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In this study, a CIGS solar cell with a Mo/Cu(Ing7Gao3)Se2(CIGS)/CdS/ZnO/Al-doped ZnO
(AZO) structure was simulated by Atlas silvaco-TCAD software. The photovoltaic characteristics
of solar cells using CdS and ZnSe buffer layers were calculated and compared. Then, the
photovoltaic characteristics were examined with different thicknesses of the ZnSe buffer layer.
The 25 nm thickness was selected as the optimum thickness. After optimization of the ZnSe layer
thickness, the photovoltaic characteristics of solar cells were evaluated by changing the
conduction band offset (CBO). The highest CIGS solar cell conversion efficiency was obtained
in the range from -0.5 eV to +0.5 eV for CBO. Finally, graphene was replaced with Al-doped
ZnO (AZO) due to its high optical transparency, high carrier mobility, and proper mechanical
properties. Graphene was used as a monolayer and multilayer as a transparent conductive oxide
(TCO) layer. Simulations predicted the highest efficiency for solar cell structure based on
Mo/CIGS/ZnSe/i-ZnO/monolayer graphene and the photovoltaic parameters were J=38.64
mA/cm?, Vo.=0.67 V, FF=79.33% and 1=20.71%.

Keywords: Silvaco, Thin-film Solar Cell, CIGS, Buffer Layer, ZnSe, Graphene

*Corresponding Author: baghshahi@eng.ikiu.ac.ir

This work is licensed under a Creative Commons Attribution 4.0 International Liccnscm



- J}i Jlas

Jos

Y \V'YQLL....AJ g\c;)l.a.:: n\YZ)j.J ‘Ls\°)'.>u“".' L;LA;'J’“‘":“’ LJ’:'A}} :\.}ou

G 3 dazms b )8 5L CIGS (gl ;95 Jgho o) 5 5 olwdnnss

* ALl Ao Ok g 4abl

d‘ﬂ‘ ‘Q’.’J)'; ‘(AJ«> Lﬁv rlﬁ‘ L;'L“J‘U’:" GK.:.'.J‘: ‘Q,w.L'..@.A 9 L;& oIS ESls c}‘jﬂ J—H-Lé—ﬁ a);

VERYANN/AA G a o VEYA QY0 Sle s VEYAVA L s
Doi: 10.22055/jrmbs.2024.18900

kST

¢ L5 Mo/Culng7Gao3Sex(CIGS) /CdS/ZnO/Al-Doped ZnO e L CIGS (i) Jshor canlllas ol s
ZnSe 5 CdS 3L sl 3l eslinal b sy ot Jshe SO 553 sla S5 .42 (s5leans Atlas silvaco-TCAD 53l
Gl .23 8 513 w3550 Z0Se 3L LY Cilises glacalbins b S50 sla S5 e A dnolis 5 dnsles
Sy 35 Jshor SO 53 e S5 ZnSe ¥ Culbies (§ludag 3l G s Sl g Culbes Olgea o5l YO
3l essdos 53 CIGS syt Johor ks Obeily o 5VL .03 8 413 bl 3y50 (CBO) culia Sl Cidlestl is L
ol SO ol 5 VL ol S o Vb ()5 cadlis s (2ulg 5o el sy CBO (sl s ++0eV b =+ 0eV
(TCO) Gli bl 1S LY Ol g ¥ i 5 Y S & oo 315 .42 - 5551 Al-doped ZnO (AZO) L -3l 8
ol ey o Jsbo sl gl o 1 easl o 2 bgsland A eolina]

Vo= #Y V¢ Joe=YAST mA/em? Wy sle il 5 Mo/CIGS/ZnSe/i-ZnO/ single layer graphene

A3 S S G Ao MEY VY 5 FR=VA)/YY

315 ZnSe 3L Y CIGS (S36 aY s, s b STk 10851 suds

Jsbe 53 S 3ype 3le ke halS LS VR
2 s g 02 L O Dl o Gy iy as s sl Sa gl e a5 L
I¥]

5 eslanal 4y 3L (x5 (65 50 35S 5 (5,

sbdde 5 O K Culny7Gag3Ses u-i‘ S Ayn B 55 pdudided Slags
A s Oleily YL gl LU LY g, 5 S osba ol hds 5 555 T o ege )
e o Oam-l . . - . B
AN o s el ol s el (55,01 IS 5 e e Ak 2

[¥-4 . 2 ool ol = . . o

(=41 Lsdedo 55 Ol e S8 sk
LY 5l b CIGS g, = ke s Ol D58 s at ey
sl WY 1) ot glaSl Bl 5 el L sladshe a5 YU &y ey ol glaans s

ZnSe ZnS dnySes (CdS oS o sloel 0 ey &Y S AY SIS e S s

Skt Sladshe 53 Bl slaa¥ Ol peas ¥ gane 3503 1y S n el i ol 438 S 513 am 5 5 50

£5 CdS (i [1+0V] L4 o o3lizd CIGS

baghshahi@eng.ikiu.ac.ir :J yws sdes 55 *

e 15T e S5 L Wlie ol 5L

Ll e Ml Yoo jaiass 2ulS s S 5 seme Cod dlie ol



PLasl w5 0L 5 aablo

Sy 3 J e o 5 (Soleand Al

don (2 me 53 85 513 55 ey 5l ey a2t
DL 1 o Sl sy Jhan s Ol
Slr ot Nl Ll (3L 7] sl sl
sbls [YA] aal gy sladsle 55 AZO
bl U ol 4y po VU (5 Cillans! ol
Sols DS 55 pel 5 cnl VL clad
oY Olpea gldy sbadsle s ks LG

IFVYT] sl a5 5,50 Loy Gl
&Y 3l eslinal LCIGS sy 5= J ko calin sl 5
B s leand $Blu> ,4ba ZnSe 5 CdS L
Sl gl Sy LA amlio o L
A oabs B LCIGS gu) o sbad
il slis 5l eslinal L) AEe ol 55 5 ZnSe
Colg 02 S IS e 2se (A0 S
AZO &N Kl il slaaY slaws L o3l
M 5 FF Voo Jse 5 Lo Glas sble, LY Ol yea

S5 Jgh 3l g0 sa gl sl
05 b CIGS (s slad b anlllan ol 53
L (gsleans Silvaco-TCAD 53l
5 9 Mo/CIGS/CdS/ZnO/AZO s kel
o o3ls OLEI Y S8 3 gty sk sy Sy

el

55 odd silears CIGS (sidy it Jl bl Silad A Y03
PRI

Shdo dsbe o Lpn dlasl p g s Ol bn
Y] S s sl

Gl p S Sl o K 16 G CAS &8 sl
S 2 3l Sldlae (il as Cay b
DY=IV] ol s olowil CAS 050y ik slaeY
S Bllal s oS sl e S8 83l S ZnSe
CdS sl b sl Al O3 &Y U
Sols BE 551 Ghls e VA ] AL
sos s 5 ol YAV 550> 55 5 CdS 5l i
[N S e OF 5l 5 oo 50 5500

5 CdS LAY LRl & ool olads o
£ gl ol o wls a8 5l e 5l eslinad
03,50V sk 53 el sty sla ol 5 3L Y
NG PN

ALY L CIGS gl Jib 225k i N

o
(1) a0k Abay
YYFA [Y¥] Zn(0O,S)
Y00 [Y0] ZrSxSexx
Y5 V8] ZnS
\WV05 [YY] ZnSe
YVAV [YV] In2Ss

L AZO e pame 555 5 S ol
Sk Slad she sl e Sl 5 SIS
2 YL Ol e J pl LS e Lo CIGS
05 Ol 035 a5l 5 e Ogale ib AU
S NG ol slaaY 5l el p\? s A g
G 3 IYAYA] 552 aslitel el Ave 30
5330 ns s Shas Sy ol 53 AZO K0



¥ \\C'YQLL.\..A) g\";)l&*z ‘\\’"8)).3 “5\°‘)5w 6LAW U:"a}}! ‘U)u

g 550 S s g sla S5 5l eslizul L TCO
b o skl ) 23S 8 s
sl 53 s P=V s w/m? L AMLS s,

b8 5 adlas 5,5 T =Yer k

Zn0 CdS CIGS 55 o mobl Ylsdr 55
Solwans s [FF-YA] Ll ZnSe 5 AZO
BE g_).l;- dLﬁfAbL_v“lS‘;k;-)b ol 0 g;.wjg_a

Silvaco-Atlas |31 5 > Sopra esls oL

.C,wa\ :}zjﬂ

S Y gy ol st ik s S

ol 53 eslanul 5550 5150 sl al )l Y g

Graphene AZO ZnO ZnSe CdS CIGS slge sla eyl
Y f-) N0 0 00 0 Y ¥ (um) culs
< [r#] Y5 [v¥] ¥ ¥ YY] YA [r0] Y¥[YY] VNP [TE] €V) sl 5 Blss
¥o[¥F] ¥ ¥ 04 [Y0] YA [TY] .0 [¥¥] ©V) ool gy Sl
Vo [YA] 4 [rf] q[rf] Ve Vo [Tf] Y5 [Tf] S Sl s, 08
Yx\ o [ve] YO IRE] | Y IR [y ox) OAROT YY) N [YE] YV VCNNET | s sl S
(cm?) CB
VAX VTR | VAT | VAT | VA IEOT [ VA IRET | Y Ak Y] el e
(cm?) VB
Vx Vv Voo [YF] Voo [YY] o [ro] Ve [7Y] Ver [YF] 05 a5
Ue(cm?/vs)
Ve [rF] YO [YY] YO [Yf] Yo [¥o] YO [¥¥] YO [Y¥] o i azky 5o
un(cm?/vs)
Y x VT TA] VTUIRET o) O AIRET | 0,0x) A [TO] . Vex) e Lsotins J&o
(em”)
- Y] Y] « o] VAT YY) Y] oo pdy J&
(em”)
Y x VY TA] Vo VSV IRET | Y x VY INF] | Y x VY [YF] V x VeV ¢ s Sl L
(cm/s) o I
Y x VY [¥A] Vox VY IRET | N x VY RF] |V x VY IRE] | ) x VY [rE] VYY) Sl s
(cm/s) o i~
- VIR Y [YF] ey rv] ey [rY] x0TV o [TF] GBS oo phais
Ge 0,
- AE RN AL S AR T A 4 Oy V] Ve re] 'V 7] BS o, e
Gh o
- ¥ ox VeV [YF] VY] VT vV] Yo ANCTRF] [ vox) T re] Nt e J&




PLasl daw 5 0Lt 5 aubld

Sy 3 J e o 5 (Soleand o

1.0

0.2 0.4 0.6 0.8 10 1.2
‘Wavelength (pum)

Jsbe EQE mie (b 5 IV saiin slaimu (@ ¥ S

ZnSe 5 CdS L LY L CIGS (sl 5

WYL CIGS sy Jsbos TV S 3 slateasein ¥ gl
ZnSe , CdS L,

JSC
FF Vo
n (%) (mA/c
(%) (v) m?)
A4y
V4,5A VAA Y% VN
CdS
A4y
V4,AY VAV Y AT
ZnSe

CdS 5L LY 51 eslisal LCIGS iy s sk
e YAAY/ ZnSe 5L oY lesletal L 5 V4PA.
5 eslizal U CIGS guiy s glad b Joo el
YW mA/em? s s« ZnSe s CdS L slasY
s dh Voo s AT et TV Y
2 2ZnSe 5CdS iU claaN ;i eslizal L CIGS
Ll o ZnSe 3L AN o« das e 0L ol o

AL CAS 3l Y sl i Sl
Jshe (BQE) rs ossls asil (Tb S
3 1, CdS 5 ZnSe 3L LY L CIGS sus, s~
e o 0L T Y e b s s
AL L CIGS ud s dshe b S a5 L
e EQE f7+-0Ar nm &>54>s > ZnSe

o | gddy e Jie S ol e zll
Voe (ol 0L J&) Jie 5l ale S
25 M 5 (S o) FF Gl e 5W)
Sl L FF 5 Voe Jie oy aly ¥ 5 Vilsles (s

[Ya] as e
FF = L)
J XV, \

Jeob T Vi o pzlol Py 05 ST o 55 &8
oyl 5 eslinal L (s 8530 M .l J-V e

_J XV, X FF
b i

o g s
IV sl S5 » fbaY g5 50

Ols ZnSe LY &5 bl 51 gileand ool s
ol o 52015 CAS @ i g 2t o)l
SV sl smaYa S 55 0 CdS Sl
AL sbaY lelaul LCIGS sl & glad e
Glaaasie das o Ol |, ZnSe 5 CdS
Ydsaz o CIGS b, Jole SSWss

40 (@)
30|
& i ;
5 20 %
2
10
—=—CdS
——ZnSe
0 T T T T

0.0 0.2 0.4 0.0 0.8
Anede Veltage (V)



I \\C'YQL’LM..A) c\";)l.mi ‘\Y’;))J cé‘a‘):}w L;LA(""“""""" . J;A}}l FICS >

o gt el LAY bkl LI
CIGS ilr 4 (5 S Slalfish amd 5o 5 252
S R
Bad oM Al e oS b e RIS 5L
Lo il Nialy 64 s U FF e sl
SR Skl s 0l S Voo s e
3las FF 5 Voo Jie o5 5 50 Wsa M zals
Sl b a4z 55 Ll ply ol 2 Vil
YO Colses 53 oassl o ni Fdsds 5 ¥ ISS s
O 5l Culbrs S by bl ol o wsas 250
Al SRl Sl a0l gl R el
Vo= YV gl YO cules gl
N=/ Y+# 5 FF=/ V4V . J=TV,YAmA/cm?
J-V wasie o poen 0 S5 ool odel s
Gl glacualbis L1, CIGS guud, s Jsha

e s 0L ZnSe 3L 4N

$hds 5 dgh 3 Shes » CBO 56
CIGS
ol 51 CBO bl ol S3e oY
sbosl 5 ZnSe Bk Y e leos S
s yan Jlp SIS [0V ] & e cse CIGS
s a8 b s el 5 YAeV ZnSe L LY
G YV 31 ZnSe &N ale 05,1 35 L CBO
5,50 CIGS ¥,0eV bl 05 3L OVeV
s Al b sy B8) S5 S ey
5 CBO b (el Slysm sl jmably )
5 CIGS s Jshe Sl gla el
Fo Sl e CBO .ol sai asls 0L V IS5
51 YL ZnSe LAY (CB) culda S5 a8 das
(Oeemen AL CIGS sl (CB) culus lg

C,q“l.,\.& )b.: S :}.&LSA odalin u_:LA) u.d.,u: CBO

CdS b Y L CIGS sy iyl & o
ALV bl Jole BQE ey SLos)ls
EQE ey Sb 5 4V/ X4+ nm o5 J5b 5> ZnSe
OVe nm z5e Jsb 5o CIGS gl Jle
Aol sy AV,

oalind L CIGS (st S 53,515 ¢S
0> 5 ek ileans CAS 5 ZnSe L &Y
S ysboles ool sl o3ls OLEI YD IS5 5 YA s
o 3L BY VL B 353 e sdali Yb IS s
Jead 55 (550 a3 byl el CIGS Ll Ee 4
Ol sl b oS 553 0 CIGS/ZnSe & i
S Olgeay Ll 5 oo cpl by S o sl 05,50
Calda LL Ot ltie S Jae a0 S ol
ZnSe 5 CdS 3l Y Lls CIGS ol &Y o
St AD 5+ NYY L S

S g CdS s eas | K25 CBO & bt
03 SIS e byl el 2SI )y ZnSe )
LS IS pde el WS e g S
S ZnSe iy soly SIS G55 sy (ramen
Soted s sk s Obokily 55 o o se (CdS
Jols st Jibe 5|, ZnSe it oY Jels
555 CdS 3L &Y

Ihw 3 Shas 5 b BY Cubhs U
CIGS 43,5
sl 5,8 5 ZnSe 3L &Y culbs b
JK8 23 813 v 5w 3hse 35 o
Gl 1, ZnSe 3L Y culis b F
Ol IS8 &S Hboles as e OlES S5y 00
sl el M T wwbis Rl L s e

!'Spike



PLasl daw 5 0Lt 5 aubld

Sy 3 J e o 5 (Soleand v

sy dals mals 1 (o) gLl b (Kb ok -

a @
14 3
£
j‘/ CIGS (1.16 &V)
0 ~
(=)
e =
I EET
=
w
@
g
=
Termi level
r Yalence band
Conduction band|
(b)

%
2
14 :
2
-5
" s CIGS (1.16 &V)

o vt .
= 1 -
< —~5 5
s I
|5
5 () e
=-29 ¢
=) il

=}

N

P

Fermi level
Valence band
Conduction band

CdS 3L &Y @LCIGS Gy o Il 55,5015 ol Ss ¥ K5
ZnSe LN (b

(CB) colus Slg 51 5ot ZnSe 3L &Y (CB)
CBO & _&» J= pl L.l CIGS sl
CIGS/ZnSe S jie Joab 3 ald & (ol oo
sl 05, OL o, (gl mle aS s 0 als
8550 3 Vb 5 Va Ko Giles (PR JSE) A4S s
Azea <ol LoLE Ve 5T 00 B =20 51 CBO
Jio @ 0eVl ziy slieas CBO Sluie 50 L Ll
S L e Sl ADY mA/em? & YVYV I OLSL
s5des sCIGS/ZnSe S ;i fuad 55 ;855 Ao
03ls ol 55 L g edd W glaoy Sl Ous
Al 258 Ve Il ol b s o

53 8 ol b L &5 Voo [CBO =+ 0 83 5dms 3
Dol S 55k 25 e e Sz e O
CBO iy il L Ve il il amis Glisl oo S|
el s 0303 e 5 [FY] Y7 Laily L

<s ,» Shockly-read-hall Jua. 1 eslizal L
g Ol s Ay leslizal b e S 550

R= np—n’
- —1 * -1 *
S, (n+n)+S, (P+P)

v
R=SP ¥
Ja 2
‘l',7 O
V. - AKT ey
q Jo s

s Sp b S 55k s R s
okt GBI P Sl iy e S
a0 xS gl b S 530 Co o S ol i
osle Filsles ol Loy Ul ol 6 clale n

LEY] ol Ydslae o
Lial33 CBO il il b sl st ol S3 LG
oy g Sl dalp Zals Pl by Ll e
A e CBO [l b e oS 530
o Ji ity s S e S

%‘JASW]L&QP}L&Q)FQ‘&‘J;&BM



A \\C'YQL’;.\..A) n‘f';)l.a..i ‘\Y;))b ‘6\°J5u‘“. L;LAVJ'“‘":"" JJ&)}: U}u

55 oK, Sl Lie CBO s &5 sKs
(b ) 555 0 3| CIGS/ZnSe S jrie fuad
0 g 0dd Wy el S 0L 51 oS,
S S s S s gl Il et
Aas ol CIGS/ZnSe S e Jad s |,
Voo sJse =20 b+ o350 5,3 CBO (sl s ool iy
Jdses =% 5l S CBO s 5 dmes <l L3
VA ) Lk o SaS FE 5l oS 550 2l 5!
JS8) ol el s Ve Jl= ol L (Ve IS
Vd JS2) @il il 5 SI cpl s (VD
G =40 edsdos 55 LL CBO ls Sliis ool plo
CBO S 555 0 Sams oopl ply AL+ 0eV

el M 5 0L Bl Sl el S

L CIGS s, Jobe SO 0 slhaasie Fdgie
ZnSe 3L &Y (il slacsbs

FF | V. I e
TI (%) . oc SsC R
(%) %) (mA/cm?)
(nm)
Yo8 Ve 2% TV YA Y0
VAAF | VAV | esvE V¥ o
AA YONY |+ BAY A Vo
4.0 YASS | v SAYT AEAT Ve
q,¥v YAN * FAY Y& YY \YO
q¥A YVEY |+ 5Aq A AN 0.
47 YV,Yv + Ay A\EAAR! VO
% ¥4, ¥4 . £aY YEAY Yoo

@)

3804

“C 37.5

—
2 37.04
%3654

e

36.0 4

em

m.

3554

35.0 T T T T T T T T
0 25 S0 75 100 125 150 175 200

Thickness of ZnSc (nm)

0.75

(b)

0.70

0.65

VoV

0.60 1

T T T T T T
0 25 50 75 100 125 150 175 200

Thickness (nm)

80+ —

(<)

FF (%)
e
=

|

T T T T T T
0 25 560 75 100 125 150 175 200
Thickness (nm)

204 e— ()

154

0 25 50 75 100 125 150 175 200

Thickness (nm)
Jsher Sl s 555 slaaasein » ZnSe 3L LY cubs 56 ¥ S
.n (d }FF (4 Moc (b Jsc (a CIGS S, 5>

L Cliff



(a ,slin L CIGS gy Jsho (5550 Hl8 H)fli: £
S pie Jad CBO (Y2 eV) oo (b 5 (—4)F oV) iw

s

SIS WY a by Ly Aoy VY S bl
PS03 G era 55 Sl b e ol
s ol dons YF) b Rl AV e
Joe ool 5 glaay slams 2150 b e 3 (oY
(S slaaY slaws Sl L e (3L EalS
b cml 2l b oo JalS sl o sk a3l
el o V0 Y SO 318 L CIGS (su) 5
= YASEL Sl sl mel,l 5 3,50 csw

L M= YoV 5 FE= VAXY/ Vs SVV
Jobo M 0s30 sdalie mls 51 & b0l
sk 5l 2w (Yo7 51 S LCIGS (sid 5=
Sy bl (Y4,087) AZO L CIGS (gdody s>

(e ¥Y0 nm) N SO 3l S ¢S Sl ol

ALt 5 b5 4abls Sy s (e 5 Sileand 4
40
Spike (Possitive band offset) (a)
E.
Electron/ CcIGS
E;
E, o
£
) ——25nm
g 301 ——50 om
"; 75 nm
= — 100 nm
——125nm
—— 150 nm
——175nm
—20{) nm A
20 T B T ;
0.0 0.2 0.4 0.6 0.8
Anode Yoltage (V)
L CIGS iy Jsbo J-V o aasin gla pon 0SS
ZnSe 3L LY il lacalbhs
Cliff (Negative band offset) (b)
Elect CIGS . ol . i € i
" r.,.../ ) TCO WY Ol gen b1 5 30

o3Lizsl LCIGS (st 55 Jshor s Shas caalsl s

3,8 o 5l axdlas 3550 TCO N Ol g 31 5 5
Sheslinal b god s ok S5 53 6l S5
S8 I3 s 5 ee il S lansY slaes
Sla s 4 IS ol sl 3ls OLES A IS s
sl U1 CIGS i s slad shu J-V aasin
OLis Odyr 55 gl das e 0L 2S sbay
RS Voo 5 Jse a8 0l 0l s ol 0l el
a3l als oY S el S L aslie 3 Y s

.Jﬁ C,.JU Voc LJJ.?;



\e \\C'YQL’IM‘.&) n‘f';)l.mi ‘\Y’;))A cé‘a‘):}w L;LA(":“‘":“"“ J‘,.a}}lll;u

0.84 (9]
0.82

0.80 -

0,78 5

e V)

0.76 4

¥

0.74 "
0.72
0.70 §
0.68 5

| . -
ey g —m g g—E—E—E—E
T T

0.8 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8
CBO (V)

.-ty m—n—m—m_

/ 50
404

08 06 -04 02 00 02 04 06 08
CRO (V)

(dy

TR S
.

/e

10

n{%)

: ey

08 06 -04 02 00 02 04 06 08
CRO (V)

Jula CBO Gl yslie b Sulssm slamabl ois VK8

N s FFc Voeb

djl.w )L.:?-Lw BLl <\O' nm) AZO 4 CAA-AM-,
S el ekl )y e BTl (g 5
e e slE s Kl e ol aSl alls
PSS b 5 S i S s
ok atls p CIGS (g, Jshe 55 AZO
B [V’Y’—YV] 6—“/.» )‘ 4.’5.9;).: CIGS E) ZnSe ZnO
c‘))b.'..a U’«" L;‘f' RGO B WS EY ;)LJ.; \~a,bJ§:~
5 A8 LCIGS by Jsho 53 2 53 55
O JK2) W aslin 5 anles TCO Ol o4y AZO
T P RSP
bcdlse oY o3 8 o RSl g o [FAFA]
Um_b )\ Q‘j:L;‘ b ny s 1ny Qjm» w v—iﬂ

100 ] 58 acsl=e 35

x *|2
= =) =k

R = . 2 BT
n +n2‘ (n1+n2) +(  t 2) N
[¥A] -’:'15‘ Cowdts Adslaa b 50 &
T(A)=1-R(1) A

CIGS /graphene /air hu S TV ool by

S 3,80 5 [0 Lo s (1) J2) /ZnSe /ZnO
Teios(A) = (1= R,)(1= Ry )(1 = R, (1= R ;)

exp(_aZn()dZnO ) eXp(_aZnSedZnSR ) q

10 -
A,
./-’--—l’-——l:—:flfl—-—nfn

1\

—

08 06 04 02 00 02 04 06 08
CBO (eV)



ALEEL daw 5 Dbl 5 4ab TR TSP P VST -3 | T "
40.0
50 —Ln'imjxlnynr (a)
ilayer 39.54
&, triple layer
NE 40 four layer 39,04
< ..
§ < 38.5 \
g g 38.0- \.
b ~37.5 \
H 37.0-]
=
36.5
0 : ; : ; 36.0 ; : . ;
0.0 02 04 0.6 0.8 1 2 3 4
Anodce Voltage (V) Layers of graphene
s L CIGS sty Jsbe J-V aminte s o 4SS
ol S slaay
DS slee 1ol (o
sl L CIGS Sl Jale SO s slaasin OJ g4 0.8
31 S saaY
DS sl = 06
>§
N (%) | FF (%) | Voe(V) Je 04
(mA/cm?)
0.2
ADAA \Ghas ©SYOA YASY N
0.0 ; ; i ;
1 2 3 4
Y Py vay | L svof FANS oY s Layers of graphene
AEA Y4,vv Al YV,Vo oY 4w 80 (c)
70
144¥ V4,Y0 SV YV ¥ oYl 604
250
i
o 40
[y
30
. .. .7 204
e 2 wj‘u d s a aR45 4R34 4R23 cRIZ d‘ BE aS
10
2 graphene/air S xie fas s WKl 0 ; ‘ ; ;
1 2 3 4
s 2 ZnO/graphene S ie b 3 WSS Layers of graphene
w&x;‘ ;,._)'_rp 4ZHO/ZHSC ;S):.;.,a J,,a_% BL) w&x;‘
35 . . .
. . R ()
5 odr o e ZnSelCIGS S riv Jad
21
B
> de oS AL 4l s g s Y Cualses T .
DL e caald T 23— 56 4 T,
S odpsb GBS oS Sl Cwbis b 31 S ilg_
B 55 CdS 5 Zn0 laaY s Ll his 5 AS T
\'U‘%‘)L{Q‘):L;‘b « ¢u.,\>-u.~3_,.~p.,\.& wjf 17
Y7 ¥V oS 16 v ; . i
NOMESINCS 1 2 3 4

a(d)= %”K(,i) \

Layers of graphene

e Solssm slaasis » 315 sl sliw b A S
.N (d 5FF (¢ Vo b Ji (@ CIGS s,



\'Y \\C'YQLL.\..A) g\";)l&*z ‘\\’"8)).3 “5\°‘)5w 6LAW u,:.a}}‘:d?u

()
2.0+
1.5
9 :Graphcuc
1.0+ —n0
=——ZnSc
——CIGS
0.5 ‘"‘"‘""‘\\\
i
0.0 T T T T T T
300 400 500 600 700 800 900
Wavelenght (nm)
35
3.0
2,51
o graphen
—AZO
Zn0
2.0 A
—CIGS
1.5

T T T T T T
300 400 500 600 700 800 9200
Wavelenght (nm)

Jsbo Szl @l o (b5 WSl e @ N IS
A=AD+—¥++ nm 6LAC}AJ".]¢ 83500 3 CIGS S 55

air air

I S N N B O

RIZ

AZO " graphene
0 = 710
RM
R
CIGS # ClGS
Mo Mo

CIGS sy o sk bl Sled MY K&

[OY

(A,
T =a X TR AR s .

Gled s sk 5l a8 315 L CIGS (sl 5>
Yoo Q<AD (_;LAC}»J}I; ;J‘}J:r.a ¢L°: B AZ0O L
Sl P8 ph Sl £ 5 4 S el gt
T« Js uf:m{\) Jdsas amm 3 s e el
g by b o EalS 0 T T als LoV Y ada )

REBPRREREINS TR SN

S S 4o
3t CAS 3L Y L CIGS (s, sk
@B A Kl ZnSe £Y L CdS oY e 2
L eslee Jds o33k a5 Jshu &8 sl 0L
(VAT 5551 Cowsas ZnSe Bl aY e g
SU Y 3l eslaal L CIGS gaidys Jole (e
Ol i ) 23l s VAPAL a5l 4 CdS
CIGS iy sladsle 55 oo CAS loa
Al il glacubis e 55 esland
Sl YO 3L eV ag Cubis 5 As ), ZnSe
Jpbo SW5s8 Glajull pomen ol sy
Dt 5 AS ez CBO Ol oid b b5~
Jad 53 10 B =00 s3sume 53 CBO (gl o33l
S ol L3 el wsws CIGS/ZnSe S i
0o Slas bl b Olpsa oY i 5 0V SO
N i 88 13 Al 550 i e
ol Al s QY&lef Sl Ao, Yo V)
Ul o8 ool e B1S o 28 e 1ol

2 g eslaal gl o slad P



PLasl daw 5 0Lt 5 b ld

Ay 32 s o) 2 5 Goleand Y

[6] H. Heriche, Z. Rouabah, N. Bouarissa, High-
efficiency CIGS solar cells with optimization of
layers thickness and doping, Optik, 127 (2016)
11751-11757.
https://doi.org/10.1016/].ij1e0.2016.09.071.

[7]1J.C. Park, M. Al-Jassim, S.W. Shin, J.H. Kim,
T.W. Kim, Comprehensive characterization of
CIGS absorber layers grown by one-step
sputtering process, Ceramics International, 45
(2019) 4424-4430.
https://doi.org/10.1016/j.ceramint.2018.11.120.

[8] K.-B. Kim, M. Kim, H.-C. Lee, S.-W. Park,
C.-W. Jeon, Copper indium gallium selenide
(CIGS) solar cell devices on steel substrates
coated with thick SiO2-based insulating
material, Materials Research Bulletin, 85 (2017)
168-175.
https://doi.org/10.1016/j.materresbull.2016.09.0
18.

[9] S. Tobbeche, S. Kalache, M. Elbar, M.N.
Kateb, M.R. Serdouk, Improvement of the CIGS
solar cell performance: structure based on a ZnS
buffer layer, Optical and Quantum Electronics,
51 (2019) 1-13. https://doi.org/10.1007/s11082-
019-2000-z.

[10] K. Kacha, F. Djeffal, H. Ferhati, L.
Foughali, A. Bendjerad, A. Benhaya, A. Saidi,
Efficiency improvement of CIGS solar cells
using RF sputtered TCO/Ag/TCO thin-film as
prospective buffer layer, Ceramics international,
48 (2022) 20194-20200.

https://doi.org/10.1016/j.ceramint.2022.03.298.

[11] S. Lee, E.S. Lee, T.Y. Kim, J.S. Cho, Y.J.
Eo, JH. Yun, A. Cho, Effect of annealing

CIGS solar eell with graphene as TCO
=—=CIGS solar cell with AZO as TCO

Transmision rate (%)

104

T T T T T T
300 400 500 a0 700 800 200
Wavelenght (nm)

L CIGS (s s Jshes 31 ol auslons T(X) 500 RANES)
.AZO}&.&!JK

a &
[1] V. Tyagi, N.A. Rahim, N. Rahim, JA/L.
Selvaraj, Progress in solar PV technology:
Research and achievement,, Renew. Sustain.
Energy Rev, 20 (2013) 443-461.
https://doi.org/10.1016/j.rser.2012.09.028.

[2] P. Reinhard, A. Chirila, P. Blosch, F.
Pianezzi, S. Nishiwaki, S. Buechelers, A.N.
Tiwari, Review of progress toward 20%
efficiency flexible CIGS solar cells and
manufacturing issues of solar modules, 2012
IEEE 38th Photovoltaic Specialists Conference
(PVSCO) PART 2, (2012) 1-9.
https://doi.org/10.1109/PVSC-
VolI2.2012.6656789.

[3] C.-H. Chen, W.-C. Shih, C.-Y. Chien, C.-H.
Hsu, Y.-H. Wu, C.-H. Lai, A promising
sputtering route for one-step fabrication of
chalcopyrite phase Cu (In, Ga) Se2 absorbers
without extra Se supply, Solar energy materials
and solar cells, 103 (2012) 25-29.
https://doi.org/10.1016/j.s0lmat.2012.04.008.

[4] N. Khoshsirat, N.A.M. Yunus, M.N.
Hamidon, S. Shafie, N. Amin, Analysis of
absorber layer properties effect on CIGS solar
cell performance using SCAPS, Optik, 126
(2015) 681-686.
https://doi.org/10.1016/j.ijl€0.2015.02.037.

[5] B. Farhadi, M. Naseri, Structural and physical
characteristics optimization of a dual junction
CGS/CIGS solar cell: A numerical simulation,
Optik, 127 (2016) 10232-10237.
https://doi.org/10.1016/].ij1e0.2016.08.029.




Alasl daw 5 0L 5 aubld

S 3 J e o 5 (ol V¥

xSnxOy buffer layers for CIGS solar cells, Solar
Energy Materials and Solar Cells, 159 (2017)
272-281.
https://doi.org/10.1016/j.s0lmat.2016.09.023.

[20] O. Toma, L. Ion, S. Iftimie, V. Antohe, A.
Radu, A. Raduta, D. Manica, S. Antohe, Physical
properties of rf-sputtered ZnS and ZnSe thin
films used for double-heterojunction
ZnS/ZnSe/CdTe photovoltaic structures,
Applied Surface Science, 478 (2019) 831-839.
https://doi.org/10.1016/j.apsusc.2019.02.032.

[21] M.K. Hossain, D. Samajdar, R.C. Das, A.
Arnab, M.F. Rahman, M. Rubel, M.R. Islam, H.
Bencherif, R. Pandey, J. Madan, Design and
simulation of Cs2BiAglI6 double perovskite solar
cells with different electron transport layers for
efficiency enhancement, Energy & Fuels, 37
(2023) 3957-3979.
https://doi.org/10.1021/acs.energyfuels.3¢00181

[22] M.H. Yousuf, F. Saeed, H.A. Taugeer,
Numerical Investigation of Cu20O as Hole
transport layer for High-Efficiency CIGS solar
cell, (2022).
https://doi.org/10.20944/preprints202110.0326.
v2.

[23] M.M.A. Moon, S.R.I. Biplab, M.H. Alj,
M.F. Rahman, M.S. Rana, A. Kuddus,
Computational investigation of Zn-based single
buffer layers toward Cd-free high-efficiency
CIGS thin film solar cells, Journal of Applied
Science and Engineering, 26 (2023) 1799-1808.
http://dx.doi.org/10.6180/jase.202312 26(12).0

012.

[24] F. Elhady, T.M. Abdolkader, M. Fedawy,
Simulation of new thin film Zn (O, S)/CIGS solar
cell with bandgap grading, Engineering Research
Express, 5 (2023) 025027.

https://doi.org/10.1088/2631-8695/acct60.

[25] M. Moustafa, T. Al Zoubi, S. Yasin,
Optoelectronics  Simulation of CIGS-Based
Solar Cells Using a Cd-Free Nontoxic ZrS x
Se2— x as a Novel Buffer Layer, Brazilian
Journal of Physics, 52 (2022) 141.
https://doi.org/10.1007/s13538-022-01146-z.

[26] A. Sylla, S. Touré, J.-P. Vilcot, Numerical
modeling and simulation of CIGS-based solar
cells with ZnS buffer layer, Open Journal of
Modelling and Simulation, 5 (2017) 218.
https://doi.org/10.4236/0jmsi.2017.54016.

treatment on CdS/CIGS thin film solar cells
depending on different CdS deposition
temperatures, Solar Energy Materials and Solar
Cells, 141 (2015) 299-308.
https://doi.org/10.1016/j.s0lmat.2015.05.052.

[12] F.R. Ahmad, A. Yakimov, R.J. Davis, J.-H.
Her, J.R. Cournoyer, N.M. Ayensu, Effect of
thermal annealing on the properties of cadmium
sulfide deposited via chemical bath deposition,
Thin Solid Films, 535 (2013) 166-170.
https://doi.org/10.1016/j.tsf.2012.10.085.

[13] S. Tripathi, P. Lohia, D. Dwivedi,
Contribution to sustainable and environmental
friendly non-toxic CZTS solar cell with an
innovative hybrid buffer layer, Solar Energy, 204
(2020) 748-760.
https://doi.org/10.1016/j.solener.2020.05.033.

[14] T.R. Rana, S. Kim, J. Kim, K. Kim, J.H.
Yun, A Cd-reduced hybrid buffer layer of
CdS/Zn (O, S) for environmentally friendly
CIGS solar cells, Sustainable Energy & Fuels, 1
(2017) 1981-1990.
https://doi.org/10.1039/C7SE00348J.

[15] V.B. Chu, D. Siopa, A. Debot, D. Adeleye,
M. Sood, A. Lomuscio, M. Melchiorre, J.
Guillot, N. Valle, B. El Adib, Waste-and Cd-free
inkjet-printed Zn (O, S) buffer for Cu (In, Ga)(S,
Se) 2 thin-film solar cells, ACS Applied
Materials & Interfaces, 13 (2021) 13009-13021.
https://doi.org/10.1021/acsami.Oc16860.

[16] B. Lin, Q. Sun, C. Zhang, H. Deng, W. Xie,
J. Tang, Q. Zheng, J. Wu, H. Zhou, S. Cheng,
9.3% Efficient Flexible Cu2ZnSn (S, Se) 4 Solar
Cells with High-Quality Interfaces via Ultrathin
CdS and Zn0. 8Sn0. 20 Buffer Layers, Energy
Technology, 10 (2022) 2200571.
https://doi.org/10.1002/ente.202200571.

[17] S. Ouédraogo, M.B. Kébré, A.T. Ngoupo,
D. Oubda, F. Zougmoré, Comprehensive
Analysis of Culnl-xGaxSe2 Based Solar Cells
with  Znl-yMgyO Buffer Layer, Materials
Sciences and Applications, 11 (2020) 880-892.
https://doi.org/10.4236/msa.2020.1112058.

[18] M. Moradi, R. Teimouri, M. Saadat, M.
Zahedifar, Buffer layer replacement: a method
for increasing the conversion efficiency of CIGS
thin film solar cells, Optik, 136 (2017) 222-227.
https://doi.org/10.1016/j.ijle0.2017.02.037.

[19] P. Salomé, J. Keller, T. Torndahl, J.
Teixeira, N. Nicoara, R.-R. Andrade, D. Stroppa,
J. Gonzalez, M. Edoff, J. Leitdo, CdS and Znl—



VO \\C'YQL’;.\..A) n‘f';)l.mi ‘\Y’;))b ‘6‘°J5gf"'f L;LA(":“‘":“"“ url.h}}g_:\.km

Proceedings, 43 (2021) 3735-3739.
https://doi.org/10.1016/j.matpr.2020.10.986.

[36] A. Daraie, A. Fattah, Performance
improvement of perovskite heterojunction solar
cell using graphene, Optical Materials, 109
(2020) 110254,
https://doi.org/10.1016/j.0optmat.2020.110254.

[37] R. Kumari, M. Mamta, R. Kumar, Y. Singh,
V.N. Singh, 24% Efficient, Simple ZnSe/Sb2Se3
Heterojunction Solar Cell: An Analysis of PV
Characteristics and Defects, ACS omega, 8
(2022) 1632-1642.
https://doi.org/10.1021/acsomega.2¢07211.

[38] K. Patel, P.K. Tyagi, Multilayer graphene as
a transparent conducting electrode in silicon

heterojunction solar cells, AIP advances, 5
(2015). https://doi.org/10.1063/1.4927545.

[39] A. Mohamed, H. Mohamed, Modelling of
high-efficiency substrate CIGS solar cells with
ultra-thin absorber layer, Indian Journal of
Physics, 94 (2020) 1725-1732.
https://doi.org/10.1007/s12648-019-01626-0.

[40] S. Bechlaghem, B. Zebentout, Z. Benamara,
The major influence of the conduction-band-
offset on Zn (O, S)/Culn0. 7Ga0. 3Se2 solar
cells, Results in Physics, 10 (2018) 650-654.
https://doi.org/10.1016/j.rinp.2018.07.006.

[41] A. Bahfir, M. Boumaour, Z. Chaieb, H.
Labeche, Improved performance of Silicon solar
cells by ZnMgO front layer, Nanomaterials
Science & Engineering, 2 (2020) 148-153.
https://doi.org/10.34624/nmse.v2i4.19557.

[42] Y. Chen, X. Tan, S. Peng, C. Xin, A.E.
Delahoy, K.K. Chin, C. Zhang, The influence of
conduction band offset on CdTe solar cells,
Journal of Electronic Materials, 47 (2018) 1201-
1207. https://doi.org/10.1007/s11664-017-5850-
9.

[43] J. Weber, V. Calado, M. Van De Sanden,
Optical constants of graphene measured by
spectroscopic ellipsometry, Applied physics
letters, 97 (2010).
https://doi.org/10.1063/1.3475393.

[44] R. Treharne, K. Hutchings, D. Lamb, S.
Irvine, D. Lane, K. Durose, Combinatorial
optimization of Al-doped ZnO films for thin-film
photovoltaics, Journal of Physics D: Applied
Physics, 45 (2012) 335102.
https://doi.org/10.1088/0022-
3727/45/33/335102.

[27] M. Saadat, A Modeling Study on Utilizing
In2S3 as the Buffer Layer of Cu (In, Ga) Se2
Based Solar Cell, (2021).
https://doi.org/10.21203/rs.3.1s-650485/v1.

[28] L. Yin, K. Zhang, H. Luo, G. Cheng, X. Ma,
Z. Xiong, X. Xiao, Highly efficient graphene-
based Cu (In, Ga) Se 2 solar cells with large
active area, Nanoscale, 6 (2014) 10879-10886.
http://dx.doi.org/10.1039/C4NR02988G.

[29] S. Tasch, A. Niko, G. Leising, U. Scherf,
Highly efficient electroluminescence of new
wide band gap ladder-type poly (para-
phenylenes), Applied physics letters, 68 (1996)
1090-1092. https://doi.org/10.1063/1.115722.

[30] X. Shen, M. Yang, C. Zhang, Z. Qiao, H.
Wang, C. Tang, Utilizing magnetron sputtered
AZO-ITO bilayer structure as transparent
conducting oxide for improving the performance
of flexible CIGS solar cell, Superlattices and
Microstructures, 123 (2018)  251-256.
https://doi.org/10.1016/j.spmi.2018.09.001.

[31] S. Kasap, H. Khaksaran, S. Celik, H.
Ozkaya, C. Yanik, LI. Kaya, Controlled growth
of large area multilayer graphene on copper by
chemical vapour deposition, Physical Chemistry
Chemical Physics, 17 (2015) 23081-23087.
https://doi.org/10.1039/C5CP01436K.

[32] L. Lancellotti, E. Bobeico, M. Della Noce,
L.V. Mercaldo, 1. Usatii, P.D. Veneri, G.V.
Bianco, A. Sacchetti, G. Bruno, Graphene as non
conventional transparent conductive electrode in
silicon heterojunction solar cells, Applied
Surface  Science, 525 (2020) 146443.
https://doi.org/10.1016/j.apsusc.2020.146443.

[33] Z. Shi, A.H. Jayatissa, The impact of
graphene on the fabrication of thin film solar
cells: Current status and future prospects,
Materials, 11 (2017) 36.
https://doi.org/10.3390/mal11010036.

[34] S.R. Fatemi Shariat Panahi, A. Abbasi, V.
Ghods, M. Amirahmadi, Analysis and
improvement of CIGS solar cell efficiency using
multiple absorber substances simultaneously,
Journal of Materials Science: Materials in
Electronics, 31 (2020) 11527-11537.
https://doi.org/10.1007/s10854-020-03700-4.

[35] A. Srivastava, P. Dua, T. Lenka, S. Tripathy,
Numerical simulations on CZTS/CZTSe based
solar cell with ZnSe as an alternative buffer layer
using SCAPS-1D, Materials Today:



Alasl daw 5 0L 5 aubld

S 3 J e o 5 (ol \#

[45] Q.M. Al-Bataineh, M. Telfah, A.A. Ahmad,
A.M. Alsaad, I.A. Qattan, H. Baaziz, Z. Charifi,
A.  Telfah, Synthesis, crystallography,
microstructure, crystal defects, optical and
optoelectronic properties of ZnO: CeO2 mixed
oxide thin films, Photonics, 7 (2020) 112.
https://doi.org/10.3390/photonics7040112.

[46] S. Adachi, T. Taguchi, Optical properties of
ZnSe, Physical review B, 43 (1991) 9569.
https://doi.org/10.1103/PhysRevB.43.9569.

[47] L.A. Kosyachenko, X. Mathew, P. Paulson,
V.Y. Lytvynenko, O. Maslyanchuk, Optical and
recombination losses in thin-film Cu (In, Ga) Se2
solar cells, Solar energy materials and solar cells,
130 (2014) 291-302.
https://doi.org/10.1016/j.s0lmat.2014.07.019.

[48] M. Houshmand, M.H. Zandi, N.E. Gorji,
Modeling of optical losses in graphene contacted
thin film solar cells, Materials Letters, 164
(2016) 493-497.
https://doi.org/10.1016/j.matlet.2015.11.050.

[49] H. Mohamed, M.R. Ahmed, S.S. Alj,
W. Mohamed, Theoretical Studies of Thin-
Film Solar Cells based on CdTe with
different Window-Layers, Int. J. Thin. Fil.
Sci. Tec, 9 (2020) 175-183.

http://dx.doi.org/10.18576/ijtfst/090304.

[50] H. Mohamed, Dependence of efficiency
of thin-film CdS/CdTe solar cell on optical
and recombination losses, Journal of applied
Physics, 113 (2013).
https://doi.org/10.1063/1.4794201.

[51] H. Mohamed, A. Mohamed, H. Alj,
Theoretical study of ZnS/CdS bi-layer for
thin-film CdTe solar cell, Materials
Research Express, 5 (2018) 056411.
https://doi.org/10.1088/2053-1591/aac5ae.




