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Keywords Abstract: This study aims to explore the effects of annealing on the structural,
Cu,ZnSnSe, Thin lfilm' electrical, and optical properties of Cu,ZnSnSe, thin films deposited by thermal
Thermal Evaporation, evaporation. Results obtained from SEM equipped with EDAX, XRD, and Raman

Structural Characterization,

Hall Effect analysis revealed that CZTSe thin films were successfully obtained. Depending on

the annealing temperature, increasing grain size and shifting from spherically
shaped grains to rod-shaped particles were observed. The room temperature
resistivity decreased with increasing annealing temperature, exhibiting values of
44,10, 2.61, and 3.08 2-cm for films annealed at 400 °C, 500 °C, and 600 °C,
respectively. Carrier concentrations of the same samples obtained from Hall Effect
measurements were observed as 5.13x1015, 3.07x10%7, and 1.09x1017 cm-3 with p-
type conductivity. The as-deposited and annealed thin films exhibited optical band
gap values of 1.98, 1.78, 1.35, and 1.65 eV, respectively.

Cu,ZnSnSe, ince Filmleri Uzerindeki Tavlama EtKileri: Yapisal, Elektriksel ve Optik

Karakterizasyon
Anahtar Kelimeler 0z: Bu calisma, termal buharlagtirma yéntemiyle iiretilen Cu,ZnSnSe, ince filmlerin
CuzZnSnSe, Ince Film, yapisal, elektriksel ve optik ozellikleri iizerine tavlama isleminin etkilerini
Termal Buharlagtirma, arastirmay1 amaglamaktadir. SEM-EDAX, XRD ve Raman analizlerinden elde edilen
Ez;l)llia}ci{li(s?rakterlzasyon, sonuglar, CZTSe ince filmlerin basarili bir sekilde tretildigini ortaya koymustur.
Tavlama sicakligina bagh olarak, tane boyutunda artis ve kiiresel sekilli tanelerden
c¢ubuk bicimli yapilara dogru bir morfolojik doniisiim gézlemlenmistir. Oda
sicakligindaki 6zdirencin, artan tavlama sicakligi ile birlikte azaldig1 belirlenmis; bu
degerler sirasiyla 400 °C, 500 °C ve 600 °C'de tavlanan filmler icin 44,10, 2,61 ve
3,08 2-cm olarak ol¢iilmiistir. Ayni 6rnekler icin Hall etkisi 6l¢iimleriyle elde edilen
tasiyic1 yogunluklari sirasiyla 5,13x10%5, 3,07x107 ve 1,09x10*” cm™ olup, tiim
orneklerde p-tipi iletkenlik gézlemlenmistir. Tavlanmamis ve tavlanmis ince filmler
sirasiyla 1,98, 1,78, 1,35 ve 1,65 eV optik bant aralig1 degerleri sergilemistir.
1. Introduction In addition, indium and gallium are widely used in
areas such as producing flat-screen LCD TVs and
Thin-film solar cells using chalcopyrite semiconductor optoelectronic fields [6.7]. For this reason,
materials have become an important research topic in researchers are focused on producing solar cells with
recent years. Solar cells based on CulnGaSe, (CIGS) similar properties but without using indium and
and CulnGa(Se,S), have exhibited efficiencies of gallium.
around 20% and 23%, respectively, as reported in the
literature [1-5]. However, recently, one of the main In recent years, researchers have begun to use the
problems faced by CIGS-based solar cells, the price of CuzZnSnSes compound as an absorber layer for thin
indium and gallium elements, has been constantly film solar cells. Cu,ZnSnSe, offers a sustainable
increasing due to a higher global demand than supply. alternative to CIGS, as it is composed of non-toxic and
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earth-abundant elements such as Cu, Zn, Sn, and Se.
For this reason, Friedlmeier et al. have suggested that
the Cuz2ZnSnSes compound is a promising candidate
for the absorber layer that belongs to the I2-1I-1V-VIs
semiconductor family [8.,9]. Hereafter, Cu2ZnSn(S,Se)s
derived thin film solar cells using different deposition
methods were reported, and efficiencies were found to
be around 10% [10-14].

In 2013, the IBM group reported the efficiency of solar
cells comprising Cuz2ZnSn(S,Se)s 11.1%, which was
deposited by hydrazine-based liquid coating [15.,16].
Subsequently, in 2014, Cu,ZnSn(S,Se),-based solar
cells, fabricated via a toxic hydrazine (N,H,) solution
process, achieved a maximum efficiency of 12.6%
[10.,17]. More recently, further advancements have
been made; in 2023, an efficiency of 13.6% was
reported through controlled selenization processes
[18], and in 2024, a record efficiency of 15.4%
(certified 14.9%) was achieved by employing a
vacancy-assisted cation rearrangement strategy [19].

The physical properties of these films have been
investigated by many researchers, and different
synthesis methods have been reported. It is reported
that CuzZnSnSes has a high absorption coefficient
(>104-105 cm) and direct band gap (~0.9-1.54 el),
which closely matches the solar spectrum [9.,20-22]. It
also shows p-type conductivity and has a carrier
concentration of films ranging from 1017-101° c¢m-3
[23-26]. Additionally, CuzZnSnSes is also an earth-
abundant and low-cost raw material, which is
required for low-cost photovoltaics [7]. These
properties indicate that Cu,ZnSnSe, thin films can be
considered strong candidates for absorber layers in
solar cells.

Regardless of the deposition techniques, the film’s
characterization with respect to temperature
dependent electrical and optical properties is an open
subject in the literature. This study aimed to fabricate
Cu,ZnSnSe, thin films by employing the thermal
evaporation technique with a single crucible.
Subsequently, detailed temperature-dependent
electrical characterization was carried out between 10
and 400 K using Hall effect measurements to
determine the fundamental requirements for
photovoltaic applications. The as-deposited films
were annealed at various temperatures, and the
annealing effects on the structural, optical, and
electrical properties of the thin films were
systematically characterized.

2. Materials and Methods

Cu,ZnSnSe, (CZTSe) thin films, approximately 0.5 um
in thickness, were prepared onto soda-lime glass
substrates pre-treated by chemical and ultrasonic
cleaning, using a Vaksis-PVD-Handy thermal
evaporation system. Stoichiometric amounts of
copper, zing, tin, and selenium, each with 4Ns purity,
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were employed to prepare the precursor material for
evaporation. Source elements were placed into a
cleaned quartz crucible, which was subsequently
sealed under vacuum. To ensure complete synthesis
and compositional uniformity, the crucible was slowly
heated up to 1200 °C while the tubes were
continuously shaken. The crucible was subjected to
heat treatment for 48 h at this temperature, and after
synthesis, the furnace was slowly cooled to ambient
temperature. The precursor material for evaporation
was subsequently obtained by grinding the resulting
ingot into a fine powder. The evaporation source was
placed into a tungsten boat, and thin films were
subsequently deposited via the thermal evaporation
technique. Film thickness and evaporation rate were
precisely controlled by employing a thickness
monitor. During evaporation, the pressure was kept
constant at 107> Torr, and the thin film deposition was
performed at a rate of 20 4/s.

The ‘as-deposited’ samples were annealed in an N2
environment at 400 °C, 500 °C, and 600 °C for one
hour, and the effect of annealing of Cu2ZnSnSes thin
films on structural, optical, and electrical
characteristics was examined.

X-ray diffraction analysis (Rigaku SmartLab, Japan)
using CuKa radiation was employed to characterize
the crystalline structure of the thin films. Field
emission scanning electron microscopy (FESEM, JEOL
JSM-7600F, Japan) was employed to examine the
microstructure of the films. Raman spectra of the
samples were obtained using a Raman spectrometer
(BWTEK BWS465-785S, USA) integrated with a CCD
detector, in a backscattering geometry, and employing
a 785 nm laser as the excitation source. Temperature-
dependent Hall effect measurements were performed
using a Keithley 2400 source-measure unit and a
Keithley 2700 electrometer assembled with a Keithley
7709 matrix card. For Hall measurements, a magnetic
field of 1.2 T, generated by a GMW magnet, was applied
perpendicular to the film layers. The temperature was
precisely controlled and monitored using a LakeShore
331 temperature controller. Optical absorption
properties were investigated using a UNICO SQ 2802
UV/VIS spectrophotometer.

3. Results and Discussions
Thermally evaporated thin films were labeled
according to their annealing conditions, as shown in

Table 1.

Table 1. Labels of the thin films according to the
temperature of annealing

Sample Annealing Temperature (°C)
TO -
T400 400
T500 500
T600 600
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FESEM was employed to examine the microstructure
of the thin films, as it provides detailed information on
surface morphology. The corresponding surface
images are presented in Figure 1.

(b)
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(d)
Figure 1. FESEM images of thin films (a) TO, (b) T400, (c)
T500, (d) T600 (The inset shows a higher magnification
image of the T600 film with a 1 pm scale bar)

From the comparison of the micrographs, it was
determined that the crystallization of the films was
enhanced with annealing temperature, and the grain
morphology was transformed from spherical to rod-
shaped particles. It is observed that all films are
homogeneous and covered with uniform grains, and
the size of grains increases with annealing
temperature. . I[ljina et al. reported that increasing the
selenization duration led to larger crystal sizes, with
crystals of 1.5-4 um observed in films annealed for 60
minutes at 470 °C [27]. In a subsequent study on
Cu,ZnSnSe,, S. Hong et al. annealed thin films at
various temperatures ranging from 350 °C to 650 °C. It
was reported that annealing at 550, 600, and 650 °C
caused an increase in grain size [28]. In a different
study, D. H. Kuo et al. fabricated CuzZnSnSes thin films
via sputtering Cu-Zn-Sn metallic precursors and
selenization at 500-600 °C. After selenization at
higher temperatures, a suitable microstructure with
large and uniform grains was reported for CuzZnSnSes
films [25]. Consistent with these findings, previous
studies have also shown that elevated selenization and
substrate temperatures lead to increased grain size
[11.,29-31].

The stoichiometry of both the source material and the
thin films was conducted with an FESEM coupled with
an EDAX detector. The atomic weight percentages of
Cu, Zn, Sn, and Se in the powder compound were
measured as 21.02%, 15.32%, 16.52%, and 47.15%,
respectively. The EDAX spectrum revealed no
impurities in the source material, and the
stoichiometry was found to be nearly consistent with
the ideal 2:1:1:4 ratio. In Figure 2, the EDAX spectra
corresponding to both the synthesized source
material and the thin films annealed at various
temperatures are presented. The obtained spectra
confirm the presence of Cu, Zn, Sn, and Se in both the
as-deposited and annealed films, indicating that the
annealing process did not induce any alteration in the
fundamental chemical composition of the films. This
observation suggests that, despite the structural
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reorganization induced by thermal treatment, the

chemical integrity of the films was preserved.

Spectrum 1
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Figure 2. EDAX spectra of (a) CZTSe source material, (b) TO,
(c) T400, (d) T500, (e) T600 films

The XRD pattern of the source material is presented in
Figure 3. From the diffraction pattern of the source
material, considering the intensity and sharpness of
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the peaks, one can conclude that the film structure
indicates good crystallinity. The obvious peaks could
be attributed to (101), (112), (220), (312),
(400)\(008), and (316)\(332) planes of CuzZnSnSea.
The resulting XRD diffraction peaks and planes are
well-matched with the International Diffraction Data
(ICDD #00-052-0868). Comparable findings have
been reported in previous studies [32.,33].
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Figure 3. XRD pattern of source material
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The X-ray diffractograms of the produced thin films
are displayed in Figure 4. From the diffractogram, it is
observed that the peak positions of the TO, T500, and
T600 samples exhibit identical 26 values, while the
intensities of the peaks increase with annealing. A
prominent peak at approximately 21.16° is observed
for all samples, with its intensity significantly
increasing after thermal treatment at 600 °C. The
diffraction peak at this position is attributed to the
(110) plane, which is characteristic of the Cu,ZnSnSe,
compound. Similar results were also reported in
previous studies [21.,34.,35]. A prominent diffraction
peak at 26=14.31° indexed to the (101)
crystallographic plane was observed exclusively in the
XRD pattern of the CZTSe thin film annealed at 400 °C.
This peak, which appears as the dominant reflection in
the T400 sample, was no longer visible in the patterns
of films annealed at 500 °C and 600 °C. The selective
emergence of this peak at 400 °C suggests a
preferential orientation along the (101) plane, likely
stabilized under moderate thermal conditions. At
higher temperatures, enhanced atomic diffusion and
increased thermal energy are presumed to facilitate
structural reorganization, leading to a shift in
preferred orientations and the eventual suppression
of the (101) reflection. Other researchers have
reported similar results for CuzZnSnSes compound
produced by different methods [10.,24.,36].
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Figure 4. XRD pattern of samples

Raman scattering spectroscopy was employed to
investigate the crystallinity of CZTSe, along with the
possible formation of secondary phases in the films
annealed at various temperatures, as presented in
Figure 5. The major peaks obtained from the Raman
Spectrum for the CZTSe are expected at between 171-
173 cm1,194-197 cm!, and 231-235 cm according to
the literature [37-39]. In this study, no Raman peaks
were observed for the as-deposited samples. All
annealed samples exhibited nearly identical Raman
spectra, with a prominent peak at approximately 174
cm ™%, which is attributed to the kesterite structure of
Cu,ZnSnSe, thin films [40-42].

The influence of annealing temperature on the
evolution of the crystal structure was
comprehensively examined through XRD and Raman
analyses. It was evaluated that the crystal structural
changes observed after the annealing process did not
affect the chemical composition of the films. In the
XRD patterns, the characteristic peaks corresponding
to the Cu,ZnSnSe, phase were preserved in all
samples, while increases in peak intensities and
preferred orientations were observed, attributed to
enhanced crystallinity. Therefore, it was concluded
that the improvements in the crystal structure did not
induce any significant change in the chemical
composition.
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Figure 5. Raman spectra of the annealed films

The electrical conductivity of the samples was
obtained through the Van der Pauw technique under
vacuum within the temperature interval of 10-400 K.
The temperature dependent conductivity
measurements of the TO sample could not be
measured owing to its high resistivity. The
relationship between the logarithm of conductivity
and inverse temperature is illustrated in Figure 6.
Temperature-dependent measurements revealed that
conductivity increases with both measurement
temperature and annealing temperature, indicating
the semiconducting nature of the films. As shown in
Figure 6, the greatest increase in conductivity was
recorded for the Cu,;ZnSnSe, samples annealed at 500
°C.
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Figure 6. Variation of electrical
temperature for annealed samples

conductivity with

The room temperature electrical resistivities were
measured as around 44.1, 2.61, and 3.08 Q-cm for the
T400, T500, and T600 samples, respectively. The most
significant decrease in electrical resistivity was
observed in the sample annealed at 500 °C, which can
be ascribed to changes in structural parameters and
improvements in crystallite and grain size. The
enhancement in electrical conductivity observed after
annealing is directly associated with improvements in
the crystal structure and grain growth. As the
annealing temperature increases, the rise in XRD peak
intensities indicates an increase in crystallinity and a
reduction in structural defects such as vacancies,
dislocations, and grain boundaries. The reduction in
these defects decreases the number of scattering
centers that hinder carrier motion, thereby
contributing to increased mobility. Similarly, the grain
growth observed in SEM images suggests a decrease in
grain boundary density, allowing carriers to move
over longer distances with reduced scattering.
Consequently, the combined effect of structural
ordering and grain enlargement leads to improved
electrical conductivity through increased -carrier
concentration and mobility. This mechanism is
consistent with commonly observed scattering
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behaviors in thin-film semiconductors [43]. Rachmat
et al. reported a similar decrease in resistivity. As the
substrate temperature increased, the resistivity
decreased significantly—from 8.30to 0.735 Q-cm
[24]. Also, Babu et al. reported a decrease in electrical
resistivity from 0.8 to 0.1 0Q-cm with increasing
substrate temperature [29]. In a further study, a
decrease in resistivity from 58 to 0.16 2-cm was
reported by Kuo et al. for films fabricated using the DC
magnetron sputtering technique [25].

The temperature-dependent electrical conduction
was evaluated throughout the whole measurement
range using the following relation [44],

o = gpexp (—Eq/kT) (1)
where o, denotes the pre-exponential factor
determined by the material properties, Eq represents
the thermal activation energy associated with
electrical conduction, and k is the Boltzmann constant.
Accordingly, a plot of Ino versus 1000/T results in a
linear relationship with a slope of -Eo/kT, from which
the activation energy (E.«) can be determined. As
presented in Figure 6, the plots of In ¢ versus 1000/T
exhibit two distinct linear regions, each corresponding
to a different activation energy. The depths of the
impurity centers, calculated from the electrical
conductivity measurements, are provided in Table 2
for annealed samples.

Hall Effect measurements as a function of temperature
were conducted to determine the conduction type and
to analyze variations in carrier concentration and
mobility within the 10-400 K interval. The
temperature dependent Hall effect measurements of
the TO sample could not be performed as a result of the
high resistivity of the film. Thus, Hall effect
measurements were conducted for the T400, T500,
and T600 samples. The sign of the Hall voltages
revealed that all samples exhibited p-type
conductivity.

The dependence of carrier concentration on the
inverse temperature within the range of 10-400 K is
shown in Figure 7. As illustrated, the -carrier
concentration increases with temperature, as
described by the following expression,

p = poexp (—Eq/kT) (2)
The strong temperature dependence and exponential
increase of carrier concentration with increasing
temperature indicate that thermionic emission,
resulting from the thermal excitation of carriers, is the
dominant transport mechanism. The increase in
carrier concentration, ranging between 1015 and 1017
cm-3 with annealing, can be assigned to improved
crystallinity and grain size. Carrier concentrations of
CuyZnSnSe, films have been reported to range
between 10*” and 10*° cm ™3 arange which varies with
the deposition method [23-26].
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annealed samples

To identify the existing scattering mechanisms, the
variation of Log(u) with Log(T) was analyzed since the
mobility increases with temperature according to the
relation ua T, where n defines the dominant scattering
mechanism. Room temperature mobilities were found
to be 125, 35.3, and 84 cm?V-1s! for T400, T500, and
T600 samples. Huo Kim et al. reported mobility values
in the range of 1.30-9.27 cm2V-1s1 for thin films, which
were fabricated using the simple process of
selenization [26].

Table 2. Activation energies and selected electrical parameters of the films evaluated at 295 K

Sample p(Q-cm) Ea1(meV) Eaz(meV) Vi (V) un (cm?2V-is1) p (cm)3
TO - - - : -
T400 44.1 0.03 48.89 2.92x10-3 125.0 5.13x1015
T500 2.61 9.00 16.98 0.48x103 353 3.07x1017
T600 3.08 0.94 3891 1.37x10-3 84.0 1.07x1017

By changing the selenization temperature and the
[Cu]/([Zn]+[Sn]) ratio, mobility values of Cu,ZnSnSe,
thin films were reported to range from 1.3-80.0 cm?V-
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151, 1t was reported by Kuo et al. that low Cu content is
responsible for low mobilities, while a higher
[Zn]+[Sn] ratio results in increased mobility values
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[25]. The mobility of Cu,ZnSnSe, thin films, reported
by other researchers to range from 1.57 to 39.72
cm?V~%s~! depending on the substrate temperature,
was explained by a decrease attributed to scattering
and structural imperfections [24]. By varying the
Cu/(Zn+Sn) composition ratio in the thin films,
mobility values of 1.7, 2.3, and 1.4 cm?V™is™? were
obtained for Cu/(Zn+Sn) ratios of 1.22, 1.00, and 0.82,
respectively [23].

The variation of Hall mobility with temperature for the
sample annealed at 400 °C is presented in Figure 8(a).
At low temperatures (between 20-80 K), the mobility
increases with temperature, and the linear variation
fits the relation u a 7399, which is attributed to ionized
impurity scattering as the primary scattering
mechanism. In the temperature region above 90 K, a
decrease in mobility with increasing temperature is
observed, consistent with y & T-%, indicating that polar
optical phonon (piezoelectric) scattering is the
dominant transport mechanism in this regime [45].
The variation of Hall mobility with temperature for the
T500 film is presented in Figure 8(b). In the low-
temperature region (20-50 K), the Hall mobility is
dominated by ionized impurity scattering with an
exponent of n=1.07. At higher temperatures for the
same sample, the mobility decreases with increasing
temperature, with n=-0.88, suggesting that hole
scattering is mainly attributed to acoustic phonon
scattering. The Hall mobility as a function of
temperature for the T600 film is shown in Figure 8(c).
In the low-temperature range (30-120 K), the Hall
mobility is dominated by neutral impurity scattering
with n=0.67, arising from unionized donors and
neutral defects. At temperatures above 220 K, a
decrease in mobility with n=-1.42 indicates that
acoustic phonon scattering is the predominant
conduction mechanism.

Room-temperature optical absorption measurements
were carried out for the thin films in the wavelength
range of 190-1100 nm. Generally, the dependence of
the absorption coefficient () on the incident photon
energy (hv) is described by the following equation
[46],

hv = A(hv — E))" 3)
where A denotes a coefficient associated with the
transition  probability, @ E;  represents  the
semiconductor band gap, and n is assigned values of
1/2 for direct transitions and 2 for indirect allowed
transitions.
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The linear behavior of the plot confirms the presence
of a direct transition [47]. Accordingly, the optical
band gap values were determined through linear
extension of the (ahv)? versus (hv) plot toward the
energy axis [48]. In Figure 9, the optical absorption
spectra of the T0, T400, T500, and T600 thin films are
presented in the form of (ahv)?2 versus (hv) plots, from
which the band gaps were obtained to be 1.98, 1.78,
1.35,and 1.65 eV, respectively. As illustrated in Figure
9, annealing leads to a decrease in the band gap values
of CZTSe thin films, with the lowest value obtained at
500 °C. This significant reduction in band gap at 500 °C
may be due to the increase in free carrier
concentration and the enhancement in the grain
morphology of the films. Similar behavior has also
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been reported for Cu,ZnSnSe, thin films deposited on
hot substrates [29]. Depending on the deposition
methods and conditions, band gaps were reported to
be around ~1.0 eV [28.,31.,49] and ~1.4-1.5 eV
[23.24.,36.,50] for Cu,ZnSnSe, thin films. Our results
are consistent with those obtained in previous studies
on co-evaporated [29] and pulsed laser deposited [24]
Cu,ZnSnSe, films.
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Figure 9. Optical absorption spectra of thin films

4, Conclusions

XRD, SEM, and Raman measurements confirmed that
Cu,ZnSnSe, thin films were successfully deposited
through thermal evaporation. The experimental
results demonstrated that the structural, electrical,
and optical properties of the samples are strongly
influenced by the annealing treatment. Because of the
extremely high resistivity of the as-grown film,
measurements could not be performed; however, a
considerable decrease in resistivity was observed
with annealing, reaching 2.61 2-cm at 500 °C. The p-
type conductivity of the annealed films was confirmed
through Hall effect measurements, with Hall mobility
values ranging from 84-125 cm?V-is1. The carrier
concentration was found to increase from 5.13x1015 to
3.07x1017 cm3 depending on the heat treatment.
Absorption studies revealed that the band gaps are
direct in nature and were determined to be 1.98, 1.78,
1.35, and 1.65eV for the as-grown and annealed
samples, respectively, with an absorption coefficient
of approximately 10° cm™. These band gap values,
which can be tuned by heat treatment, are aligned
with the optimum band gap required to achieve
maximum theoretical conversion efficiency. These
results suggest that polycrystalline CuzZnSnSes films
produced by the thermal evaporation method could be
a promising alternative for the absorber layer in solar
cell applications.
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