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Abstract

In this research, CZTS thin films were grown on flexible
Cu-foil substrates with varying sulfurization times. Distinct
characterization methods were employed, including X-ray
diffraction (XRD), Raman spectroscopy, Energy-
Dispersive X-ray Spectroscopy (EDX), Scanning Electron
Microscopy  (SEM), optical  transmission, and
Photoluminescence (PL) measurements. Distinctive
diffraction peaks characteristic of the kesterite CZTS phase
were observed in the XRD analysis, occurring around at
20= 28.45° (112), 47° (220/204), and 56° (312/116).
Additionally, some secondary phases such as Cu,S and SnS
were identified. Raman spectroscopy confirmed the
presence of the kesterite CZTS phase, with a prominent
peak detected at approximately ~336 cm™, attributed to
sulfur atom vibrations within the kesterite structure. Apart
from CZTS structure, minor peaks suggesting the presence
of the Cu,SnS; (CTS) phase was detected. EDX analysis
revealed compositions with Cu-poor content and Zn-rich
content across all samples, with slight variations in
sulfurization dwell times affecting the chemical
composition. SEM imaging at different magnifications
showed alterations in surface morphology and grain
structures. Films sulfurized for 30 s and 60 s displayed a
granular structure morphology, while extending the dwell
time to 120 s resulted in a more compact surface
morphology. Optical band gap values ranged between 1.57
and 1.60 eV. PL measurements consistently exhibited
strong PL emission around 1.25 eV for all samples,
attributed to various transitions within the band structure of
CZTS film. The absence of observable band-to-band
transitions in the PL measurements indicated the presence
of intrinsic defect levels and recombination centers within
CZTS. Overall, it was demonstrated in this study that CZTS
thin films can be produced on flexible Cu-foils with short
sulfurization times, thereby expanding the application areas
of CZTS thin-film solar cells.

Keywords: CZTS thin film, Cu-foil, Sputtering, RTP,
Short sulfurization time

1 Introduction

The CdTe and CIGS based thin film solar cells have
already reached conversion efficiency above 20%, which is

Oz

Bu arastirmada, farkli siilfiirleme siireleri ile esnek Cu-
folyo tizerine biiyiitiilmiis CZTS ince filmler incelendi. X-
st kirmimmi (XRD), Raman  spektroskopisi, Enerji
Dagilimli X-151n1 spektroskopisi (EDX), Taramali Elektron
Mikroskopisi (SEM), optik gecirgenlik ve fotoliiminesans
(PL) 6l¢iimleri de dahil olmak {izere ¢esitli karakterizasyon
yontemleri kullanildi. XRD analizinde kesterit CZTS
fazina 6zgii belirgin kirinim pikleri 26= 28.45° (112), 47°
(220/204) ve 56° (312/116) civarinda meydana gelen pikler
gozlemlendi. Ayrica, CuzS ve SnS gibi bazi ikincil fazlar
tespit edildi. Raman spektroskopisi, kesterit CZTS fazinin
varligini dogruladi ve kesterit yapisi i¢indeki kiikiirt atomu
titresimlerine atfedilen yaklasik ~336 cm™'de belirgin bir
pik tespit edildi. CZTS yapisinin yani sira, CuSnSz (CTS)
fazinin varhigini isaret eden az sayida pik de tespit edildi.
EDX analizi, tiim Orneklerin Cu-fakiri ve Zn-zengini
kompozisyona sahip oldugunu gostermistir. Farkli
biiylitme oranlarinda yapilan SEM goriintiilemeleri yiizey
morfolojisinde ve tane yapilarinda degisiklikler oldugunu
gosterdi. 30 ve 60 saniye siireyle siilfiirlenmis filmler taneli
bir yapt morfolojisi sergilerken, bekleme siiresini 120
saniyeye uzatmak daha kompakt bir yiizey morfolojisine
katki sagladig: tespit edilmistir. Optik bant aralig1 degerleri
1.57 ile 1.60 eV arasinda degiskenlik gostermistir. PL
Olctimleri, tiim 6rneklerde 1.25 eV civarinda gii¢lii bir PL
emisyonu sergiledi ve bu, CZTS yapist icindeki cesitli
gecislere atfedildi. PL dlgiimlerinde gdzlemlenen banttan
banta gegcislerinin olmamasi, CZTS i¢indeki dzden kusur
seviyeleri ve rekombinasyon merkezlerinin varligini igaret
ettigi belirlenmistir. Genel olarak, bu ¢calismada CZTS ince
filmlerin kisa siilfirleme streleriyle esnek Cu-folyolar
iizerine Uretilebilecegi ve bu sayede CZTS ince film giines
pillerinin  uygulama alanlarinin  genisletilebilecegi
gosterilmistir.

Anahtar kelimeler: CZTS ince film, Cu-folyo, Sagtirma,
RTP, Kisa stilfiirleme siiresi

competitive with Si-based solar cells. However, toxicity of
cadmium (Cd) and the limited availability of indium (In) and
gallium (Ga) pose constraints on these thin film solar cells.
In this context, Cu2ZnSnS, (CZTS) thin film has emerged as
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a highly promising absorber layer for photovoltaic industry
(PV). It possesses several advantageous properties including
the utilization of earth-abundant, environmental-friendly and
cost-effective raw materials. Furthermore, CZTS exhibits a
direct optical band gap of approximately 1.5 eV, which can
be tuned to 1.0 eV by incorporation of Se into structure [1].
CZTS also demonstrates a high optical absorption coefficient
(>10* cm?) in the visible range and exhibits p-type
conductivity [2]. Moreover, CZTS boasts a theoretically high
efficiency of approximately 30% according to the theoretical
limit [3]. However, the current record conversion efficiency
of CZTS stands at around 14% when fabricated on rigid glass
substrates [4]. This indicates that there is considerable gap
for improvement in enhancing the performance of CZTS as
a thin film material for solar cells.

There exist various methods for the growth of CZTS thin
films, categorized as physical (vacuum-based) and chemical
(non-vacuum-based) growth methods. Physical methods
include sputtering techniques such as DC and RF sputtering
[5-7], thermal evaporation [8], pulsed laser deposition [9], e-
beam evaporation [10], and etc. Chemical methods, on the
other hand, encompass spin-coating [11], dip-coating [12],
spray pyrolysis [13], electro-deposition [14], and similar
approaches. Among these methods, sputtering is widely
employed due to its ability to provide homogenous films
with controlled thickness and the capability for large-scale
production.

There are numerous strategies have been explored to
optimize the structural, compositional, optical properties and
also electrical characteristics of CZTS-based thin films to
enhance conversion efficiency. These approaches involve
the manipulation of various factors such as growth
parameters (pressure, deposition rate, etc.) [15], chemical
compositions (Cu-poor/Zn-rich or Cu-rich/Zn-rich) [16],
annealing parameters (temperature, heating rate, dwell time,
chalcogen source, etc.) [17], incorporation of different
doping atoms (Al, In, Cd, Li, Ge, Ag, Na, K, etc.) [18-20],
utilization of diverse back contact materials (Ag, Bi, Ti, Mo,
etc.) [21], implementation of different interlayer materials
(Al;03, TiN, MoOy, graphene, MoS,, etc.) to achieve clear
and well-defined interfaces [22, 23], utilization of a single
quaternary target [24, 25] and exploration of different
stacking orders [26] to enhance the homogeneity and crystal
quality of the films. These strategies offer avenues for fine-
tuning the features of the samples and advancing their
performance in practical applications.

Thin film solar cells find application in various fields
such as building integration, wearable technologies, space
applications, and the automotive sector [27]. However, the
use of rigid substrates limits their application in these fields,
and therefore, flexible substrates are more preferred. The

Table 1. Properties of some metals

most common flexible substrates which used to growth
CZTS thin film solar cells are stainless steel (SS) [28],
aluminum (Al) [29], titanium (Ti) [30], molybdenum (Mo)
[31], flexible glass (FG) [32], polyimide (P) [36], etc.
Among these, FG and P substrates are organic-based and
have a maximum sustainable temperature underlain by 500
°C, which is epically lower as compared with metal foils (Al,
Ti, Mo, SS) that can withstand temperatures of 600 °C or
higher [33].

Table 1 provides information on the price, electrical
resistivity, and conductivity properties of various materials.
Among the available metal foils, Mo foil is commonly used
due to its linear thermal expansion coefficient of 5.2x10% K-
!, However, Mo foil is associated with drawbacks such as
high price (76.67 USD/kg) [34], high resistivity (4.99x10°
Q.cm) [35], and low conductivity (17.9x10% S/m) [36] when
compared to other materials. Therefore, there is a demand for
a foil material that exhibits low cost, low resistivity, and high
conductivity, enabling the fabrication of high-performance
CZTS thin film solar cells. Among the listed materials,
copper (Cu) foil possesses the most desirable properties,
including lower cost (9.17 USD/kg) [34], lower resistivity
(1.68x1078 Q.cm) [36], and higher electrical conductivity
(5.96x107 S/m) [37]. Due to these advantageous properties,
Cu foil is widely used as an electrical conductor in circuit
boards, batteries, and solar energy appliances.

Work function of back contact, absorber layer, etc. is
crucial for enhancing cell parameters and this can be
important property to select the flexible foils for CZTS based
thin film solar cells. If the work function of metal foil is
smaller than semiconductor absorber layer, the Schottky
contact is formed between the metal and semiconductor
according to the Schottky contact model [38]. The work
function of CZTS absorber layer is ~5.7 eV [39] and work
function of Cu, Mo, Ti and Al foil which presented in Table
1 is determined as 5.10 eV, 5.0 eV, 4.33 eV, and 4.2 eV,
respectively. The enhanced work function is belong to the Cu
foil and the higher work function of back contact (foil) is
enhance to the built-in potential of device [40]. The built-in
potential is a consequence of the potential decrease across
the width of the absorber layer. This gradual decrease in
potential is responsible for generating an electric field
directed towards the p-n junction. Consequently, this electric
field drives the charge carriers towards the junction.
Moreover, the electric field induces an increase in the
diffusion length of carriers, enhancing their collection on the
n-side of the junction. In the literature, the open-circuit
voltage (Voc) exhibits high sensitivity to changes in @
values, while the short-circuit current (Jsc) and fill factor
(FF) demonstrate relatively minor dependence on ®wm [38].

Price Resistivity Conductivity ) Therm. Exp.
Subs. (USDIkg) [34, 41] [(3%%)] [éf;/ '2%] Work Function (eV) [44, 45] (K at >500 K° [40, 46, 47]
cu 917 168107 5.96x107 5.10 16x10°
Mo 76.67 4.99%10 17.9%10° 5.0 4.8x10°
Ti 8.26 420x107 2.38x10° 433 8.4-8.6x10°
Al 256 2.82x10°® 3.5x107 42 21x10°
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In light of all this information, in this study, CZTS thin
films will be produced for the first time on Cu foil using Cu-
foil/ZnS/Cu/Sn/Cu stacking order (and RTP method. To
investigate the impact of different sulfurization times on the
properties of the CZTS thin films, we tested short dwell
times (30, 60 and 120 sec.) at reaction temperature of 425
°C. By varying the dwell times, we aimed to understand how
it affected the structural, optical, and electrical properties of
the CZTS thin films. It should be noted that higher reaction
temperatures (> 425°C) have been tried for fabrication of
CZTS thin films. However, the most suitable temperature
has been determined to be 425°C due to occurrences of
fragmentation and detachment on the substrate surface.

2 Material and methods

2.1 Cleaning of substrates

The study involved a specific pre-treatment process for
the glass and flexible Cu-foil substrates before the CZTS thin
film deposition. The pre-treatment steps are as follows:

a) The glass substrate was cleaned for 5 minutes in an

ultrasonic bath with acetone.

b) Then, it was cleaned for another 5 minutes in an
ultrasonic bath with isopropanol alcohol (IPA).

¢) Finally, it was cleaned for 10 minutes in an ultrasonic
bath with distilled water (DW).

d) After the cleaning process, all substrates (both glass
and flexible Cu-foils) were dried using N2 gas.

e) All substrates, after the drying process, were exposed
to an ultrasonic plasma cleaner system for 30 minutes.
The ultrasonic plasma cleaning is a method used to
remove any remaining impurities and contaminants
from the substrate surfaces, ensuring a clean surface
for thin film deposition.

f) Once the plasma cleaning was completed, the
substrates were placed in a PVD system. Before
starting the deposition process, a bias voltage was
applied to the substrates for 10 min. This step was
carried out under a vacuum level of < 2x10¢ Torr,
ensuring a low-pressure environment to prevent
contamination during the deposition process.

The purpose of these pre-treatment steps is to create a
clean and well-prepared surface for the subsequent CZTS
thin film deposition. Proper cleaning and surface preparation
are crucial in ensuring good adhesion and quality of the
deposited CZTS thin films, which, in turn, will impact the
performance of the fabricated CZTS thin film solar cells.

2.2 Deposition of CZTS precursor and thin films

The CZTS samples were grown on glass and flexible Cu-
foils using sputtering and RTP methods, respectively.
Firstly, high purity Cu (5N), Sn (5N) and ZnS (4N) sputter
targets were used to form stacks on flexible Cu-foils via
magnetron sputtering (DC and RF). Cu layers were deposited
using a DC power supply, while the Sn and ZnS layers were
deposited using an RF power supply. Deposition parameters
such as 2x10% mTorr base pressure, 10 mTorr operating
pressure, 0.9-1.0 A/s deposition rate was used for the
deposition of Cu, Sn and ZnS precursor films. The thickness

of ZnS, Cu, Sn, and Cu layers was given in our previously
study [48]. The second stage of fabrication is annealing of
precursor layers to form CZTS thin films by RTP system.
Annealing parameters of Cu foil/CZTS were illustrated in
Table 2. Cu-foil/CZTS samples were labeled as CZTS-30,
CZTS-60, and CZTS-120.

Table 2. The sample ID, stacking order and annealing
parameters of CZTS precursor films

Sample ID Stacking Order Annealing Parameters

CZTS-30 425°C,1°C/s,30s,5mg S
CZTS-60 Cu-foil/ZnS/Cu/Sn/Cu 425°C,1°C/s,60s,5mg S
CZTS-120 425°C,1°C/s,1205,5mg S

2.3 Characterization of CZTS thin films

The chemical composition and structural properties of all
samples were determined using various techniques. Energy-
dispersive X-ray (EDX) spectroscopy, X-ray diffractometry
(XRD) (PANalytical-EMPYREAN instrument), and Raman
spectroscopy  (Renishaw inVia Spectrometer) were
employed  for  structural  characterization. EDX
measurements were performed on a 115x135 um? area, and
XRD patterns were obtained using CuKa (A = 1,5406 A)
radiation. Raman spectroscopy measurements performed by
633 nm of wavelength. Additionally, scanning electron
microscopy (SEM) using a ZEISS-GeminiSEM instrument
was utilized to examine the surface properties of the samples.

The optical properties of the samples were determined
using two techniques: spectroscopic ellipsometry (J.A.
Woollam Co., Inc) and photoluminescence (PL).
Transmittance measurements were conducted on samples
deposited on glass substrates ranging from 620 nm to 1240
nm. Room temperature PL measurements were obtained
using a hybrid Raman spectroscopy system employing laser
excitation wavelength of 633 nm.

3 Result and discussion

The EDX analysis of precursor films annealed using 30
s, 60 s, and 120 s dwell times deposited on flexible Cu-foil
at 425 °C reaction temperature to form CZTS films are given
in Table 3. In Table 3, regardless of dwell times, all samples
exhibited Cu-poor (Cu/(Zn+Sn)<1) chemical compositions.
However, it was observed that, only sample which annealed
using 30 dwell time had Zn-rich (Zn/Sn>1) composition,
while samples which annealed by using 60 and 120 s dwell
times had stoichiometric Zn (Zn/Sn=1) composition. The
Cu-poor and Zn-rich chemical composition is a desired
property for CZTS-based thin film solar cells, as this
composition gives rise to the formation of Cu vacancies
(Vcu) and Cugz, antisite defects. These defects contribute to
achieving strong p-type conductivity and, consequently,
higher solar cell performance [48].

The diffraction pattern of annealed samples for 30 s, 60
s, and 120 s dwell times on flexible Cu-foil was presented in
Figure 1. The main diffraction peaks of CZTS samples
observed at around 20 = ~28.45° (112), ~47° (220/204) and
~56° (312/116) that are attributed to kesterite CZTS structure
(98-018-4358). The other observed peaks are also marked on
the Figure 1. Also, the diffraction peaks at 26 =~43.25°, and
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~50.40° positions stemming from the Cu-foil (98-062-7117)
were observed. Moreover, the peak we determined at 20 =
~38.9° position was attributed to the SnS secondary phase
(98-006-7442) and peaks at around 26 = 27.20°, 39.8°,
40.75°, 45.75°, 48.41°, 53.71° and 54.96° are attributed to
the Cu,S secondary phase (98-002-3596). It is predicted that
the formation of the Cu,S phase which detected in the
diffraction patterns is caused by the interaction of the sulfur
vapor with the Cu foil. In addition, the formation of SnS
phase which observed in XRD patterns is due to the inability
to provide sufficient sulfur vapor pressure in the structure
due to low reaction temperature. It was determined that the
diffraction peaks of the mentioned secondary phases
decreased significantly by increasing the dwell time from 30
to 120 s [49].

Table 3. The EDX measurements of the sulfurized samples
on flexible Cu-foil using different dwell times

Atomic Weight (%) Atomic Ratio
Sample Cu/ Zn/ S/
Cu Zn Sn (Zn+Sn) Sn Metal

czggs- 224 124 120 532  0.92 1.03 1.13
CZGTOS 221 123 122 534  0.90 1.00 1.15
CfZTOS 219 121 121 538 091 1.00 117
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Figure 1. The XRD pattern of annealed samples for 30 s,
60 s and 120 s sulfurization times

In order to investigate and compare crystal quality of the
samples, some structural parameters of CZTS thin films were
determined by using main diffraction peak belongs to (112)
diffraction plane of kesterite CZTS structure. First, the
Debye-Scherrer formula (Equation (1)) were used to
calculate the crystallite size (D) of films by using the Full
Width Half Maximum (FWHM) values (B) of the (112)
diffraction peak. In addition, the micro-strain values (&)
inside the lattice were calculated by Equation (2). The
dislocation density (8) and the number of crystals per unit
surface area (N) were determined with Equation (3) and
Equation (4). T represents thickness of the film. Moreover,
the inter-planar spacing and lattice parameters such as a and
¢ were calculated by using Equation (5) and Equation (6).

KA

= Gooss (2)
e= B2 @)
=13 3)
N=— @
e ©)

The crystallite sizes of kesterite CZTS films sulfurized
for 30, 60, and 120 s dwell times were found to be 34.51 nm,
22.88 nm, and 32.18 nm, respectively. In addition, for 30 s,
60 s and 120 s sulfurization dwell times, 1.05x1073, 1.58x10°
8, 1.13x10° micro-strain, 8.4x10%, 1.9x107%, 9.6x10*
dislocation density, 3.4x102, 11.6x107?, 4.2x10"2 number of
crystal per unit surface area values were calculated and
presented in Table 4. As a result of the calculations, it was
seen that CZTS-30 thin film exhibited higher crystallite size
and better structural properties. The smaller crystallite size
means that formation of more grain boundaries and
accordingly more recombination centers for charge carriers
[50]. Furthermore, in the lattice, increasing or decreasing of
the strain can change all the physical properties of the films
(for example, the position of the atoms). Additionally,
secondary phase formations (Cu.S, SnS, etc.) causes to
decrease the active region in the films, the shunt resistance
and accordingly cell performance [51].

The diffraction patterns of kesterite CZTS phase is
similar with some other secondary phases (CTS, ZnS, etc.)
[52]. Thus, Raman spectra was used as a complementary
technique. The Raman spectra of annealed films for different
sulfurization times (30, 60, and 120 s) are given in Figure 2.
Considering the Figure 2, irrespective of the sulfurization
times, the main peak position was observed at around ~336-
338 cm™ which is attributed to the kesterite phase in all
samples. This peak is ascribed to vibration of S atoms in
kesterite structure [53, 54]. The other peaks are marked on
the graphs [55, 56]. Apart from Raman modes of kesterite

829



NOHU Miih. Bilim. Derg. / NOHU J. Eng. Sci. 2024; 13(3), 826-834
M. A. Olgar, R. Zan

phase, the minor peaks determined in all samples at around
292-298 cm! are associated with the CuzSnS; (CTS) phase
[57, 58].

Table 4. The structural parameters of CZTS samples
sulfurized for 30 s, 60 s and 120 s dwell times

Parameters CZTS-30 CZTS-60 CZTS-120
20 (°) 28.39 28.40 28.41
FWHM (°) 0.248 0.374 0.266
D (nm) 34.51 22.88 32.18
e (a.u.) 1.05x10°% 1.58x10° 1.13x10%
3 (nm?) 8.4x10* 1.9x10°° 9.6x10*
N (nm?) 3.4x107? 11.6x107? 4.2x10%?
d(A) 3.1412 3.1401 3.1339
a (A) 5.4356 5.4269 5.4356
c(A) 10.9023 10.9261 10.8797
cl2a 1.0028 1.0067 1.0008
imczrs = 33 | ——CZTS-120
3 ™
1 ¢ CTS
3 374
3 ™
: Y PR —
. 336 L ——CZTS-60
ERE
& 3
B 298
7 3 L 2
= 3
S
= 3
-
e
3 g L ——CZTS-30
3 7}

NOVNSOURI SSNVIE NN e~
200 250 300 350 400 450 500
Raman Shift (cm™)

Figure 2. The Raman spectra of annealed samples with
different sulfurization dwell times

The effect of sulfurization time on the surface
morphologies and microstructure features of all samples
were determined by SEM measurements employing two
different magnifications (10 kX and 50 kX). The SEM
images of CZTS thin films grown on the flexible Cu-foil
using different sulfurization times are given in Figure 3. It
was observed that all samples had dense and homogenous
polycrystalline surface structure. CZTS samples which are
sulfurized for 30 and 60 s dwell times have a granular
structure morphology (Figure 3a-d). After sulfurization time

increased from 60 to 120 s (Figure 3e, f), the grain
boundaries were disappeared, and the more compact surface
morphology was formed.

Figure 3. The SEM images of kesterite samples sulfurized
for different dwell times; (a-b) 30 s, (c-d) 60 s, (e-f) 120 s

Optical properties of CZTS thin films grown on Cu foil
using various sulfurization times (30 s, 60 s, and 120 s)
characterized by two distinct approaches. In the first method,
CZTS thin films were deposited on glass substrates to
ascertain the optical band gaps by employing optimized
sulfurization parameters for Cu-foil based samples. The
optical band gap of the CZTS thin films was calculated based
on the absorption coefficient (a), as determined by applying
the Lambert-Beer law outlined in Equation (7) [59]:

a=2InE) 7)

where, T and d are transmission and thickness parameters
of the film. After calculating a, absorption coefficient spectra
were given in Figure 4a. It was observed that all samples
have absorption coefficient above 10* cm™. However,
CZTS-30 thin film has slightly higher than the others. In
addition, the Tauc plot [60] was used to estimate the optical
band gap of the films using Equation (8);

(ahv)? = A(hv - Eg) 8)

where, A represents a constant, hv denotes photon
energy, and Eq signifies the optical band gap energy of the
films. The optical band gap was ascertained through the plot
of (ohv)? against photon energy (eV), as depicted in Figure
4b. Figure 4b displays the determination of the optical band
gap for CZTS thin films, yielding values of 1.57 eV, 1.58 eV,
and 1.60 eV for sulfurization times of 30 s, 60 s, and 120 s,
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respectively. Notably, these obtained optical band gap values
align with previously reported findings in the literature [61].
The minor variations observed in the optical band gaps
(ranging from 1.57 eV to 1.60 eV) have been attributed to
the presence of secondary phases within the kesterite
structure. Consequently, these slight differences in the
chemical composition of the films and the stresses induced
within the structure by these secondary phases are believed
to be contributing factors [62].

P 0 Lavio"
®) i [—
—— 71860

—

‘‘‘‘‘‘ 12u0"

444444

{aho) (eViem)

zzzzzz

00 400 500 01000 1100 1200 1

T 16 18
Energy (€V)

Figure 4. The plots for absorption coefficient and optical
band gap of CZTS samples

600 700 800 N
Wavelength (nm)

The optical properties of CZTS thin films subjected to
various sulfurization dwell times were additionally assessed
through room temperature PL measurements, as illustrated
in Figure 5. In all cases, the films displayed a prominent PL
emission at approximately 1.25 eV. When comparing the
band gap values and PL emissions of these samples (as
depicted in Figure 4), it is reasonable to suggest that the PL
emissions can be ascribed to transitions occurring from the
conduction band to acceptor energy levels, band tailing, or
other defect levels (such as Vcy, Cuzy, etc.) [63]. In summary,
the lack of observable band-to-band transitions in the PL
measurements can be linked to the intrinsic defect levels and
recombination centers present within the CZTS structure
[64].
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Figure 5. Room temperature PL measurements of CZTS
thin films sulphurized with different dwell times

4 Conclusion

This study presents a detailed investigation of kesterite
CZTS thin films deposited on flexible Cu-foil with varying
sulfurization dwell times. The XRD analysis identified
distinctive kesterite CZTS phase peaks at 20= 28.45° (112),
47° (220/204), and 56° (312/116). Additional peaks

corresponding to Cu-foil, Cu,S secondary phase, and SnS
secondary phase were also observed. Raman spectroscopy
confirmed the kesterite phase, notably with a dominant peak
at ~336 cm attributed to S atom vibrations within the
kesterite structure. Minor peaks indicated the presence of
CuzSnS; (CTS) phase not discernible by XRD. EDX analysis
revealed consistent Cu-poor and Zn-rich compositions
across for some samples, with slight variations due to
sulfurization dwell times. SEM imaging at different
magnifications (10 kX and 50 kX) displayed changes in
surface morphology and grain structures. Films sulfurized
for 30 s and 60 s exhibited a granular structure, whereas
extending to 120 s resulted in a more compact surface.
Optical band gap values ranged from 1.57 to 1.60 eV. PL
measurements consistently showed strong emission at
around 1.25 eV for all samples, indicating transitions related
to defect levels within the CZTS structure. The absence of
observable band-to-band transitions in PL suggested the
presence of intrinsic defect levels and recombination centers
within CZTS. These findings provide significant insights
into developing sustainable and efficient solar energy
utilizing flexible Cu-foil as a promising substrate for CZTS-
based thin film solar cells.
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