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In this study, Cu(Ini1xGax)(Seo.9sTeo.02)2 thin film solar cells with x values of 0.17, 0.20, 0.23, and
0.26 were successfully produced by three-stage co-evaporation technique at low temperatures. / Bu
calismada, x degerleri 0,17, 0,20, 0,23 ve 0,26 olan Cu(Ini1xGax)(Seo.gsTe0.02)2 ince film giines
pilleri, diisiik sicakliklarda ii¢ asamall es-buharlastirma teknigi ile basarwyla iiretildi.

Sun light
P Ni30nm
Front contact Al2 um
B Ni30 nm
Transparent conductive oxide layer ITO 200 nm
Window layer Zn0O 100 nm
Buffer layer CdS 50 nm
Absorber layer - Cu(InixGax)(SeossTeo02)a
2 um
Back contact Mo 400 nm
Substrate SLG 3 mm

Figure A: Schematic illustration of the thin film solar cell / Sekil A: Ince film giines pilinin
sematik gosterimi

Highlights (Onemli noktalar)

»  Cu(Ini1xGax)(SeossTeoo2)2 thin film solar cells have been produced by three-stage co-
evaporation. / Cu(InixGax)(SeossTeo02)2 ince film giines pilleri ii¢ asamali es-
buharlastirma ile diretilmistir.

» The change trend of solar cell parameters was similar to the change trend of diode
quality. / Giines pili parametrelerinin degisim egilimi, diyot kalitesindeki degisim
egilimiyle benzerlik gostermistir.

»  The efficiency of the solar cell was improved by optimizing the GGI ratio. / Giines pilinin
verimi GGI orani optimize edilerek iyilestirilmistir.

Aim (Amag): In this study, it was aimed to increase the efficiency of Cu(Ini-xGax)(Seo.08T€o.02)2 thin
film solar cell by optimizing the amount of gallium. / Bu ¢alismada, galyum miktarini optimize
ederek Cu(Ini1xGax)(Seo.98T€0.02)2 ince film giines pilinin veriminin artirlmas: amaglanmigtir.

Originality (Ozgiinliik): Cu(In1xGax)(SeossTeo.o2)2 thin film solar cells with different x values have
been produced by three-stage co-evaporation technique for the first time. / Farkli x degerlerine
sahip Cu(Ini-xGax)(Seo.esTeo.02)2 ince film giines pilleri ii¢ asamali eg-buharlastirma teknigi ile ilk
kez tiretilmistir.

Results (Bulgular): The increase in gallium content decreased the ideality factor and increased the
barrier height up to the GGl ratio of 0.23. The sample Ga0.23 was found to have the highest diode
quality with the lowest ideality factor value. The change trend of solar cell parameters was similar
to the change trend of diode quality. / 0,23 GGl oranina kadar galyum miktarindaki artis idealite
Sfaktoriinii azaltmis ve bariyer yiiksekligini artirmistir. Ga0.23 numunesinin en diisiik idealite
foktorii degeri ile en yiiksek diyot kalitesine sahip oldugu bulunmustur. Giines pili parametrelerinin
degisim egilimi, diyot kalitesindeki degisim egilimiyle benzerlik gostermistir.

Conclusion  (Sonug): The power conversion efficiency of the SLG/Mo/Cu(Ini-
xGax) (Seo.98T€0.02)2/CdS/ZnO/ITO/Ni-Al-Ni thin film solar cells was increased from 3.7% to 6.3%
by increasing the GGI ratio from 0.17 to 0.23. / GGI oram 0,17’den 0,23’¢ ¢ikarilarak
SLG/Mo/Cu(In1-xGax)(Seo.08Te0.02)2/CdS/ZnO/ITO/NI-Al-Ni ince film giines pillerinin gii¢ doniisiim
verimliligi %3,7 'den %6,3 e yiikseltilmistir.
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In this study, Cu(Ini1xGax)(Seo.08Teo.02)2 thin film solar cells with x values of 0.17, 0.20, 0.23, and
0.26 were successfully produced by three-stage co-evaporation technique at low temperatures.
The diode characteristics and solar cell parameters of thin film chalcopyrite solar cells with the
structure of SLG/Mo/Cu(Ini-xGax)(Seo.98T€0.02)2/CdS/ZnO/ITO/Ni-Al-Ni were investigated by
current-voltage measurements. The ideality factor, series resistance, and barrier height were
obtained by the Cheung-Cheung method using the current-voltage results measured in the dark
at room temperature. Open-circuit voltage, short-circuit current density, fill factor, and the power
conversion efficiency of the thin film solar cells were derived from the current-voltage
measurements realized by a four-point measurement setup under AM1.5G standards at room
temperature. It was found that the increase in the gallium content first decreased the ideality
factor, however, it increased again after exceeding the x value of 0.23. While the amount of
gallium was increasing, fluctuations were observed in the series resistance values. The barrier
height first increased with the increasing amount of gallium and decreased after exceeding the x
value of 0.23. The solar cell parameters increased by increasing the x value up to 0.23 and
decreased after exceeding this point. It was found that the diode parameters have an effect on
each other but the most effective diode parameter was the ideality factor. The efficiency of the
Cu(In1xGax)(Seo.esTeo.02)2 thin film solar cells was increased from 3.7% to 6.3% by increasing
the x value from 0.17 to 0.23.

galyum Miktarimin Diisiik Sicaklikta U¢c Asamali Es-Buharlastirma ile
Uretilen Cu(Ini1xGax)(SeoseTeoo2)2 Ince Film Giines Pillerinin Diyot
Ozellikleri ve Giines Pili Parametreleri Uzerine Etkisi

Makale Bilgisi

Oz

Arastirma makalesi
Basvuru: 16/10/2023
Diizeltme: 03/11/2023
Kabul: 04/11/2023

Anahtar Kelimeler

Ince Film

Giines Pili
Diyot Ozellikleri
Galyum Miktar

Bu galismada, x degerleri 0.17, 0.20, 0.23 ve 0.26 olan Cu(In1xGax)(Seo.sTeo.02)2 ince film giineg
pilleri, diisiik sicakliklarda {i¢ asamali es-buharlastirma teknigi ile basariyla diretildi.
SLG/Mo/Cu(In1xGax)(Seo.98Te0.02)2/CdS/ZnO/ITO/Ni-Al-Ni yapisina sahip ince film kalkopirit
giines pillerinin diyot 6zellikleri ve giines pili parametreleri akim-gerilim dlglimleri ile incelendi.
idealite faktorii, seri direng ve bariyer yiiksekligi, oda sicakliginda karanlikta dlciilen akim-
gerilim sonuglar1 kullanilarak Cheung-Cheung yéntemiyle elde edildi. Ince film giines pillerinin
acik devre gerilimi, kisa devre akim yogunlugu, dolgu faktorii ve gii¢ doniisiim verimliligi, oda
sicakliginda AM1.5G standartlarinda dort noktali 6lgiim diizenegi ile gerceklestirilen akim-
gerilim Olglimlerinden elde edilmistir. Galyum igerigindeki artisin Once idealite faktoriini
azaltt1g1, ancak x degeri 0,23'1 gectikten sonra tekrar arttirdig: tespit edilmistir. Galyum miktari
artarken seri diren¢ degerlerinde dalgalanmalar gdzlemlenmistir. Bariyer yiiksekligi galyum
miktarinin artmastyla once artmig, x degeri 0,23'Q gegtikten sonra azalmistir. Gilines pili
parametreleri x degerinin 0,23'e kadar artmasiyla artmis, bu noktanin asilmasiyla azalmstir.
Diyot parametrelerinin birbirini etkiledigi ancak en etkili diyot parametresinin idealite faktorii
oldugu tespit edilmistir. Cu(In1xGax)(Seo.98 T€o.02)2 ince film giines pillerinin verimliligi, x degeri
0,17'den 0,23'e artirtlarak %3,7'den %6,3'e ¢ikarilmistir.
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1. INTRODUCTION (GIRiS)

The copper indium gallium selenide (CIGS)
compound is a member of the chalcogenide group
with its chalcopyrite structure and contains at least
one chalcogen (S, Se, Te) in its composition [1,2].
There are also applications such as
Cu(In,Ga)(Se,S), and Cu(In,Ga)(Se,Te),, where
these chalcogens are in the structure together [3-7].
CIGS thin films are very suitable for thin film solar
cell applications with features such as tunable
bandgap, stability, and high absorption coefficient
[8-10].

Research on thin films and solar cells containing
selenium and sulfur as chalcogens has increased
considerably. On the other hand, although thin film
research containing tellurium as chalcogen has
reached a certain number, studies on chalcopyrite
solar cells containing tellurium are very few [11-
13].

The main motivation for adding tellurium to CIGS
solar cells is to reduce the bandgap value and use
the CIGS solar cell as the bottom cell of the tandem
solar cells [14,15]. However, by adding a low
amount of tellurium to the CIGS structure, it is also
possible to control the properties of gallium in the
structure without reducing the bandgap value [13].
Since the addition of gallium increases the bandgap
value, the amount of gallium is very low in studies
where the bandgap value is tried to be reduced [16].
On the other hand, in the study where tellurium was
added to control the properties of gallium, the
amount of gallium was quite high [13].

The issue of how gallium and tellurium affect each
other in the presence of moderate amounts of
gallium in a CIGS solar cell with tellurium addition
has not yet been investigated. In this study, the
effect of the gallium amount of the Cu(lns.
«Gax)(SeossTe€o02)2 solar cell on the diode
parameters by changing the x values to 0.17, 0.20,
0.23, and 0.26 and how the photovoltaic parameters
are affected accordingly was examined in a
systematical approach.

After the huge potential in electricity production
with solar cells was realized, there has been a
significant increase in the production of all types of
solar cells [17]. Since high temperatures that the
substrate material can withstand are generally used

for high-efficiency thin film production, the
production cost is high. The total thermal budget
can be reduced by developing the production of
high-efficiency solar cells at lower temperatures. In
this study, the production of thin film solar cells at
low temperatures was investigated to reduce the
production cost.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

Cu(Ini1xGax)(Seo.08Te€o.02)2 thin film absorbers with x
values of 0.17, 0.20, 0.23, and 0.26 were deposited
on molybdenum coated soda lime glass (SLG)
substrates by three-stage co-evaporation method
using a multi-source physical vapor deposition
chamber under 2x107 mBar vacuum atmosphere.
NaF post-deposition treatment was applied after
absorber deposition without breaking the vacuum of
the chamber.

The final thickness of the absorbers was about 2 pm.
The substrate temperature was set to 480°C to
reduce the thermal budget. CdS was coated on the
absorbers by chemical bath deposition. ZnO and
indium tin oxide (ITO) layers were deposited by RF
magnetron sputtering. The thicknesses of CdS,
ZnO, and ITO were around 50, 100, and 200 nm,
respectively. The front contact, consisting of Ni-Al-
Ni layers, was coated by e-beam evaporation. The
thickness of the aluminum layer was 2 um and that
of the nickel layers was 30 nm.

The diode characteristics and solar cell parameters
of thin film chalcopyrite solar cells with
SLG/M O/CU(| nl.xGax) (SEo_ggTEQ_oz)z/CdS/ZnO/|TO
/Ni-Al-Ni structure were analyzed by current-
voltage (I-V) measurements. The ideality factor (n),
series resistance (Rs), and barrier height (®g) were
obtained by the Cheung-Cheung method using the
I-V results measured in the dark at room
temperature.

Open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and the power
conversion efficiency (PCE) of the solar cells were
derived from the I-V results measured by a four-
point measurement setup under AM1.5G standards
with 1000 W/m? illumination at room temperature.
The chemical composition of absorber layers was
obtained by energy dispersive spectroscopy (EDS)
under 15 kV voltage. The samples with x values of
0.17, 0.20, 0.23, and 0.26 were named Ga0.17,
Ga0.20, Ga0.23, and Ga0.26, respectively.
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3. RESULTS (BULGULAR)

The chemical composition of the absorber layers is
shown in Table 1. Ga/(Gatln) (GGI) and

Cu/(Ga+lIn) (CGI) ratios, which are very important
for solar cell parameters, can be calculated from
Table 1. The GGl ratio is also equal to the x value
of the samples.

Table 1. The chemical composition of the absorber layers (Absorbe edici katmanlarin kimyasal bilesimi)

Sample Cu (at. %) In (at. %) Ga (at. %) | Se (at. %) Te (at. %)
Ga0.17 21.82 21.04 4.38 51.73 1.03
Ga0.20 21.75 20.19 5.19 51.89 0.98
Ga0.23 21.91 19.76 5.95 51.37 1.01
Ga0.26 21.80 19.04 6.76 51.44 0.96

According to the calculations made using the data
given in Table 1, the CGl ratios of the samples were
approximately 0.85. This ratio is slightly lower than
the CGl ratio in similar studies where high solar cell
efficiency was achieved [18]. As can be seen from
Table 1, the increase in the GGI ratios of the
absorbers was adjusted by the increase of gallium
and the decrease of indium. This adjustment was
achieved by changing the temperatures of the
gallium and indium sources of the multi-source
physical vapor deposition chamber. When the
Te/(Te+Se) (TTS) ratio was calculated according to
the values in Table 1, it was seen that this ratio was
approximately 0.02 for all absorbers. It was
observed that the TTS ratio was slightly higher
compared to solar cell studies in which selenium
and tellurium were used together as chalcogens
[13].

The ideality factor (n), series resistance (Rs), and
barrier height (®g) were obtained by the Cheung-

Cheung method [19] which can be expressed as
follows:

av nkT

won = ¢ T1Rs (1)
kT 1

HID=V-n (;) In (m) @)

H(I) = IRg + n®pg 3)

In equation (1), V, I, n, k, T, g, and Rs represent the
voltage, current, ideality factor, Boltzmann’s
constant, temperature in Kelvin, electron charge,
and series resistance, respectively. In equation (2),
A" represents the Richardson constant which equals
84 Alcm?K?2 for p-type CIGS [20]. In equation (3),
®g represents the barrier height. The ideality factor
and series resistance can be derived from the
dV/dinl versus I graphs shown in Figure 1.

0144 ™ Ga0.17
1| ® Ga0.20
0.12 4 A  (Ga0.23
L ¥ Ga0.26
—_— 0 10 -1 [ ]
- ]
— 1 n A
fan i A
= 0.08 . " . v
= - [ A\
2 0.064 - " ev
S R A L
s ] T
0.04
0.02
0.00 T T T T T T T
0.00 0.01 0.02 0.03 0.04
L(A)

Figure 1. dVv/dInl versus | graphs (dv/dinl ve I grafikleri)
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According to equation (1), the slope of the best fits
of the dV/dInl versus | graphs equals Rs and the
ideality factor can be calculated by dividing the y-
axis intercept of the best fits by kT/g. Rs values of
the samples Ga0.17, Ga0.20, Ga0.23, and Ga0.26
were found to be 1.38, 0.85, 1.32, and 0.82 kQ,

respectively. On the other hand, the ideality factor
values of the samples were calculated according to
the equation (1) and were found to be 1.90, 1.74,
1.51, and 1.74, respectively. The barrier height can
be derived from the H(l) versus I graphs shown in
Figure 2.

1.7
m Ga0.17
® (Ga0.20
6] & Ga023
’ v Ga0.26
[ |
- L] L
1.5 aumm = = *
- ® ® v
2 ooyoyoy oy ®v * vV v
= A
T 14+ A A
A A
A A
N
1.3 1
1.2 T T T T
0.00 0.01 0.02 0.03 0.04
I(A)

Figure 2. H(l) versus | graphs (H(1) ve I grafikleri)

According to equation (3), the barrier height can be
calculated by dividing the y-axis intercept of the
best fits of the H(I) versus | graphs by the ideality
factor values obtained from equation (1). Barrier
height values of the samples Ga0.17, Ga0.20,

Ga0.23, and Ga0.26 were found to be 0.78, 0.83,
0.96, and 0.76 eV, respectively. The ideality factor
(n), series resistance (Rs), and barrier height (®g)
values of the samples are shown in Table 2.

Table 2. The diode parameters of the solar cells (Giines pillerinin diyot parametreleri)

Sample Ideality factor (n) Series re(silgz;mce (Rs) Barner(lé\e/lsght (@)
Ga0.17 1.90 1.38 0.78
Ga0.20 1.74 0.85 0.83
Ga0.23 151 1.32 0.96
Ga0.26 1.74 0.82 0.76

The ideality factor shows the deviation of a diode
from the thermionic emission model and should be
1 for an ideal diode [21]. As seen in Table 2, the
sample with the highest diode quality is the Ga0.23
sample which deviates the least from ideal diode
behavior. The increase in the amount of gallium first
decreased the ideality factor, but it increased again
after the GGI ratio of 0.23. The reason for high
ideality factor values may be the current mechanism
of the solar cell, the barrier height inhomogeneity,
and the recombination—generation mechanism
[22,23]. As the amount of gallium increased,
fluctuations were observed in the series resistance

values. On the other hand, the barrier height first
increased with the increasing amount of gallium and
decreased after exceeding the GGI ratio of 0.23.
Contrary to the linear relationship in the literature
[24], there is an inverse relationship in the results.
This may be due to the absorber/CdS interface
inhomogeneities which can be affected by the
gallium amount. Another reason may be the fact that
the addition of tellurium may have triggered the
formation of an additional barrier in the back
contact region by causing the gallium in the
structure to accumulate on the back contact side
[13]. In this way, as the amount of gallium in the
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structure increases, the barrier height may also
increase. The decrease of the barrier height after the
GGl ratio exceeded 0.23 may be due to the decrease

in the series resistance [25]. Solar cell parameters of
the samples were derived from the current density-
voltage graphs which are shown in Figure 3.

80
Ga0.17
Ga0.20
—~ 60 Ga0.23
= Ga0.26,
L2
<
E 40
S—
2
‘B
£
= 20+
I
]
5
I sy Aat et
'20 T T T T T T T
0 100 200 300 400 500 600 700
Voltage (mV)

Figure 3. Current density-voltage graphs (Akim yogunlugu-voltaj grafikleri)

As can be seen in Figure 3, the current at zero
voltage, the voltage at zero current, and the area of
the part of the graph below zero current are equal to
the Jsc, Voc, and FF, respectively. Then the PCE
can be calculated by using these parameters. It is
clear from Figure 3 that, the Jsc value increased by
increasing the gallium amount up to the GGl ratio
of 0.23 and then decreased by increasing the gallium
amount further. Moreover, the same trend is also
seen in Voc and FF values. According to the
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(
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Ga/(Ga+In)

literature, as the slope in the high voltage region of
the J-V graph decreases, the series resistance
increases [26]. This situation was found to be in
good agreement with the data obtained by the
Cheung-Cheung method. Ga0.17 and Ga0.23
samples had higher series resistance values than
those of Ga0.20 and Ga0.26 samples. The trend in
the change of the solar cell parameters Voc, Jsc, FF,
and PCE with the increasing gallium content is
shown in Figure 4 for a better understanding.
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Figure 4. The trend in the change of the solar cell parameters a) Voc, b) Jsc, ¢) FF, and d) PCE (Giines pili
parametrelerinin degisim egilimi a) Voc, b) Jsc, ¢) FF ve d) PCE)
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As can be clearly seen in Figure 4, all the solar cell
parameters increased by increasing the GGl ratio up
to 0.23 and decreased after this point. The reason for
the decrease in solar parameters in the sample with
the highest GGI ratio may be due to deeper defects
acting as recombination centers generated by the
high gallium content [27]. Another reason may be

the fact that the increase in gallium content may
enhance the amount of ordered vacancy compounds
(OVCs), which can affect the recombination
mechanism of the solar cells [28]. The solar cell
parameters of the samples are also shown in Table
3.

Table 3. The solar cell parameters of the samples (Numunelerin giines pili parametreleri)

Sample Voc (mV) Jsc (mA/cm?) FF (%) PCE (%)
Ga0.17 492 12.6 60.3 3.7
Ga0.20 552 14.9 65.3 5.4
Ga0.23 562 16.7 66.9 6.3
Ga0.26 539 15.7 62.1 5.2

When the data in Table 2 and Table 3 are evaluated
together, it is understood that the most effective
diode parameter on solar parameters is the ideality
factor. Although other diode parameters had an
effect on the ideality factor, it was observed that
they did not have a significant effect on the solar cell
parameters. It can be seen from Table 3 that the
efficiency of the Cu(InixGax)(SeossTeoo2)2 Solar
cells was increased from 3.7% to 6.3% by
increasing the GGl ratio from 0.17 to 0.23.

4. CONCLUSIONS (SONUCLAR)

CU(|n1.xGax)(Seo,ggT60,oz)2 thin film solar cells with
x values of 0.17, 0.20, 0.23, and 0.26 were
successfully produced at low temperatures. The
effect of the gallium amount of the Cu(In:-
«Gax)(SeossTe€o02)2 solar cell on the diode
parameters and the photovoltaic parameters was
investigated. The ideality factor, series resistance,
and barrier height were obtained by the Cheung-
Cheung method. The increase in the gallium content
first decreased the ideality factor, however, it
increased again after exceeding the GGI ratio of
0.23. The sample Ga0.23 was found to have the
highest diode quality with the lowest ideality factor
value. As the amount of gallium increased,
fluctuations were observed in the series resistance
values. On the other hand, the barrier height first
increased with the increasing amount of gallium and
decreased after exceeding the GGI ratio of 0.23.
Solar cell parameters of the samples were derived
from the current density-voltage graphs. Series
resistance values calculated by the Cheung-Cheung
method were found to be in good agreement with
the current density-voltage graphs. The change
trend of solar cell parameters was similar to the
change trend of diode quality. All the solar cell
parameters increased by increasing the GGl ratio up
to 0.23 and decreased after exceeding this point. It

was found that the diode parameters have an effect
on each other but the most effective diode parameter
was the ideality factor. The power conversion
efficiency of the SLG/Mo/Cu(ln;-
xGax) (Seo.98 T€0.02)2/CAS/ZNO/ITO/Ni-Al-Ni  thin
film solar cells was increased from 3.7% to 6.3% by
increasing the GGl ratio from 0.17 to 0.23.

ACKNOWLEDGMENTS (TESEKKUR)

This study was supported by "TUBITAK 2214-A
and TUBITAK 2211-C Programmes". The authors
also would like to thank to PV Group of Prof. Dr.
Roland Scheer in the Physics Institute of Martin-
Luther University Halle-Wittenberg for their
support with the laboratory infrastructure.

Bu calisma “TUBITAK 2214-A ve TUBITAK 2211-C
Programlar1” tarafindan desteklenmistir. Yazarlar ayrica
laboratuvar altyapisina verdikleri destek i¢in Martin-Luther
Halle-Wittenberg Universitesi Fizik Enstitiisii’'nden Prof. Dr.
Roland Scheer’in PV Grubuna tesekkiir ederler.

DECLARATION OF ETHICAL STANDARDS
(ETIK STANDARTLARIN BEYANI)

The authors of this article declare that the materials
and methods they use in their work do not require
ethical committee approval and/or legal-specific
permission.

Bu makalenin yazarlar c¢aligmalarinda kullandiklar1 materyal
ve yontemlerin etik kurul izni ve/veya yasal-6zel bir izin
gerektirmedigini beyan ederler.

AUTHORS’ CONTRIBUTIONS (YAZARLARIN
KATKILARI)

Semih AGCA: Performing the experiments,
analyzing the results, and writing the manuscript.

Deneylerin yapilmasi, sonuglarin analiz edilmesi ve makalenin
yazilmasi.

1113



Agca, Cankaya | GU J Sci, Part C, 11(4): 1108-1115 (2023)

Giiven CANKAYA: Bringing the idea, supervising
the study, and final check of the manuscript.

Fikrin gelistirilmesi, ¢aligmanin danigmanlhigi ve makalenin son
kontrolii.

CONFLICT OF INTEREST (CIKAR CATISMASI)

There is no conflict of interest in this study.

Bu ¢aligmada herhangi bir ¢ikar ¢atigmasi yoktur.

REFERENCES (KAYNAKLAR)

[1] Klaus J., Olindo I., Arno H., Van Swaaij R.,
Miro Z., (2014). Solar Energy Fundamentals,
Technology, and Systems. Cambridge: UIT
Cambrigde.

[2] Kodigala S. R., (2011). Cu(In;xGax)Se. Based
Thin Film Solar Cells. Massachusetts: Academic
Press.

[3] Yuan S., Wang X., Zhao Y., Chang Q., Xu Z.,
Kong J, Wu S, Solution Processed
Cu(In,Ga)(S,Se); Solar Cells with 15.25%
Efficiency by Surface Sulfurization, ACS Applied
Energy Materials, 3 (2020) 6785-6792.

[4] Atasoy Y., Basol B., Olgar M., Tomakin M.,
Bacaksiz E., Cu(In,Ga)(Se,Te), Films Formed on
Metal Foil Substrates by a Two-stage Process
Employing Electrodeposition and Evaporation,
Thin Solid Films, 649 (2018) 30-37.

[5] Atasoy Y., Basol B., Polat I., Tomakin M.,
Parlak M., Bacaksiz E., Cu(In,Ga)(Se,Te)
Pentenary Thin Films Formed by Reaction of
Precursor Layers, Thin Solid Films, 592 (2015)
189-194.

[6] Fiat S., Polat I., Bacaksiz E., Cankaya G.,
Koralli P., Manolakos D. E., Kompitsas M., Optical
and Structural Properties of Nanostructured
Culng7Gaos(Seu— Tex)2 Chalcopyrite Thin Films -
Effect of Stoichiometry and Annealing, Journal of
Nanoscience and Nanotechnology, 14 (2014) 5002-
5010.

[7] Varol S. F., Bacaksiz E., Koralli P., Kompitsas

M., Cankaya G., A Novel Nanostructured
Culno7Gaos(SeosTeos)2/SLG Multinary
Compounds Thin Films: For Photovoltaic

Applications, Materials Letters, 142 (2015) 273-
276.

[8] Fiat S., Polat i., Bacaksiz E., Kompitsas M.,
Cankaya G., The Influence of Annealing

Temperature and Tellurium (Te) on Electrical and
Dielectrical Properties of Al/p-CIGSeTe/Mo
Schottky Diodes, Current Applied Physics, 13
(2013) 1112-1118.

[9] Karatay A., Kiiciikoz B., Cankaya G., Ates A,
Elmali A., The Effect of Se/Te Ratio on Transient
Absorption Behavior and Nonlinear Absorption
Properties of Culng7Gags(Sei«xTex)2 (0< x< 1)
Amorphous Semiconductor Thin Films, Optical
Materials, 73 (2017) 20-24.

[10] Lee T. D., Ebong A. U., A Review of Thin Film
Solar Cell Technologies and Challenges,
Renewable and Sustainable Energy Reviews, 70
(2017) 1286-1297.

[11] Fiat S., Bacaksiz E., Kompitsas M., Cankaya
G., Temperature and Tellurium (Te) Dependence of
Electrical Characterization and Surface Properties
for a Chalcopyrite Structured Schottky Barrier
Diode, Journal of Alloys and Compounds, 585
(2014) 178-184.

[12] Varol S. F., Bacaksiz E., Cankaya G.,
Kompitsas M.,  Optical, Structural, and
Morphological Characterization of
Culng7Gag3(SeosTeo.4)2 Thin Films under Different
Annealing Temperatures, Celal Bayar University
Journal of Science, 9 (2013) 9-16.

[13] Agca S., Cankaya G., Sonmezoglu S., Impact
of Tellurium as an Anion Dopant on the
Photovoltaic  Performance of Wide-bandgap
Cu(In,Ga)Se; Thin-film Solar Cells with Rubidium
Fluoride Post-deposition Treatment, Frontiers in
Energy Research, 11 (2023) 1215712.

[14] Mise T., Nakada T., Microstructural and
Optical Properties of CulnsTes Thin Films for Solar
Cells, Solar Energy Materials and Solar Cells, 94
(2010) 1132-1136.

[15] Mise T., Nakada T., Low Temperature Growth
and Properties of Cu—In-Te Based Thin Films for
Narrow Bandgap Solar Cells, Thin Solid Films, 518
(2010) 5604-56009.

[16] Wei S. H., Zhang S. B., Zunger A., Effects of
Ga Addition to CulnSe; on Its Electronic,
Structural, and Defect Properties, Applied Physics
Letters, 72 (1998) 3199-3201.

[17] Bulbul S., Ertugrul G., Arli F., Investigation of
Usage Potentials of Global Energy Systems,

1114



Agca, Cankaya | GU J Sci, Part C, 11(4): 1108-1115 (2023)

International Advanced Researches and

Engineering Journal, 2 (2018) 58-67.

[18] Zhao C., Yu S., Tang W., Yuan X., Zhou H.,
Qi T., Zheng X., Ning D., Ma M., Zhu J., Zhang J.,
Yang C., Li W., Advances in CIGS Thin Film Solar
Cells with Emphasis on the Alkali Element Post-
Deposition Treatment, Materials Reports: Energy, 3
(2023) 100214.

[19] Cheung, S. K., Cheung N. W., Extraction of
Schottky Diode Parameters from Forward Current-
Voltage Characteristics, Applied Physics Letters, 49
(1986) 85-87.

[20] Theys B., Klinkert T., Mollica F., Leite E.,
Donsanti F., Jubault M., Lincot D., Reuvisiting
Schottky Barriers for CIGS Solar Cells: Electrical
Characterization of the Al/Cu(InGa)Se, Contact,
Physica Status Solidi A, 213 (2016) 2425-2430.

[21] S6nmezoglu S., Senkul S., Tas R., Cankaya G.,
Can M., Electrical Characteristics of an Organic
Thin Copolymer/p-Si Schottky Barrier Diode, Thin
Solid Films, 518 (2010) 4375-4379.

[22] S6nmezoglu S., Senkul S., Tas R., Cankaya G.,
Can M., Electrical and Interface State Density
Properties of Polyaniline-poly-3-methyl Thiophene
Blend/p-Si Schottky Barrier Diode, Solid State
Sciences, 12 (2010) 706-711.

[23] Sonmezoglu S., Durmus C. B., Tas R,
Cankaya G., Can M., Fabrication and Electrical
Characterization of Pyrrole-aniline Copolymer-
based Schottky Diodes, Semiconductor Science and
Technology, 26 (2011) 055011.

[24] Akkilig K., Tiiriit A., Cankaya G., Kiligoglu T.,
Correlation Between Barrier Heights and ldeality
Factors of Cd/n-Si and Cd/p-Si Schottky Barrier
Diodes, Solid State Communications, 125 (2003)
551-556.

[25] Cankaya G., Ucar N., Tiriit A.,, An
Investigation of I-V Characteristics of Au/n-GaAs
Schottky Diodes after Hydrostatic Pressure, Physica
Status Solidi A, 179 (2000) 469-473.

[26] Benghanem M. S., Alamri S. N., Modeling of
Photovoltaic Module and Experimental
Determination of Serial Resistance, Journal of
Taibah University for Science, 2 (2009) 94-105.

[27] Keller J., Pearson P., Nilsson N. S., Stolt O.,
Stolt L., Edoff M., Performance Limitations of
Wide-Gap (Ag,Cu)(In,Ga)Se, Thin-Film Solar
Cells, Solar RRL, 2021 (2021) 2100403.

[28] Keller J., Sopiha K. V., Stolt O., Stolt L.,
Persson C., Scragg J. J. S., Torndahl T., Edoff M.,
Wide-gap (Ag,Cu)(In,Ga)Se; Solar Cells with
Different Buffer Materials—A Path to a Better
Heterojunction, Progress in Photovoltaics: Research
and Applications, 28 (2020) 237-250.

1115



