V FAA 7l 2 $Ao2RE d& WA aZE TAg Aot}

H

7(c)= = 7(b)ellA] FRoll whe 718715 yebd Zolth(f(FF) = 0.63FF +0.43).

A4 Aol g WAL vhehd zjzelt,

93 Mze A=E-t)4el AAE vhebdl o]m Aot}

T 9 7R B4 vAEH T o WA (Rgmoan) S YERA LEiZo|w, 4-¥QIE xR H(4-

point probe)ol] ola A H WA (R o) T M- FAF AL & 5

H

i

8o BrhalZ LA Wy

= 9(a)E Zn0:Ale] WHATS SAHs

rob

Wy AAs] A FAF BE
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14 2474 CdSe) dAE
g ¥l
(e}

=

—

S

w

a

[0032] o|s}, ¥ utwdS AA3] Adrg i),
[0033] = 18 gfF2 vhute Fehd ZFE CdSE YER o]n X o]tk 1(a)+= CIGS &4
W E3AAAn A olujX| e} g-g oy A] E4F B3E v oln|XE YEH Aola, = 1(b)
A3 CdSE HH FAMAAER A o2 YER oln|X|ojt}. &= 1(a)E HW, CdS7F CIGS FEWAtol
AASHARE, = 1(b)e] FEl7lg o= 3EE oz AAst] wEel, 71 AdolA CdS WA s
sk 4 g "ot
[0034] L 2% CdSe] WAS FAs7] ¢ CI6S FAE HEhd ojm| Aot} & 2(a)E FH FHAFE S437]
3 21 sl A CdS/CIGS/Mo o AR AXLF-tAl AAE ved Zleolth. & 2(b)= AFEE-Hde -
N FAE SAHE7] e, = 2(a)¢t 2 2o Wz stelA Zn0:Al/i-Zn0/CdS/CIGS/Mo o= AR %
& M-~ U (standard lab-scale) CIGS BlUAAZ YERN Zlojt},
[0036] EF CIGS BFAA Al
[0037] = 2(b)E ~AY(lab-scale)®] ®F= CIGS EGHA T, #xFE CIGS wIYHAXE= Al/Ni/Zn0:Al/i-
7n0/CdS/CIGS/Mo =2 A w o] ot
[0038] X+ CIGS HIFAAE Axsly] 8] WA, W F5F502A4, CIGS T2 3 @A A5 H (coevaporation) el
o3 Moo= IHE Avh-413 #7 7| o F2A7]3L, 60 anﬂH CdS M T2 sty g9 F2He 9
s 227
[0039] o]%  7n0:Al/i-Zn0 Y=< Z(window layer)2 CdS % $Jo RF(radio frequency) v}lIUEE A¥EH
(magnetron sputtering) &7l o&) =2A|HTh
[0040] nprlero 2 7 SlEFo g wegE (metal contact) Al/Ni 25 ME wpAF(shadow mask) S Ea) ZuHs
ol gato] FHAA, ®F CIGS HlFAAZS Az},
[0041] EZ CIGS BlFae] 84 WA (~0.42 en)E 7] |2 2= gFo) " (mechanical scribing)el o3 A& A ).
[0043] CIGS B FHAS J-V 54
[0044] T 4= CIGS ENFHAe J-V k& 3743 azolr}. CIGS EHFHAe] J-V ah2 &eErlE#elH (solar
simulator, Model 11002 SunLite, Abet Technologies)oll 2J3f] wWAIAIZl WA 2w (100 mW/cmz, AM1.5G) &}l
AF71E T3 SASAT(ASF7] Zd9: Keithley 2401 source meter)
[0046] Azg-ta AR A
[0047] 2(a)= Az="-gARel "dAAelt, Az-txd "A = AL/Ni/CAS/CIGS/Mo o2 AA ] gl
[0048] Az -t AAE AxAGL, FF CIGS FAAE Azxstes A $AstE, Zn0:Al/i-Zn0 F& Al ¢ls}
5 Az,
0050]  AxE-UR AAY S AT 23
[0051] AzE -tz A2l W FAFES WG ZW (100 mW/cm , AM1.56)3}e] @32 FoA A5
7] 2P Keithley 2401 source meter). & 2(a)¥ AZH-UAR] AAE vEpd o|n|Xe|t}, WA,
st Axg-tAQl AA A AF D st ¥stE et
T HAZ, S7HEE 2 SUsE A4S T e Rsns)2l 573H4 A sk, Al
TIARAH(ZHE (FF) = 100% 714). v o =z, 7182 43 TARA] o] & ¥4
HqA IS FESUT.
— 8 —

[0052]
A oA g
BE| (FP)E 1E T
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[0057]

[0058]

[0059]

[0060]

[0061]

[0062]

[0063]

[0064]

[0065]

[0066]

[0067]
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A

T 2()E B¥, Axg-tARl Ax e M 95 e .

v}~ ] (bar—-shaped) 2] WE&Z8o] H4=%<9 AL o 5} = stk uhetk
A, v gele] ALE-UARD AAEANA, FH(width, NS AWEZHA 2781 79 ength, L) 2|
3 zrestA diAE = k. AZ"E-gAR] AR A dol(L)E CdSE W 2% W [t 9 31 A
Rt o Zdojof oh(E A= oF 25 um).

2(a)] A=EH-OAS] A=, = 2(b)9] 2 H-2AY CI6S BFdAet g2 CdS T el Zn0:Al/i-Zn0
o] fict.
iy B Rsasl BAE BRI s, ALEH-GAR] AN 7o 5 Aske] W

H (short-circuited) AXE-tIAF AAo] W& H|FEYS wf, Ax}-BF #o] CIGSNA oheF WA, HAAS
Sl A
kil

of Jrh. 9HAow
= EH

= h

o

ofNe

L CdSoll =F3slr] Y& R0 R o]%3Tl. k 3(a)E AXEo] CdSel =ESFA HW, CdS
Fota, 9F FAFEA Y59 HEZgdA FHHEE AS yERd Zoltl. CdS FollA
IR 7}8H(drop) & oF7IAI7]13L, ol AL Ryos S Z2A

ol 93l R 7}k Moo WA E o] CdSell o3 WAgHT FA 2] ujio
: ~0.75 ohm/sq, CdS¢] WA 3 : ~30 Mohm/sq).

= 3(b)eE AFY 35S pAxEZ YeYlen, Mzte] s&7 vbdg) Wekeltt, AF sE9 4o Wek2 CdS
Zo A Ao e B& Whgkolar, CIGS A XA Yol ofalE Hhako|t},

dl

itk H(top) WETHORTEH (dS T& W&t 52 AF FHIELS, WLZHUNEZRE Art S/
wel [R SR 8 CdS FWHO At (Ngs)o] #AETH., & 3(d)x= o] IR Z3sle AW tole= HFE o}y

A71a, FA AR W) whopdako|th, I akel A -7l ol2W, FAY WFE teole= A
Fol olal AAE T ahol ~Tie A Gl WAL 00] BT, o) F, WEzEomy
T, CdSE wWEE R AetE o o) wAElx] gkt mEba, AzE-tael AAE T g
=, 0 = Togs = Voo TG Vogs = ~Too THOITH

T 4= 9 29 shol] ©e Axg-txiQl ARoA SIS 2E YEl Flojt. & 4(a)w W x9St ©E A
1 AAY S73)|28 BoFEr, 57132 E g MY vlo|laz-ARAER FAH o Yt

k 94 mlo]az HA= CIGS vholA=-sddA =z v&3 22 248 2tet,

?__:13—1]: WAXk(W: L‘]H], Axg : 7;1_0])

CdS WA} R(= Reas) Axi/ W)

k ¥l w=ol A Mo 2714 CIGS vholZz-el Aol A 52 Afe e gl

Iciesk = Jeiesk WA xi

Juesk= k A wle] A Z-AX] o A CIGS vlo]|AZ-HYAAE wpeg} 25 4 AFEEe),

T 4(b) ¥ = 4(0)dA A=E-tR AR Joex-k T H

A, ol Axy-tA}el A CdS Mol H-2ALD CIGS BFAA ] [} v S48 2k7] wEo|c).
= 4(b)elld AxzE ®E CIGS BFAAE A e] Ate 711 av, wef AFWEE 30.8 mA/en, DIE
73.7%°] t}.

T 4(a)dAH 2=+ 1 FH ntl7hA] S 52 Wt A= v, 2= 12 x = Legy, =5 ntl x = 0 o]
A Lo W 27 ShelA AZE-UA AA ) (dSE e sEE W sk 96 sy A SR,

wE 18] AFW)S Vo= -l R TP

= 4(b)¢ J-V FAHOoZHE Vmaxi= 710 mvelal, $-~AY CIGS ek A9

rN
3
=
flo
o
-z
v
=
g
Il
3
—
—
=]
=
NS
)
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[0071]
[0072]
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[0075]

[0076]
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[0078]
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[0081]
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[0087]
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[0090]
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o}

mtl =] ARV vigEEe] deks AASRELE, Vo = 0 V7 Beh. AR s ] A% 7o) (VG -

Vor AVR e, B oweeAE AV = 10 avelth. ol w-2Ael CI6S BlFAA] IV ghe
B4, A k3ol Aelzh 10 v lElFth, wheba, k A A9 ghe okdsh gol vehd £ 9l

Vi=Vpaxr +(k—1DAV for 1<=sk=n+1, n= Vi (m = 71 for the J-7" data of Fig. 4b)

AV

ol B3, L KolA JuesE T 4 JoH (= 4(c)). T He, 7179 ulo|ma2-HAAE
7F obUth. Voo < Vogs < ~Viux FYGoA 2 F&E2 FAE § dEdl, ol o] WA A Hals

Rh)o] Vmax(= 710 mV) ¢} mlaste] FA1e 4= gls A== gho]l 7] wjZolth (= 4(b)).

she2 24

7P RS olgste] CdS T WAF gkl wE, qp fte] WEE o] skl v AAS FHEI.

27 CIGS BFdAe] J-V el A H(point)o] FAAH, Vi, AV, n(=Vy,/AV) R

32

(1 < k < ntl).
1,

AL Axe B e 7@

. . . . Ax
i1 = igigsir Lergst = JorgsiWAxy, ZRy =V, =V, = AV, and Ry, = RS(CdS)Vl (1)

WA (1)8 29, Axy @ 12 ofet 2},

Ax, = —

Jcigs1Rs(cads)

A
i1 = JeigsaWAx, =W Jargsa (2b)

Rscas)
L A(0)E B9, S JueshE2TFE T A0
olF, Axy R & TETH
Ax,

i =iy +icieszr lciasz = JeiasaWAX,, R, = AV, and R, = Rscas) 3

Ho]'xé]&l (3)% %Eﬂ, AXZ ‘ji] iz% O]"ZHQ’]' @'E]'

—i1Rs(cds) +J(51R5(cds))2 +4Jci6s2Rs(cds)AVW?2
Ax, = (4a)

2]crgs2RscasyW

—i1Rs(cds) +J(f1R5(cds))2 +4Jcrcsz2Rs(cas)AVW 2

iz =11 +Jeigs2WAX, =13 + e (4b)
s(cds)

Jowesr e Joes R EHE 7 Q.

A%H o WS o b, k wmod RE T 5 v,

Ik = lk—1 + lcigskr berase = JeraskW BXy, [ Ry = AV, and Ry, = RS(CdS) —£ (5)

_10_
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[0091]

[0092]

[0093]
[0094]

[0095]

[0096]

[0097]

[0099]

[0100]

[0101]

[0102]

[0103]

[0104]
[0105]
[0106]
[0107]
[0108]

[0109]

[0110]

[0111]

ZIHSd 10-2023-0030330

HOPX(—)]/L]' (5)% %Eﬂ AXk ‘g’l Ibk'g_‘ E]'%j”}‘ QE]'

—ik—1Rs(cas) +J(ik—1R5(Cd.5))2 +4jcresikRs(cds)AVW 2 _
Axk = (63)

2JcreskRsicasyW

_ik—lRS(C(iS')+\[(ik—lRS(CdS))Z+4]CIGSkRS(CdS)AVW2

Ig = g1+ JerosiWAXy = ip_1 + (6b)

2Rs(cds)

JoeskS Sk hESFE 7 4 .

k=n
CdS %94 7}‘?‘; D‘jxﬂﬁo]— 7]%3&*%, I'Lp(l'Lp = 1) 7< LLL(EL)(— Zk:le,{) %)\"% =t n Ui] Rn’% :FL—(?EL U:HU}X] ‘?494

i

H g st AS Aoz o4 = A (E 2(a)). WEHA, Jp(= i/ R Rycasrol
HAE BAE F Adv. & 5a)¥ Ry, Jr B LpcoE T 34S UERA ZFE0lth. & 5(b)¥ R
TAE Yl agiZoln | ol = 4(b)9] CIGS @R oA J-V dlolgd] 7]%3 57132

)

= 5ol log(Rsas))—log(Jip) o] 584

3} AS 27
Jpol G5 Al BEEe & gl

[

2 YJegla, 71ere 22 SA4HYY. S R T©

A I e
SRR EAe S, dSe WA (Res) S T F AT, 54 I E (parameter)E S48 918,
CdSel WA AR 48 A4S T3k o] 4 o A\ s,
kA, CdSe] WAES Fat7] A8, sl 7HEE FE O T AS skt

= 62 I:':];\'16]'(135((:(15))e T3tz $1g 3 TS
ARt Mokl WEE UEd Zoltt. E 65 HW, ALFE-UAR] HAA HwEZg oz RE] FEF A
Z7Fgkel whet AFEETF Jeoll Al 0 mA/cmi Joes7t BRAA 2 AT (Joest CIGSS] AFEE, Jo= @
AREE).

Seg, e 2R A5l A, thed ge AEe skt
Jeres(x) =Js¢ for 0 < x < Liconarny and Jeigs(x) = 0 for x = Lyconarn)

o] 7F4L FAME(FF)7F 100 %2 A 99} A=},

T 2(a) ¥ X 69 @ AzH-TRQl AR oA H 2w 3o,
(1) x =0, x = Lictam
(2) x 2 x + dxAFolol A fgs B VoS W3}

wgZee] 7 &S x = 0 olgt kAL, A G0 = Vs = V)T B B (Vs = ~Too) AMolS] BAE x =

_11_



[0112]
[0113]

[0114]
[0115]

[0116]
[0117]

[0118]
[0119]

[0120]

[0121]

[0122]

[0123]
[0124]

[0125]
[0126]

[0127]

[0128]

[0130]

[0131]

[0132]
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icas (X =0) =ipp,and Vegs (x =0) =0 (7a)
icas (¥ = Licmarny) = 0,and Veas (¥ = Licimarny) = —Voc (7b)

x 9 xtdx Abololl A o] WIE doese] WSkl FUSIoh. whEbA A FHoNA Jes(x) = Ji¢ ZHASE, obd] 2

B)& 95 F AUt

dicas(x) = —icies(X) = —Jeres(IWdx = —J5cWdx  (8)
x=001A4 x=x7kA] BG4 (8)& A&std, off 4 (s S F AUt
icas(x) = ipp — JscWx (9)

Licwams xZ WA, t&3} ofef 4 (100 €S & .

Py _ e
Isc Isc

LLC(math) . (10)

CdSel A IR stz 13k x # xtdx AbeolA CdS T2 AH(V) Wsk(dVes(x))= obell 4 (1D} o] xdE
ATt

AVeas(x) = —icqs(x) —Rsif,ds) dx (1)
Rsccas) e
W = x 2 xtdx Alelol A CdSE wiE} s2i= A greltt.

WA (DA dewsE ip — Jsolx 2 SACTAA (9))8har, BAA (11D)& x=0°14 x7kA] A&7k s ot

(12)58 €5 & o

1>

1
Veas(®) = =] pRsccas)x + E]SCRS{CdS)xz (12)

WA (12)1A4 x# LicpamE HASHHE obell 2 (13)S & 5 vk (0 WA (DA Ts(x=0),

Veas (X=Lictmarny) = = Vo) -
1
Voc = JupRscasyLrcomatn) — ;]scRS(CdS)LLC(mam)Z (13)

B (103 (13)& Adstd, CdSe] HAF Rws) e 78 5 A A4 (DS 78 5+ A+,

Jel
Rs(cas) = 2% (14)

o
)
[
oX
)
4
30
°

Je R Toes CIGS BFAA=RE SA4E = L, Jpe ASH-HAS] dA=

B3 d A F2 (semiempirical formula) %=
Ho]'xé)ﬂl (14)+= Bsceas)y, Jse, Voo Uﬁ] JLP-OJ ‘ﬂ'ﬁ]% /gugéﬁzl:j—, = (5)94 %ﬂ‘ﬂi T"i_}'\jloﬂ 94?1’ 10g(RS(CdS)) Vs
log(Jip)e] 71&717F 290 2 A3t

aEu, A (14)= ZHE7E 10002 7FdsioF vk HellA £A17F ok, mebA, FE CIGS B FdA ol A
FAHE audsto], ofgfs} o] Wdd = vt

1>

_12_



[0133]
[0134]

[0135]
[0136]

[0137]

[0138]

[0139]

[0140]

[0141]

[0143]

[0144]

[0145]

[0146]

[0147]

SIS 10-2023-0030330
R = f(FF) x2£22¢  (15)
s(cds) T

f(FF)= BHE Fholl &3,

. JscVoc
RS(CdS) Vs 27
B o 719718 Sotslm BAo) o8 TaNmR, F(FF)9) Fkol HTt.

5 7(a)v ZHE 45~78% WA EF CIGS HFHAA Y 16719 J-V F4& HolFrh, 167019 J-V 349 &
RS((,d.S‘) Vs ZISCVUC

o ST o) 71971 @M Motk F(FF) ¢ 1T % 7(c)d

713 2 o
e < ofge} 2.
f(FF) = 0.63FF + 0.43

9 FAE g o delw, JV 54 % oofdl mE TP E 240 we} dAEe] deeghe gk
ATt

SEA T FEE ) dergks WA (15)0 tidshd, o A3 2t

_IZ:
HU
)

o

=]
5

e

_4

‘/'\
, A

)
K

Rs(cas) = (0.63FF + 0.43) x 2”;# for 0.45 < FF < 0.78 (16)
LP

WA (1602 SR wAle) el wdelmz, -7 FMel Baelel Wesk 0.45 < AF < 0.780] obd
A%, cisel MAGE T ANAE, SAE NS AET 5 Ak,

~

_V 3L A

CIGS AX9 HAZL(Rcs) A

4(b)ell o)k, AxE EF CIGS BAYHAE Zn0:A1/i-Zn0/CdS/CIGS/Mo =02 AAFH 9o, 7/pu3dz
(open circuit)e] AL (V) 711 mV, @(short circuit) HAFEE=(Jg) 30.8 mA/cm, ZHA&(fill factor,
FF) 73.7%, H ] Ak 710 mv 2 A WaF (A1) 10 mVolt}.

87N AxH-tAQl AA A SAHE Jp BT Rws B Licwo @S obd [E 1] e

FL

=489 J, S 3.59%10°0 * 2.14x10 A/m (ave £ std), R W 57132 BAd o8 =49 ge

.5+ 0.37 Mohm/sq, ®+AEH F2 o8] FHHE a2 30.7 £ 0.35 Mohm/sqe.2 A2l FL3A SAHFA

=8

Liceey 2 9F 25 mmolal, A3} WAl X3 Al (charge carrier collection length)&® < 2 /m=z

SAEAAL, FAF= CdS/CIGS/Moz A ALH-tAQ] AxolA CdS S5 weh THE= As o 5 Ao,

_13_



[0148]

[0150]

[0151]

ZIHS3d 10-2023-0030330

¥ 1

. . . Semiempirical formula
Equivalent circuit analysis

Custom-designed ~ Measured (16)
call number ) L, ze, (M) R P (ohm/sq) R, s, (0hm/sq)

1 3.65x10° 252 2.92x10° 2.94x10'

2 3.88x10° 26.7 2.59x10 2.61x10'

3 3.79x10° 26.1 2.71x10° 2.73x10'

4 3.29x10° 27 3.59x10’ 3.62x10’

5 3.47x10° 239 3.23x10’ 3.25%10’

6 3.62x10° 249 2.97x10° 2.99x10'

7 3.31x10° 228 3.55%10° 3.57x10°

8 3.71x10° 25.6 2.83x10° 2.84x10'

Ave 3.59x10° 247 3.05%10° 3.07x10’

Std 2.14x10™ 15 3.73x10° 3.75x10°
Case] WARE SHHE Pyel By
CIGS AN Casel MAFE ZA5] 9% mreA, FU PAREe Aen Axg-tAe Axe) 48w
Ak, AzE Ax"-uzel A& Zn0:A1/i-Zn0/CdS/CIGS/Mo 2.2 AHFHo] dom(Z 9(a)), S2H
7n0:Al gk whEhe] WAgS ZAHT. FHFE CASE Wl 2% Ao, Zn0:Al ke mel 3274 F
o] 9=d, o] 4-¥QE X ZH(4-point probe)oﬂ o3& F4%E Zn0:Al ¥abel el HAZ(2F 26 ohm/sq)o]
Cdse ﬁxif%}( 30 Mohm/sq) RHth @& 7] wjiFo|tt. webA], SW FHAFHE MEzE ALH-tAQ] AA 4
Al Zn0:Al HhEhe] WAZS AFer)t. o] A9, MEE ALF-tARL "Ae] Aol(L)E 2 miﬁ‘r Qﬂl FrAA
A, ol Leao?t oF 25 mz FARAY) WEolth. 241 39 BAF ARUE: w Jol et
o] 9lom, 3.8240.10 A/m(ave £ std)olth. o]F, 7Zn0:Al ulutell A o] WA o] 26.7+1.4 ohm/sq L 26.8+
1.4 ohn/sqol 77 S7bs)= B4 9 wARE 2o ola) SANAHE 9(b). o] 5L 4-¥IE Zzuo|
ol3] S % Zn0:Al BFutol| X ] WA gk 25.5+0.5 ohm/sq¥} w9~ FAFSITL.

_14_



[0153]

[0155]
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Cus‘z:)/ll?lc-l(iig:;e d DJ/[e:(iijfrnelc)i R ;,0.4) (OhM/SQ)
cell number . Equivalent circuit Sfeol :ﬁggﬁlg?l
1 3.90 25.6 258
2 3.68 28.8 28.9
3 3.78 272 274
4 3.96 24.8 25.0
5 391 25.5 25.6
6 3.73 28.0 28.2
7 3.84 26.4 26.6
8 3.79 27.1 273
Ave 3.82 26.7 26.8
Std 0.10 14 1.4

4 Cu(In,Ga)Se,
— I B

ol olsh B wEel Wzt A E Aol ohyl g P
W AFPER 2AE BohEC o8 gelgrn @ Aol

® o

Sl
CdS particles on glass

_15_
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EH2
Light illumination Light illumination

R A A A A A A A AL o NAA A A A A AL/
(%0 SCtal contagy

\

EH3
@ YRR L ©
o L »i 3o

(b) Q}JHH}J}UNIHI}J}

— —>

o l
. V

CdS i

lcigs ‘

heto-g ion current——

(=
8

r

Current denslty across CIGS

. ——
7>
v

L B

Distance from a top metal contact x

_16_



Gurrent density J (mA/om?)

Zone A \
x-axis x = Lyce)
ik iy A
— — —
Ry Vi Ry Ry
v, Vi= =1
A AW CdS
2 1
|iciosk F JeroseWhxie || icios [
4 i A
6-_ E; CIGS
+
Mo

—* k% micro cell '—

Vi = —Vaax + (k — DAV for1 <k <n+landVy, =0V

(b)

30

20 -

10 -

8o

A8 84804

v s
Eaey.

0.2

04 06 O

Valtage V (V)

Ry

+ Ax, —
CdS micro resistor

- Ay

+
CIGS micro solar cell

(C) Jeigsk-Vie for equivalent circuit

v (1)
04
Vi (V)

_17_
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k1
N2
%]

+

Import J-" data between V- and 0 V of a lab-scale CIGS solar
cell and determmine Vyyge, AV, n (= 2222)

AV
+

‘ Convert J-F data to Jrjger-Vie ‘

!
Tnput 17 and variable Ryicasy

Determine Axy and i {, (useeq(2)fork=1 eq(6) fork=2)
4

| Licwer = bicwor + 8% | [k=k+1

‘ iup = iy and Jip = (“hy) ‘
!
Print Ry (casy- Jup and Lyceeey

109 102 10' 10° 107
4o (A/m)

_18_
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R=y)
b A\l A A N h
(a) AAAAAAAAAA
x=0 X = Ly¢ (math)
Jir =4y Veas =0 ___________ Veas » Veas := = Voo
: —dVeas () : .
3 | icas(x)— Ficgs(x +dx) | y
Lp

:
i
] ]
: icics = Jeras (X)Wdx ) |
] ]
]

Jeias () = Jsc

k1
[N
N

40
| J-F data of 16 lab-scale solar cells

=
E
£
<
E
s
=
o
=
ol
| =
Q
g
-
=
a
=
3
Q

02 04
Voltage V (V)
1.0=10%,
| Equivalent circuit analysis
based on 10 J-V data

ZIHSd 10-2023-0030330

g

| Assumption in deriving
i formula (14)

rd
|

JCI GS

|
i
X = Lic(math !

N

Distance from a top metal contact x

g’ 7.5=10"
= (b
=
L s5.0x10" ( )
]
&
o 2.5x107 = f{FF)
0ag
040 2510 50x10F 75<10° 10x10°
2dge Vot “fohmisq)
03 (c)
ﬁ:“ﬂ.B
=
e
0.7 fiFF)=0.63FF+0.43
0.6 - . _ :
04 0.5 086 0.7 08
Fill factor (FF)
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EHS8
40.0M
g 350M +
£
M=
S 300M
@
S
% L
o 250M
200M * ]
Equivalent circuit Semiempirical formula (16)
EH9
30.0
= (b
2
£
-
o
~ 250
<
Q
N
J %]
1
200

ZIHSd 10-2023-0030330
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Equivalent circuit Semiempirical formula (16)
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