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Abstract: We investigate CZTSe films by polarization dependent Raman 
spectroscopy. The main peaks at 170 cm−1, and 195 cm−1 are found to have 
A symmetry. The Raman signal at 170 cm−1 is found to be composed of two 
modes at 168 cm−1 and 172 cm−1. We attribute these three Raman peaks to 
the three A symmetry modes predicted for kesterite ordered Cu2ZnSnSe4. 
The main Raman peak is asymmetrically broadened towards lower 
energies. Possible sources of the broadening are tested through temperature 
and depth dependent measurements. The broadening is attributed to phonon 
confinement effects related to the presence of lattice defects. 
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1. Introduction 

Kesterite materials (Cu2ZnSnSe4 and Cu2ZnSnS4) have recently found increased interest as 
absorbers in thin film solar cells [1, 2]. In this paper we will concentrate on the selenide 
Cu2ZnSnSe4 (CZTSe) compound. This is motivated on the one hand by the record efficiencies 
in these technologies which have been achieved in Se rich pentanary compounds (11.1% [3]) 
on the other hand by the consideration that quaternary pure selenide or sulfide systems are 
easier to study. 

Raman spectroscopy is an optical non-contact and non-destructive characterization 
technique often used to monitor the phases present and their crystal qualities [4]. The phonon 
energies probed in Raman spectroscopy are strain and composition dependent making it an 
ideal technique for thin film solar cell absorber characterisation [4, 5]. Raman spectroscopy 
probes optical phonons at the Γ point by measuring the energy of inelastically scattered laser 
light. Due to momentum conservation, Raman spectroscopy usually probes the k = 0 phonons. 
In this contribution, polarization Raman measurements are performed to assign symmetries to 
the observed phonon modes. Additionally, micro Raman measurements were done at different 
depths in the absorber. The main mode measured shows an asymmetry towards lower 
energies. The effects leading to this asymmetry are discussed leaving the phonon confinement 
model as the most likely explanation. 

#186930 - $15.00 USD Received 12 Mar 2013; revised 24 May 2013; accepted 28 May 2013; published 17 Jun 2013
(C) 2013 OSA 1 July 2013 | Vol. 21,  No. S4 | DOI:10.1364/OE.21.00A695 | OPTICS EXPRESS  A696



2. Sample preparation & Raman measurements 

CZTSe absorbers with power conversion efficiencies of up to 6.2% were prepared via co-
evaporation of Cu, Zn, Sn and Se on molybdenum coated soda lime glass in a molecular beam 
epitaxy system at 320°C. The samples have been post annealed in a graphite box at 500°C in 
a tube furnace. In order to prevent the decomposition of the material, excess Se and SnSe 
powders were provided. Further details of sample preparation are found in [6]. 

Micro Raman (µRaman) measurements were made at different depths in the absorber. The 
depth resolution was achieved by sputtering craters to different depths. The sputter damaged 
layer was etched away with bromine methanol for 15s (0.02M). The μRaman measurements 
were performed in a home built confocal setup equipped with a liquid helium cooled cryostat. 
The laser excitation spot size is estimated to be a micrometer in diameter. The excitation 
source is an Argon ion laser that can be equipped with an etalon to provide a single laser line. 
The resolution of the setup is estimated by measuring the single laser line full width half max; 
we obtain a FWHM of 3.2 cm−1. The same FWHM was found by measuring the narrow lines 
of sulphur reported at 214.4 cm−1 and 218 cm−1 in the literature [7]: the two lines were 
observed separately with an individual FWHM of 3.2 cm−1. 

The spectra shown here are integrated 5 μm long line scans taken at an excitation laser 
power of about 2.5 mW. This setup is equipped with an additional light microscope enabling 
the user to monitor the exact spot measured by Raman spectroscopy. The polarized macro 
Raman measurements were performed on a T64000 Horiba Jobin-Yvon spectrometer. 
Polarization dependent measurements were done under different parallel (h z|xx|z i) and 
perpendicular (h z|xy|z i) [6] polarization configurations. A spot size of 100 μm was chosen to 
ensure the excitation of a high number of randomly orientated microcrystalline grains. In 
order to minimise the presence of thermal effects in the spectra, the excitation power on the 
sample surface was kept below 10 mW. All Raman measurements were performed with an 
excitation wavelength of 514.5 nm. 

3. Literature review of phonon calculations 

In CZTSe, a number of crystal structures with different band gaps are possible. The most 
probable ones according to calculations by various methods are kesterite and stannite [8, 9] 
[10]. All recent calculations, no matter what method used, agree that the binding energy is 
lower by a few millielectron volts per atom for the stannite compared with the kesterite [1]. 
For these crystal structures, the number of possible phonons and their symmetries are given 
by group theoretical analysis of the space group. The zone centre phonon representation for 

the kesterite structure (space group: I 4) is: Γ = 3A + 6B + 6E. All these 15 phonon modes 
are Raman active modes [11, 12]. For the stannite structure the zone centre phonon 

representation (space group:  I 42m) is: Γ = 2A1 + A2 + 2B1 + 4B2 + 6E . Of these 15 modes 
only the A2 mode is not Raman active [11, 12]. The difference between these zone centre 
phonon representations is the number of A symmetry modes i.e. three Raman active A 
symmetry modes for kesterite and two A1 symmetry Raman active modes for stannite. This is 
therefore a possible distinction tool between kesterite and stannite. The energies of the 
corresponding zone centre phonons have been calculated by DFT. 

Both DFT calculations and experimentally acquired A/A1 symmetry Γ point phonon 
energies are summarized in Table 1. The exact values of the calculated phonon energies differ 
but for the kesterite structure Amiri et al. [13] and Gürel et al. [14] agree that the two modes 
with the highest energy are separated by around 11 cm−1. While Khare et al. [15] and Gürel et 
al. [14] agree that the two lower energy A modes are separated by around 4 cm−1. The two 
stannite A modes are separated by 15 cm−1 to 28 cm−1 depending on the reference. 
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Table 1. Summary of DFT and experimentally acquired Raman active A symmetry mode 
energies (in cm−1) for CZTSe 

Kesterite - calculated Stannite - calculated Experimental 

symmetry references symmetry references references 

 [14]  [13]  [15] [14] [13] [15]  [16] [17] [18] (this work) 

A 196.2 203 213.1 A1 194.6 203 213.8 196 196 194 195 

A 183.6 192 193 A1 180 175 184.5 173 173 171 171 

A 181 178 188.1 167 168 

In Raman spectroscopy an asymmetric broadening of the main peak is often observed 
which can be explained by two types of effects: those leading to an asymmetry by themselves 
like the confinement of the phonons by lattice defects or small crystallites, and effects that 
lead to a shift of the Raman mode energies and therefore need to be present in an asymmetric 
distribution in the probing volume. These effects are inhomogeneous laser heating [19, 20] 
[21], a distribution of defects or nanocrystallite sizes, a strain distribution [22], and 
composition gradients [16]. 

The Phonon Confinement Model (PCM) [23, 24] describes the relaxation of the q-
conservation rule by the confinement of phonons to small crystallites or small coherent 
volumes limited by lattice defects, even point defects, which break the translational 
symmetry. In this case, the correlation length model gives an estimation of the average 
distance between defects in the scattering volume (for further details see chapter 14 of [4]). 
Confinement in real space is leading to a relaxation in reciprocal space i.e. the activation of 
non-centre phonons. The symmetry of the broadening of the Raman modes depends on the 
phonon density of states around the Γ point which is given by the dispersion relation of the 
considered mode around the Γ point. For example a maximum in the dispersion relation leads 
to asymmetric contributions at lower energies. 

4. Raman spectroscopy of CZTSe 

Figure 1 shows an overview of the CZTSe related Raman modes. The measured Raman 
spectra of our CZTSe samples are composed of 7 modes. The three main ones are at 168 
cm−1, 171 cm−1 and 195 cm−1 and weaker modes at (51, 77, 231 & 244) cm−1. The Raman 
signal in the energy range of 170 cm−1 is often discussed in literature as one mode even if the 
signal often suggests a second mode (see Table 1). This is strongly supported by the higher 
Full Width at Half Maximum (FWHM) of this peak that is about twice that of the main peak 
at 195 cm−1. Figure 2 shows a micro Raman measurement restricted to the energy range 145-
220 cm−1. The fit clearly shows that the broader Raman signal at 170 cm−1 spectral region is 
composed of two Raman peaks at 168 cm−1 (5 cm−1 FWHM) and 172 cm−1 (6 cm−1 FWHM). 
The FWHM of these modes is then comparable to the one of the main peak at 195 cm−1 (4 
cm−1 FWHM). 

Figure 1 further shows polarization dependent measurements: the relative intensity of the 
main modes at 168-172 cm−1 and 195 cm−1 to the other weaker modes changes with the 
polarisation. 

The polarization measurements are done on polycrystalline films, i.e. on randomly 
oriented crystals. There is not necessarily a need to measure on single crystals for the 
identification of the fully symmetric A modes. In the case of the kesterite crystalline structure 

(space group  I 4) the intensity of the modes with A symmetry decreases when the spectra are 
measured in perpendicular configuration in relation to the values obtained when working in 
parallel configuration. This results from the structure of the Raman tensor of A symmetry 
modes, where all elements away from the diagonal are zero. On the other hand, the intensity 
of E symmetry modes increases when working in perpendicular configuration. In the case of 

#186930 - $15.00 USD Received 12 Mar 2013; revised 24 May 2013; accepted 28 May 2013; published 17 Jun 2013
(C) 2013 OSA 1 July 2013 | Vol. 21,  No. S4 | DOI:10.1364/OE.21.00A695 | OPTICS EXPRESS  A698



B symmetry modes, in principle both behaviors (decrease or increase of intensity of modes) 
can take place. However, previous polarization measurements performed on polycrystalline 
powder Cu2ZnSnS4 kesterite samples (which is a very similar compound with the same 
crystal structure) show that only A symmetry modes decrease when moving from 
perpendicular to parallel configuration [25] which is consistent with the results from 
Dumcenco et. al. [26]. This strongly supports the identification of the modes with decreasing 
intensity in perpendicular configuration with A symmetry modes. 

No change in shape is observed for the modes at 168 cm−1 and 172 cm−1 when 
normalizing the polarization dependent measurements as seen in the inset in Fig. 1. The 
proposed two modes thus have the same polarization dependent behaviour, and therefore are 
both A symmetry modes. We propose that these three A symmetry modes are the three 
kesterite CZTSe modes since the mode energies are in accordance with the DFT calculations 
predicting one A mode of higher energy and two A modes of lower energy only separated by 
a few cm−1 (see Table 1). 

 

Fig. 1. Raman spectra from CZTSe absorber taken under parallel (black) and perpendicular 
(red) polarization configurations. Inset shows normalized spectra in the energy range 150-
180cm−1. 

 

Fig. 2. Micro Raman spectrum of CZTSe absorber restricted to the spectral area of 145-220 
cm−1 (black). The main mode at 195cm−1 is fitted with two lorentzians(a)) or an asymmetrically 
broadened lorentzian(b)) (blue). The residual is plotted red. The other modes at 168, 172 cm−1 
are fitted with two lorentzians (grey line).The green line shows the sum of the fits. 

Looking closer at the Raman spectra, one sees that the main Raman peak at (195 cm−1) is 
asymmetrically broadened towards lower energies. The best fit was achieved using a 
broadened Lorentzian of the form [27, 28]: 
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with the parameters: 0ω = 195.5; α 0.26 0.02;  F 4.3 0.02= ± = ± , where 0ω  is the peak 

position, I0 is the peak intensity, F is the FWHM and α is the broadening parameter 
responsible for the asymmetry. 

The influence of a further low intensity mode was discarded as a reason for the 
asymmetric broadening. In fact using two Lorentzians did not improve the fit quality for the 
sample shown here. The two Lorentzian fit shown in Fig. 2 shows a positive residual on the 
low energy side of the main mode and a negative one on the other side. This shows that 
adding a second Lorentzian is not sufficient to fit the asymmetry of the peak opposed to the 
asymmetric peak shape that perfectly fits the measured data. The asymmetric peak shape not 
only has less fit parameters than two Lorentzians but also shows better fit results. Therefore 
we favor the asymmetric shape for fitting. Another supporting argument is that the calculation 
of the phonon dispersion points to the same broadening of the main mode in the case of 
phonon confinement, as discussed below. 

In some samples, prepared in the same way (see Figs. 3-4) we do see a contribution of a 
further mode at 190 cm−1 which we attribute to a different crystal modification, like stannite 
or disordered kesterite or Cu-Au ordering (as seen in the CZTS [15, 25]). The peak is not due 
to SnSe2 since this compound is observed at 183 cm−1 under the same measurements 
conditions on CZTSe samples grown under basically the same conditions. Because the 
occurrence of the peak at 190 cm−1 can be clearly discerned, as discussed in the following, the 
peak shape in those samples, where it does not occur (like the one in Fig. 2) is clearly due to 
broadening and not due to a second line. 

Figure 3 shows the fitting of the main Raman mode of CZTSe only with the 
asymmetrically broadened Lorentzian mentioned earlier (Eq. (1). For this fit only those parts 
of the spectrum where the contribution of the main CZTSe mode is dominant are used: The 
spectral range where the CZTSe Raman modes of lower intensity are situated is disregarded 
and the spectral range between peaks is used to describe the background. 

 

Fig. 3. Raman spectrum of CZTSe absorber restricted to the spectral area of 140-280 cm−1. The 
main mode is fitted with an asymmetrically broadened Lorentzian peak shape. The thin lines 
show the fit (blue) and residuals (red) of the data excluding the low intensity CZTSe peaks 
marked in grey, thick lines show fits and residuals with the low energy shoulder of the main 
mode (marked in blue) discarded when fitting. 
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Opposed to the fit with the asymmetric peak shape shown in Fig. 2 b) where the residual 
shows no special features, fitting the main Raman mode shown in Fig. 3 does not lead to a 
satisfactory fit (i.e. a fit without both a strong negative and positive residual (thin lines for fit 
and residuals in Fig. 3)). The bad quality of this fit is also seen in both ends of the spectral 
range fitted where the fit is higher than the measurement. This fit shown in Fig. 3 is 
significantly enhanced when the low energy shoulder of the main mode (marked in blue in 
Fig. 3) is discarded when fitting (thick lines for fit and residuals in Fig. 3). The fit in the 
central part of the peak is improved, as seen by the considerably smaller residual. The 
positive residual that peaks at around 190 cm−1 in this case is in fact a further Raman signal 
which is attributed to the separate phase. 

To understand the origin of the broadening, we take into account that it is expected that 
the sample dependent effects (i.e. a distribution of defects or nanocrystallite sizes, a 
distribution of strain, composition gradients) leading to the asymmetry are likely to vary with 
the sample depth. However the depth resolved Raman measurements show that the fitted 
asymmetry parameter varies within the fit uncertainties. 

In the following, the relevance of these effects on our samples and measurements is 
discussed. The assumption of a temperature gradient in the probing volume of the laser spot 
means that we have a low heat dissipation leading to a stronger heating in the middle of the 
laser spot. Therefore changing the laser heating power would lead to an observable 
temperature effect. This was experimentally tested: Fig. 4 shows μRaman spectra taken at the 
same spot of the CZTSe absorber with different laser powers of 0.5 mW and 2.5 mW. A 
lower laser power of 0.2 mW was also tested with the same result (but with significantly 
lower signal to noise ratio). The only difference is a difference in background (see: inset in 
Fig. 4), Whereas the temperature related effects are mainly peak shifting and asymmetric 
broadening [29]. This can be seen in Fig. 5 where the same spot on the absorber was 
measured at 10K and at 300K. Increasing the temperature of the sample results in a 
broadening and a red shift of the Raman modes. This temperature related shifting can be used 
to estimate the temperature increase due to the excitation laser irradiation. Assuming a linear 
dependence, 30K is estimated as an upper limit of the temperature increase of the probed 
volumes for the different laser powers. There is no peak shift and no broadening of the 
spectra measured at room temperature with different laser powers. Therefore we take the 
uncertainty given by fitting the peaks position (in Fig. 4) of 0.2 cm−1 as estimation for the 
peak shift due to different laser powers. This leads to the conclusion that the thermal 
conductivity is high enough to dissipate the power deposited by the excitation laser. Therefore 
we conclude that inhomogeneous laser heating effects do not play a role in the asymmetrical 
broadening of our spectra. 

 

Fig. 4. Normalized straight line background corrected micro Raman spectra of CZTSe absorber 
restricted to the spectral area of 150-220 cm−1. Both measurements were taken at the same spot 
at different excitation laser powers (black curve: 0.5 mW/micro spot; red curve: 2.5 mW/micro 
spot). Inset shows data prior to background subtraction. 
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Fig. 5. Two micro Raman spectra of CZTSe absorber restricted to the spectral area of 150-220 
cm−1. Both measurements were taken at the same spot at different temperatures (black curve: 
300 K; blue curve: 10 K). 

Strain leads to a shift of the Raman mode positions. A gradient in strain in the probed 
volume would lead to an asymmetry of the peaks. To see the effect of strain we compared 
measurements of the top of the absorber to the back of the absorber by mechanically 
removing the deposit. We observe a red shifting in the energy of the modes when the deposit 
is removed. This shifting is attributed to strain release. The fitted asymmetry value is 
comparable (within the errors of the fitting) for both measurements with a tendency towards 
higher values for the mechanically removed (i.e. relaxed) samples. Thus, in our samples 
inhomogeneous strain can be discarded as a reason for the asymmetric broadening: Lowering 
of the asymmetry is expected if strain is released, and if strain would play a significant role in 
the broadening of Raman modes. An asymmetric distribution of defects in the scattering 
volume is possible and cannot be excluded. However, the similar asymmetry values observed 
from spectra measured at different depths from the layers strongly suggest that this is not the 
origin of the observed asymmetry of the main Raman peak. 

Changes in composition lead to a shifting of the modes while a gradient of composition 
within the probing volume would also lead to an asymmetric broadening. Composition 
dependent shifting in peak position was only seen in the pentanary system with varying S/Se 
content [30]. This does not apply here since the presented samples are pure CZTSe. 
Additionally, no clear correlation was seen between the composition and the main modes 
peak positions for different samples (composition measured by 20 keV EDX) and depth 
regions (depth dependence of composition measured by SIMS (not shown here)). So this 
effect is excluded from playing a role. So, we are left with phonon confinement as the source 
of the asymmetry. 

Applying the PCM to the calculated phonon dispersions by Gürel et. al. [14], one can 
predict an asymmetry of the main Raman mode towards lower energies which is in 
accordance with our experimental findings. In fact, the calculated density of states around the 
Γ point for the highest energy A modes for both kesterite and stannite show an asymmetry 
towards low energies [14]. For the stannite the phonon dispersion relation of the A1 mode has 
a local maximum at the Γ point. For the kesterite the dispersion relation of the A mode of the 
highest energy is a bit more complicated: it has a maximum at the Γ point going from Γ to X, 
P, and N, with a minimum at the Γ point going to Z. At first glance, a saddle point seems 
contradictory to prior statements; this is not the case since the slope of the decreasing phonon 
energies (Γ to X or P) is higher than the slope of the increasing phonon energies (from Γ to 
Z). 

The A modes of lower energy for both kesterite (two A modes) and stannite (the A1 mode) 
exhibit the opposite phonon dispersion behaviour around the Γ point i.e. a minimum at the Γ 
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point. This would lead to an asymmetry towards higher energies. However, the overlap 
between the two peaks in the 170 cm−1 region make a fit to the broadened Lorentzian 
unreliable. Therefore a second confirmation for the phonon confinement model is not seen in 
the lower energy A modes. Nevertheless, the asymmetry of the main mode agrees perfectly 
with the asymmetry of the phonon density around the zone center, and is thus a strong support 
for the asymmetry of the Raman peak being due to phonon confinement. 

5. Conclusions 

In summary, we experimentally attribute the main Raman modes (modes with highest Raman 
signal at 168 cm−1, 172 cm−1 and 195 cm−1) to the group theory symmetry, in this case A 
symmetry, by their polarization dependence. Fitting the Raman signal at 170 cm−1 shows that 
it is composed of two Raman modes, therefore we propose that the three A modes seen here 
are the three A modes of kesterite CZTSe. The main Raman peak is asymmetrically 
broadened to lower energies. This is attributed to the confinement of the phonons because of 
the presence of lattice defects in the scattering volume. Other effects that could lead to such 
broadening are discussed and excluded from playing a major role. 
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