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A B S T R A C T

The temperature dependence (in range from 24 to 290 K) of Raman spectroscopy of the Cu2ZnSnSe4 (CZTSe)
films with Zn-rich (series A) and Zn-poor (series B) composition obtained on a Ta foil is investigated. Analisys
and approximation by the Lorentz function of the CZTSe Raman spectra suggests that the CZTSe most intense
Raman peak consists of two modes (at 192/189 and 194/195 cm−1), which are slightly shifted from each other.
In addition, the Raman peaks around 192 and 189 cm−1 lead to asymmetric broadening of dominant peaks at
194 and 195 cm−1 in Raman spectra of the CZTSe films series A and B, respectively. In the case of the Sn-rich
CZTSe films, we attribute of Raman peak around 189 cm−1 to SnSe2 compound. However in the case of the Sn-
poor CZTSe films, the observable shift is too high to assign confidently the 192 cm−1 band to a SnSe2 compound,
which was not detected by XRD analysis. We suppose that this mode is attributed to disordered kesterite
structure. The temperature dependence Raman spectra for both series of the CZTSe films shows that a change
temperature from 290 to 24 K leads to position shift and narrowing of the CZTSe Raman A-modes. The calculated
temperature coefficients and anharmonic constants in Klemens model approximations for temperature depen-
dence of shift position and FWHM of the CZTSe A-modes shown that four-phonon process has dominant con-
tribution in damping process and as a consequence in Raman spectrum changes for two series of the CZTSe films.

1. Introduction

Recently, semiconductor thin films obtained on flexible metal sub-
strates have been of great interest for use in solar cells (Salavei et al.,
2016; Chantana et al., 2018; Sim et al., 2018; Zhao et al., 2018; Yan
et al., 2019). The flexible metal substrates offer several advantages over
heavy breakable glass substrates, which require additional care and
significant support in the manufacture and installation of solar cells
based on them (Bojic et al., 2016; Kessler et al., 2005; Otte et al., 2006;
Pagliaro et al., 2008). Flexible metal substrates make it possible also to
apply solar cells to bendable surfaces, use them in Building Integrated
Photovoltaic (BIPV) and mobile applications, where weight is im-
portant etc. In addition, the use of low-cost flexible metal substrates can
help to reduce the cost of solar cells.

Today, the Cu2ZnSnSe4 (CZTSe) thin films are the most promising as
absorbing materials for flexible solar cells. Since the most effective thin-

film materials (Green et al., 2018), such as CuInxGa1– x(S,Se)2 (CIGSe)
and CdTe, have problems associated with the use of low abundance and
of toxic raw materials, that could limit the production and economic
stability of solar cells based on them. In contrast, the CZTSe thin films
consist of abundant and low-toxicity materials (Das et al., 2016). In
addition, this material has quite high coefficient of the optical ab-
sorption (104 cm−1) and nearly optimal band gap value for solar cells
application (~1.0 eV) (Das et al., 2016). The record efficiency of the
CZTSe solar cells on glass substrate is 11.7% (Tampo et al., 2019), while
efficiency of the CZTSe flexible solar cells is 6.48% (Sim and Yang,
2017) and 6.1% (Lopez-Marino et al., 2016) on Mo foil and stainless
steel (SS) foil substrates, respectively. At the same time, theoretical
efficiency of the CZTSe solar cells is about 30% (Shockley and Queisser,
1961). In addition, Ti (Kaigawa et al., 2015) and Ta foils (Stanchik
et al., 2019; Stanchik et al., 2018) were also used as substrates for the
CZTSe thin films.
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The highest efficiency of CZTSe solar cells is low compare with that
of theoretical value due to a large number of defects and/or disordering
inside CZTSe, as well as the presence of secondary phases. As was noted
by Yan et al. (2019), these defects and secondary phases lead to band
tailing in absorber and a large recombination occurring near the ab-
sorber and substrate interface, what is the main cause for open-circuit
voltage (Voc) and fill factor degradation in the CZT(S,Se) solar cells.
Therefore, the formation of secondary phases and defects in the CZTSe
films must be controlled. It is also worth noting that the highest per-
forming CZTSe solar cells are Cu-poor and Zn-rich (Chen et al., 2013).
Therefore, secondary phase/phases like ZnSe, SnSe, SnSe2, and CuSe,
should exist in the CZTSe thin films. However, it is very difficult to
identify the presence of these secondary phases by X-ray diffraction
(XRD). Besides, according to Chen et al. (2009), CZTSe crystallize
mainly in the kesterite or stannite crystalline structures, wherein kes-
terite is thermodynamically the most favourable structure (Maeda et al.,
2009). Another possible crystalline structure is disordered kesterite
(Lafond et al., 2012), where the Cu and Zn are randomly distributed
within the Cu/Zn lattice planes; the difference in binding energy be-
tween the kesterite and disordered kesterite structures is about 3 meV/
atom. Grossberg et al. (2014) has concluded that the transition from
kesterite to disordered kesterite structures can change the effective
band gap of the absorber, which in turn affects on the Voc of solar cells.
It is very difficult to distinguish between kesterite, stannite and dis-
ordered kesterite phases due to their similar XRD patterns.

Raman spectroscopy is one of those techniques which have immense
potential in the analysis of crystal structure. This method is extremely
sensitive to structural disorder, in this case defined as any kind of
modification of the crystalline structure of the material (i.e. stannite or
kesterite) and can distinguish other secondary phases in materials with
similar crystal structure. According to Dimitrievska et al. (2015, 2019),
presence of defects can lead to several types of changes in the Raman
spectra, depending on their type and concentration.

As known, Raman spectroscopy provides information regarding
optical modes of vibrations due to inelastic light scattering. Therefore,
this method is also a unique technique to study the temperature be-
haviour of materials (Wu et al., 2008), for example, thermal con-
ductivity, as thermal and electrical properties of the semiconductor thin
films are affected by anharmonic phonon-phonon interactions. The
change of position and linewidth of Raman peaks with respect to
temperature can provide fundamental knowledge regarding anharmo-
nicity of vibration (Sarswat et al., 2011). It is also worth noting that at
room temperature, the background noise caused by relatively high-
energy lattice vibrations makes it difficult to detect phonons (Singh
et al., 2014). Temperature dependence Raman investigations have al-
ready been reported for various photovoltaic semiconducting materials
including CZTS thin films (Sarswat et al., 2011; Singh et al., 2014), but
this area is still poorly investigated for the CZTSe thin films (Djemour
et al., 2013).

In this work, the temperature dependence of the Raman peaks po-
sition and FWHM for CZTSe films obtained on a flexible Ta substrate
was investigated in the temperature range of 24–290 K. These analyses
are essential for understanding the structural properties and phononic
behaviors of this absorbers obtained on metal substrates. But at the
present time, there are no experimental works to determine and analyze
anharmonic phonon properties of the CZTSe films using Raman

spectroscopy.

2. Experimental

2.1. Synthesis of the CZTSe thin films

The CZTSe thin films were produced by the three-stage process
(Gremenok et al., 2016; Gremenok et al., 2017). At the first stage, the
Cu/Sn/Zn precursors were obtained by sequential electrochemical de-
position on a Ta foil substrate in galvanostatic mode with the sequence
of Cu, Sn and Zn layers. At the second stage, preliminary annealing of
the electrodeposited Cu/Sn/Zn precursors in a tube furnace in an 95%
Ar + 5% H2 atmosphere at 350 °C during 30 min was carried out. Then
the Cu/Sn/Zn precursors were selenized in a home-made quartz con-
tainer (volume 12.5 cm3) with 5 mg of powdery Se under 1 bar of Ar gas
pressure. Selenization was performed at temperatures 580 °C during
30 min.

2.2. Characterization

The SEM characterisation of surface morphology, cross-sections,
and EDX analysis of the CZTSe thin films were carried out in a dual
beam system FE-SEM-FIB Helios Nanolab 650 (FEI Company) equipped
with an x-ray spectrometer X-Max (Oxford Instruments). Ultima IV X-
ray diffractometer with monochromatic CuKα radiation
(λ = 0.154078 nm) was used for phase analysis. Analysis of the phase
composition was performed with the use of the Crystallography Open
Database (COD) by «Match» software package. For the lattice para-
meters, crystallite size and microstrain of the CZTSe films we used the
Rietveld analysis, implemented in the «Material Analysis Using
Diffraction» («MAUD») software package (Lutterotti et al., 1999).

Raman spectra were obtained using confocal Raman spectrometer
Nanofinder HE at temperature 24–290 K with a spectral resolution
better than 0.7 cm−1. During these measurements, the sample was
studied in vacuum temperature-controlled cell (pressure less than
5 × 10−4 Pa, temperature setting accuracy of 0.05 K). The Raman
spectra were excited with a continuous solid laser emitting at a wave-
length of 532 nm with an optical power of 3.0 mW. The diameter of the
laser spot at the sample surface was ~1.5 μm.

3. Results and discussion

3.1. Composition and morphology

The elemental composition of the CZTSe thin films is represented in
Table 1. The ratios of Zn/Sn and Cu/(Zn + Sn) indicates a deficiency of
copper in the both series of CZTSe thin films, as well as an excess and
small deficiency of zinc in the CZTSe films series A and B, respectively.

The CZTSe thin films series A and B had very different surface
morphologies depending on elemental composition (Fig. 1). The mi-
crograph of the CZTSe film series A (Fig. 1a) shows two types of crys-
tals. The small crystals have a size of about 400 nm and the size of large
crystals is about one micron. In addition, there are few voids on the
surface of the CZTSe films series A, which are associated with the
material loss due evaporation of some volatile elements during the se-
lenization. The micrograph of the CZTSe film series B (Fig. 1b) shows

Table 1
The elemental composition and atomic ratios of the CZTSe thin films on a flexible Ta foil.

Series Atomic percent Ratio

Cu Zn Sn Se Zn/Sn Cu/Zn Cu/Sn Cu/(Zn + Sn) Se/metal

A 22.09 18.53 10.83 48.54 1.71 1.19 2.04 0.75 0.94
B 19.47 10.30 16.30 53.93 0.63 1.89 1.19 0.73 1.17
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densely packed with compact faceted grain structure. The thickness of
the CZTSe layer in the films of B series (Fig. 1a, insert) is slightly less,
than of the A series (Fig. 1b, insert).

3.2. X-ray diffraction

The XRD patterns of the CZTSe thin films with different elemental
composition are shown in Fig. 2. The XRD patterns of the both CZTSe
thin films showed the prevalence peak at 2θ = 27.12/27.16° of CZTSe
tetragonal phase (Card No.: 96-722-0527) with preferred orientation
[1 1 2]. In addition, there are reflections of Ta (Card No.: 00-004-0788)
and TaSe2 (Card No.: 00-065-3483) which is formed during the sele-
nization of the CZTSe films. Besides, both of the CZTSe thin films can
contain ZnSe and Cu2SnSe3 phases. But XRD-peaks of ZnSe and
Cu2SnSe3 phases overlap with the highest intensity peaks of CZTSe thus
their are difficult to distinguish by a conventional XRD technique. Ac-
cording to the quasi ternary phase diagram of CZTSe (Schorr et al.,
2020; Mousel et al., 2013), the total composition of the CZTSe films
series A is found to be Zn-rich located on the Cu-poor side of the ZnSe-
Cu2SnSe3-tie line, while the total composition of the CZTSe films series
B is found to lie in the Zn-rich and Sn-rich regions of the phase diagram.
In both cases, the compositions of the CZTSe films correspond to the
region of the phase diagram which assumes the coexistence of CZTSe,
SnSe2 and ZnSe phases. Nevertheless, it can be noted that ZnSe (Card
N.: 96-900-8858) phase should exist in the CZTSe thin films series A as
these films were Zn-rich, while the existence of the ZnSe phase in the

films of B series (Zn-poor) is unlikely (Just et al., 2016). At the same
time, the existence of SnSe2 phase in the films of A series (Sn-poor) is
unlikely, while its existence in the films of B series (Sn-rich) is possible.
Nevertheless, Drabavičius et al. (2020) found the existence of the ZnS
phase in the Zn-poor CZTS films by Raman spectroscopy using an ex-
citation wavelength of 325 nm. The Raman spectra revealed that the
Zn-rich CZTS films possessed the largest quantity of ZnS secondary
phase while the Zn-poor films possessed the lowest one.

According to Vauche et al. (2016b), the SnSe and SnSe2 secondary
phases can be detected at the surface of the CZTSe thin films by XRD.
The XRD peak around 31° indicates the presence of SnSe and/or SnSe2,
because this peak is the most intense XRD peak of SnSe and SnSe2 (Vora
et al., 2012; Yoo et al., 2013). Nevertheless, in our case this peak co-
incides or is very close to those of CZTSe and TaSe2, and can be at-
tributed to CZTSe and TaSe2 phases (Fig. 2b). Therefore, low intensity
reflections at 40.2, 58.2, 60.4, 61.06, 62.7, and 67.23° (Fig. 2b) which
can not be attributed to the CZTSe phase could point to the presence of
SnSe (Card No.: 03-065-3811) and/or SnSe2 (Card No.: 00-023-0602).
According to Vauche et al. (2016a), characteristic SnSe and/or SnSe2
grains are observed on surfaces of many CZTSe thin films with Sn-rich
and Cu-poor composition (i.e., when ratios of Zn/Sn < 1) which ex-
plains the formation of the faceted grain structure of the CZTSe films
series B with hightly Sn-rich composition (Fig. 1b). Thus, it can be
suggested that such phases as SnSe or/and SnSe2 exist in the CZTSe
films series B.

It should be noted that the TaSe2 layer in the CZTSe films series B is
much more thicker than of the A series (Fig. 1). According to Yao et al.
(2016), the MoSe2 layer forms at the CZTSe/Mo interface when the
metal precursor of the CZTSe films contains excess Sn and the SnSe- or/
and SnSe2-containing phase in the CZTSe thin films may have catalyzed
the formation of MoSe2 layer. Taking this into consideration, it can be
concluded that the TaSe2 layer have similar formation features at the
CZTSe/Ta interface in the CZTSe thin films depending on the Sn con-
tent.

The determined values of lattice parameters, coherent scattering
region (D), microstrain (ε), and dislocation density (δ) by «MAUD»
software package are shown in Table 2. As can be seen, the resulting
volume of the CZTSe is a slightly larger than the theoretical one. The
CZTSe films of A series have a volumetric expansion of up to 0.44%
while the CZTSe films of B series have a volumetric expansion of up to
0.33%. It is known that the CZTSe can crystallize into the kesterite or
stannite structure, and the partially disordered kesterite, which can lead
to a volumetric expansion of up to 0.3% (Schorr, 2007) mainly by the
increase of c (Marquez et al., 2016). The FWHM of the CZTSe 112 peak
increases with decrease in Zn/Sn ratio. Such change indicates an im-
provement in the crystallinity of the CZTSe films series A, which is
consistent with the increase in grain size.

The dislocation density of the CZTSe thin films was determined from
the following relation (Henry et al., 2018):

Fig. 1. Top view SEM images of the CZTSe thin films series A (a) and B (b) on a Ta foil substrate. Insert to (a, b) shows the typical cross-sectional image of the CZTSe
thin films series A and B. The CZTSe thin films series A and B were Cu-poor, Sn-poor, Zn-rich and Cu-poor, Sn-rich, Zn-poor, respectively.

Fig. 2. The XRD patterns of the CZTSe thin films series A (a) and B (b) on a Ta
foil substrate. The CZTSe thin films series A and B were Cu-poor, Sn-poor, Zn-
rich and Cu-poor, Sn-rich, Zn-poor, respectively.
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=δ D1/ .2 (1)

As can be seen, the CZTSe thin film series B had higher values of
dislocation density and microstrain than the CZTSe film series A
(Table 2). The decrease of the values of strain and dislocation density
was attributed to changes of the crystallite size and with increase of the
film thickness. It is known that a number of sources can cause micro-
strain in crystallites: dislocation (most important source), vacancies,
shear planes etc. (Lifshin, 2008).

3.3. Raman spectroscopy

The Raman spectra of the CZTSe thin films series A and B measured
at different temperatures are shown in Figs. 3 and 4, respectively. The
Raman spectra of the both series of the CZTSe films are very similar.
The Raman peaks around 79/80, 170/171, 194/195, 221, 232/231,
and 242 cm−1 belong to the E (TO LO) mode, A mode (labelled as A1A/
A1B), A mode (labelled as A2A/A2B), A mode, E (TO LO), and B (TO LO)
mode of the CZTSe with the kesterite structure (Gürel et al., 2011;
Khare et al., 2012), respectively. Signal around near 250 cm−1

(FWHM = 5.38/4.15 cm−1) belonging to the ZnSe cubic (Salome et al.,
2014) is found in the Raman spectra of the CZTSe films series A and B.
Besides, the Raman peak at 209 cm−1 (FWHM = 2.72 cm−1) was
observed in the Raman spectra of the films B series (Fig. 4d), which
corresponds to the ZnSe cubic too (Salome et al., 2014). The ratios of
intensity Raman paek at 250 cm−1 to the dominant Raman peak at
194/195 cm−1 for the CZTSe films series A and B are ~10 and ~29,
respectively. The low intensity of the detected Raman peaks at
250 cm−1 compared to dominant Raman peak of the CZTSe is appar-
ently associated with weak contribution of this mode under standard
Raman scattering conditions (514–532 nm) (Dimitrievska et al., 2019)
and/or with the low overall amount of ZnSe formed on the surface of
the CZTSe films investigated. For example, Fairbrother et al. (2014)
found a Raman peak at 248–250 cm−1 with low intensity on the Raman
spectra of Zn-rich CZTSe films using excitation wavelength of a 514 nm.
This peak was assigned to ZnSe phase, what is confirmed by Raman
scattering measurements performed with a 457.9 nm excitation wave-
length (this wavelength corresponds to resonant excitation conditions
for this compound). In our earlier work (Stanchik et al., 2019), it was
established using SIMS that the ZnSe secondary phase in the Zn-rich
CZTSe films is formed on the back side of the films. It explains the weak
intensity of Raman peaks from ZnSe in the Raman spectra. It should be
noted that the inclusions of ZnSe grains on the back of the absorbers
(CZTSe film) does not affect the efficiency of solar cells, as it can be
expected from the ZnSe layer or its inclusion grains on the surface of the
absorbers (Hsu et al., 2013; Bishop et al., 2013). In the Raman spectra
of the CZTSe thin films series B with Zn/Sn < 1 a signal around 68 and
129 cm−1 belonging to the SnSe orthorhombic (Salome et al., 2014)
was not detected. No spectroscopic evidence for presence of TaSe2
phase was obtained in the Raman spectra of the both CZTSe thin films
(Hajiyev et al., 2013).

It can be seen from the Raman spectra of the both CZTSe thin films
(Figs. 3 and 4) that in all cases the dominant Raman peak of the CZTSe
is asymmetrically broadened towards the smaller Raman shift. The use

of two Lorentzian curves in our cases shows good quality of the fit for
dominant Raman peak of the CZTSe and fit his the asymmetry (Figs. 3c
and 4c). This results gives evidence that two modes at 192/189 cm−1

(FWHM = 8.15/8.99 cm−1) and 194/195 cm−1 (FWHM = 4.19/
5.14 cm−1) are present in the our spectra of the CZTSe films series A
and B, but with an diverse intensity depending on elemental composi-
tion.

A similar asymmetrically broadening dominant Raman peak of the
CZTSe was observed in few works (Khare et al., 2012; Djemour et al.,
2013; Juskenas et al., 2016; Rey et al., 2014; Schelhas et al., 2017). For

Table 2
The lattice parameters, full-width at half-maximum (FWHM) of 112 main peak, coherent scattering region (D), dislocation density (δ), and microstrain (ε) of the
CZTSe thin films series A and B on a Ta foil substrate.

Series The lattice parameters of CZTSe FWHM (1 1 2) D, nm δ ε

a, Å c, Å V

A 5.699 ± 0.001 11.345 ± 0.003 368.470 0.14359 12.248 ± 1.566 0.007 0.0015 ± 0.0001
B 5.691 ± 0.002 11.364 ± 0.005 368.051 0.35216 1.707 ± 0.136 0.343 0.0028 ± 0.0001

The theoretical data 5.6882 11.3378 366.842 – – – –
(Card N.: 96-153-1983)

Fig. 3. Raman spectra of the CZTSe thin films series A on a Ta foil in the
temperature range of 24–290 K (a). The inserts (b) and (c) present fragments of
the Raman spectra in the wavenumber region of 159–205 cm−1, and fragments
of the Raman spectra approximated by the Lorentz function in the the wave-
number region of 59–295 cm−1, respectively. The green line (c) shows the sum
of the fits. All Raman spectra are measured with a 532 nm excitation wave-
length. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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example Djemour et al. (2013) found what a inhomogeneous laser
heating affects does not cause the asymmetrical broadening dominant
Raman peak of the CZTSe in the CZTSe thin films. Moreover, Djemour
et al. (2013) noted that if the contribution of the low intense peak near
dominant Raman peak of the CZTSe can be clearly discerned, then the
peak shape in Raman spectrum of the CZTSe films, where it does not
occur is clearly due to broadening and not due of second line. However,
the assignment of this second line is not obvious. Nevertheless, ac-
cording to Khare et al. (2012), Fontane et al. (2012), Djemour et al.
(2013), and Dimitrievska et al. (2014) this second line is associated to a
different crystal modification (like, stannite and Cu-Au ordering) or the
phonon confinement effects because of the presence of lattice defects in
the scattering volume (for example, disordered kesterite). In addition, a
similar broadening and shift towards greater Raman shift of the CZTSe
dominant Raman peak was observed at studying the structural transi-
tion in the cation sublattice of CZTSe (i.e., transitioning from dis-
ordered to ordered kesterite) by Rey et al. (2014) and Schelhas et al.
(2017). Nevertheless, the existence of this second line at dominant
Raman peak of the CZTSe is not discussed in these works, but it has
been established that the disordered keserite leads to asymmetric
broadening and shift of peak towards greater Raman shift.

So, combining the above results, the asymmetric broadening
dominant Raman peak of the CZTSe for the CZTSe films series A and B

occurs due to the contribution the second line at 192 and 189 cm−1,
respectively. However, the signals at 192 and 189 cm−1 are possibly
associated with SnSe2 (hexagonal) and/or polycrystalline Cu2SnSe3,
which are characterized by the most intense Raman peak at 185 and
180 cm−1, respectively. For example, Juskenas et al. (2016) suggested
that the detected signal at 189 cm−1 is associated different crystal
modification (stannite) or disordered kesterite, since the observed shift
between 189 and 185 (SnSe2) or 180 cm−1 (Cu2SnSe3) is too large to
confidently assign a signal at 189 cm−1 phases of SnSe2 or Cu2SnSe3.
Nevertheless, Vauche et al. (2016b) has report, wherein the detected
Raman signal around 188 cm−1 is attributed to SnSe/SnSe2 phase, at
the same time this phase was detected using X-ray analysis in the in-
vestigated samples. According to Vauche et al. (2016b), signal around
188 cm−1 disappear on the Raman spectra after (NH4)2S etching, which
is used to remove Sn-Se phases from surface of the CZTSe thin films. In
addition, the Sn-Se secondary phases are not detected by X-ray analysis
in samples after etching. Therefore, Vauche et al. (2016b) confidently
attributed the signal around 188 cm−1 to the SnSe/SnSe2 phase. Thus,
in the first case, the second line at 192 cm−1 is possibly associated with
disordered kesterite crystalline structure or phonon confinement ef-
fects, due to the large discrepancy in the position of the Raman peak
from SnSe2. On contrary, in the second case, the line at 189 cm−1 be-
longs to SnSe2, which was detected by X-ray analysis. This result in-
dicates that SnSe2 exists in the CZTSe thin films of B series.

According to Lafond et al. (2012) and Valle-Rios et al. (2016), defect
complex [2ZnCu + ZnSn] is expected in compositional range of the
CZTSe films series A, while defect complex [2VCu + SnZn] or
[SnCu + VCu + VZn] is expected in compositional range of the CZTSe
films series B. As it was shown by Scragg et al. (2015) and Schorr et al.
(2020), high concentration of defects [CuZn + ZnCu] is the result of the
disordering of Cu and Zn in the Cu-Zn layer of CZTSe kesterite. On
contrary, the presence of SnZn point defects lead to appearance of an
additional SnSe-like contribution around the 185 cm−1 frequency re-
gion. This is consistent with our assumptions of the second line at 192
and 189 cm−1.

In the presented Figs. 3c and 4c, it is seen that a change in the
intensitiy of the Raman peaks at 170/171 cm−1 and of the
234–250 cm−1 spectral region (related to the contribution of 232, 242
and 250 cm−1 Raman modes) observed depending on the elemental
composition of the CZTSe films. According to Márquez-Prieto et al.
(2015) the intensity ratio of two dominant Raman peaks of the CZTSe is
very sensitive to the Cu content in the CZTSe thin films, particularly
when there was Cu deficit (Cu/(Zn + Sn) < 1). In our case, the in-
tensity ratios of the modes A1A to A2A and A1B to A2B for the CZTSe films
series A and B are ~2.7 and ~3.1, respectively, and do not change
basically with decreasing temperature. As can be seen, an intensity ratio
of the CZTSe modes for the films of B series is slightly larger compared
to A series, since the ratio Cu/(Zn + Sn) for the CZTSe films series B is
slightly smaller than for the A series (Table 2). Furthermore, an increase
in relative intensity of peak around 170/171 cm−1 in Raman spectra for
the CZTSe films of B series compared to A series (Table 1) is observed.
According to Mortazavi Amiri and Postnikov (2010), the broad Raman
peak at 170/171 cm−1 (A1A/A1B) due to the convolution of two A
modes and two B modes which include Se vibrations and Cu/Zn and
Cu/Sn atomic plane vibrations, while the peak at 194/195 cm−1 (A2A/
A2B) involves purely Se anion vibrations. Since the A-modes correspond
to only Se vibrations, no changes in their intensity are expected with
changes in cation composition. Accordind to Chen et al. (2013), this
change is possibly due to an increase in the concentration of a cluster
defects [VCu + ZnCu], which present in the Cu-poor CZTSe films and do
not affected by the B-type defect cluster concentration
([2ZnCu + ZnSn]). Moreover, Dimitrievska et al. (2019) suggested that
increasing concentration of VCu lead to an increased area of Raman
peak at 176 cm−1, while an increase of ZnCu defects have a residual
influence on the area of the peak. Thus, considering that composition of
the CZTSe thin films series A corresponds to the B-type line with most

Fig. 4. Raman spectra of the CZTSe thin films series B on a Ta foil in the
temperature range of of 24–290 K (a). The inserts (b), (c), and (d) present
fragments of the Raman spectra in the wavenumber region of 159–210 cm−1,
fragments of the Raman spectra approximated by the Lorentz function in the
the wavenumber region of 63–261 cm−1, and 160–260 cm−1, respectively. The
green line (c, d) shows the sum of the fits. All Raman spectra are measured with
a 532 nm excitation wavelength. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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expected [2ZnCu + ZnSn] defect complexes (Lafond et al., 2012), while
composition of the CZTSe thin films series B corresponds to the E-type
line with most expected [2VCu + SnZn] or [SnCu + VCu + VZn] defect
complexes (Valle-Rios et al., 2016). It can be concluded that with a
decrease in Cu content and concomitant increase of VCu defects in the
CZTSe films series B compared to series A lead to increases in overall
relative intensity of the B-symmetry mode at 170/171 cm−1.

As can be seen, the relative intensity of the Raman peak at
250 cm−1 increases with increasing Zn content in the CZTSe thin films.
The observed change in intensity of the mode at 250 cm−1 of the CZTSe
films is difficult to study due to the contribution of the mode at
242 cm−1 (Dimitrievska et al. 2019). Nevertheless, accordind to
Dimitrievska et al. (2015) this can be associated with an increase in
density of VCu and ZnSn point defects, which lead to an increase in the
number of Zn-Se bonds and to transformation of the -Sn-Se-Cu-Se-Sn
vibrational chains into -ZnSn-Se-Cu-Se-ZnSn-, respectively, for which
vibrations is expected in the 250 cm−1 region. However, the ZnSn and
VCu point defects are present in the CZTSe films of A and B series. In the
later work, Dimitrievska et al. (2019) suggested that the Raman peak at
250 cm−1 is mostly related to vibrations of the Sn atoms with a possible
contribution from vibrations of Zn atoms. This means that the intensity
of the Raman mode ZnSe depends on the content of Zn and Sn in the
CZTSe films and further research is needed.

3.4. Temperature dependence of Raman shift and linewidth

The temperature change from 290 to 24 K leads to a shift of peaks
position towards greater Raman shift (Figs. 3 and 4) and their nar-
rowing in linewidth (FWHM). For a detailed analysis of the Raman
spectra obtained at different temperatures, we focus on the two Raman
modes with A-symmetry labelled as A1A/A1B and A2A/A2B (Figs. 3 and 4
insert b). The shift of A1A/A1B and A2A/A2B Raman modes were 3.6/
4.1 cm−1 and 2.8/3.0 cm−1, respectively. The narrowing of FWHM of
A1A/A1B and A2A/A2B Raman modes were 6.3/4.4 cm−1 and 1.1/
1.5 cm−1, respectively.

The temperature dependence of shift position and FWHM for two
Raman CZTSe modes were studied by the approximation with linear
model and Klemens model equations presented below. According to the
linear model the temperature dependence of shift position and FWHM
of Raman modes can be described with the Eqs. (2) and (3) (Lu et al.,
2018). The fit of Eqs. (2) and (3) to experimental data is shown in
Figs. 5 and 6.

= +ω T ω χ T( ) · ,RS0 (2)

= +T χ TΓ( ) Γ · ,FWHM0 (3)

where ω0 is the optical phonon frequency at 0 K, Γ0 is FWHM for Raman

modes at 0 K, χRS and χFWHM are temperature coefficients of shift po-
sition and FWHM, respectively. The values of ω0 and Γ0 were obtained
by extrapolation of ω(T) and Γ(T) to T = 0 K, respectively (Figs. 5 and
6).

The calculated temperature coefficients for Raman modes A-sym-
metrical of the CZTSe are presented in Table 3. The results of linear
approximation of shift position and FWHM temperature dependence
show that χRS and χFWHM for A1A/A1B modes are little bigger than for
A2A/A2B one. This indicates that the the four-phonon is the dominant
damping process. In addition the results obtained shows that a shift
position and FWHM of Raman modes A-modes for CZTSe with tem-
perature is due to of their negative and positive temperature coeffi-
cients, respectively.

It is interesting to note that the χRS for both series of the CZTSe thin
films are close, while the χFWHM for the CZTSe films series A compared
to series B is roughly 1.7 times larger. The origin of such a change in the
χFWHM is not entirely clear and requires further research. It is possibly
the result of affected more significantly by the defects; it can change the
physical properties of the material and as the result the alteration of
pure temperature and volumetric effects.

It is widely known that two effects influence the temperature de-
pendence of Raman spectrum: the thermal expansion and the anhar-
monic coupling to phonons of other branches (Wang et al., 2008). Ty-
pical Klemens model takes into account both phonon-phonon
interactions and thermal expansion of the film and substrate (Wang
et al., 2008). In our work, the second factor was not taken into account
since the layer of the CZTSe thin films is rather thick (about 1 μm,
Fig. 1). For example, such calculations were already done for graphene
(Kolesov et al., 2019), molybdenum disulfide (Najmaei et al., 2013),
and germanium selenide (Deringer et al., 2014).

To describe temperature dependence of shift position ω(T) and
FWHM Γ(T) of Raman modes A- symmetrical for the CZTSe films in
Klemens model, we used Eqs. (4) and (5), respectively (Deringer et al.,
2014; Taube et al., 2016).

= + + − + + − + −

ω T

ω A B

( )

·[1 2/(expx 1)] ·[1 3/(expy 1) 3/(expy 1) ],0
2

(4)

= + + − + + − + −

T

C D

Γ( )

Γ ·[1 2/(expx 1)] ·[1 3/(expy 1) 3/(expy 1) ],0
2

(5)

where ω0 and Γ0 are the energy of optical phonon and FWHM at
T = 0 K, respectively; x = ħω/2kBT, y = ħω/3kBT, where ħ is the
Planck constant, ω is the frequency, kB is is the Boltzmann constant,
where A, C and B, D are anharmonic constants related to three- and
four-phonon processes, respectively.

Fig. 5. Linear (dash red line) and Klemens model (green curve) approximations for temperature dependence of shift position and FWHM of A1A (a) and A2A (b) modes
for Raman spectra of the CZTSe thin films series A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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The Klemens model approximations of ω(T) and Γ(T) for Raman A-
modes of the CZTSe thin films series A and B are presented on Figs. 5
and 6 (green curve), respectively. It was revealed that temperature
dependence of shift position and FWHM for Raman A-modes of the both
films series have non-linear character as these dependence are better
approximated with Klemens model than with linear one. Moreover, the
approximation curve fits well to experimental data, thus confirming
that anharmonic phonon-phonon interactions were responsible for the
temperature dependence of the CZTSe films Raman spectra.

The calculated values of A, B, C and D coefficients in Klemens model
are presented in Table 4. In all cases, the values of the A and D an-
harmonic coefficients are smaller than B and C, respectively, thus
confirming that the four-phonon process has dominant contribution in
damping process and is the main factor responsible for the observed
shift position and linewidth variation (FWHM) of Raman modes. For
example, Sarswat et al. (2011) also found that the four-phonon process
is responsible for the shift position and linewidth of Raman A-mode for
kesterite CZTS films.

It is interesting to note that the C and D anharmonic constants are
greater for the CZTSe films of series A compared to series B. A similar
behavior was observed for temperature coefficients χRS and χFWHM

(Table 3) of Raman A-modes of the CZTSe depending on the composi-
tion. Therefore, we assume that there is a dependence of both

temperature coefficients and angoramanic constants on the elemental
composition of the CZTSe thin films and that requires additional re-
search.

4. Conclusions

In this work, the temperature dependence of Raman spectra for the
CZTSe thin films with Zn-rich, Sn-poor (series A) and Zn-poor, Sn-rich
(series B) compositions is studied in the temperature range of 290–24 K.
The CZTSe thin films were produced on flexible Ta foils by a three-stage
process. X-ray phases analysis of the CZTSe thin films shows the pre-
sence of CZTSe basic phase. The existence of ZnSe phase in the both
CZTSe films was confirmed by Raman spectroscopy. In addition, the
SnSe2 phase was detected in the CZTSe films series B using the X-ray
and Raman spectroscopy. It is found that the CZTSe thin films have
kesterite or disordered kesterite structure with the lattice parameters
close to the theoretical values. In all Raman spectra of the CZTSe films,
the dominant Raman peak of the CZTSe is asymmetrically broadened
due to the second line. In the Zn-rich CZTSe films, the existence of the
second line is attributed to disordered kesterite structure; on contrary,
for the Sn-rich CZTSe films, the second line is attributed to the SnSe2
phase, which was detected by X-ray analysis too. A change in the in-
tensitiy of the Raman peaks at 170/171 cm−1 and in spectral region of
the 234–250 cm−1 for the CZTSe films series A and B are due to the
formation of cluster defects depending on the elemental composition of
the films. Temperature change from 290 to 24 K leads to a shift of the
Raman peaks towards the greater Raman shift and a narrowing in the
linewidth (FWHM). It was established that the four-phonon process is
the main factor responsible of the observed changes in the Raman
spectra of the CZTSe thin films. Dependence of temperature coefficients
and anharmonic constants on the elemental composition of the CZTSe
thin films has been suggested.
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Fig. 6. Linear (dash red line) and Klemens model (green curve) approximations for temperature dependence of shift position and FWHM of A1A (a) and A2A (b) modes
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Table 3
The calculated values of ω0 and Γ0, as well as temperature coefficients of shift
position (χRS) and FWHM (χFWHM) for A1A/A1B and A2A/A2B Raman A-modes of
the CZTSe thin films.

Series of the
CZTSe films

Mode ω0, cm−1 Γ0, cm−1 χRS, cm−1/K χFWHM,
cm−1/K

A A1A 174.5 7.5 −0.014 0.031
A2A 197.9 3.0 −0.013 0.008

B A1B 175.8 6.4 −0.015 0.018
A2B 198.6 2.3 −0.010 0.005

Table 4
The calculated values of A, B, C and D coefficients in Klemens model approx-
imations for temperature dependence of shift position and FWHM of the Raman
modes for the CZTSe thin films.

Series of the CZTSe thin
films

Mode A, cm−1 B, cm−1 C, cm−1 D, cm−1

A A1A 2.762 −3.947 0.653 −0.007
A2A 3.668 −4.936 0.068 −2.817 · 10-4

B A1B 3.471 −4.414 0.276 −0.002
A2B 3.729 −4.274 −0.001 −2.727 · 10-4
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