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Cu2ZnSn(S,Se)4 (CZT(S,Se)) thin films exhibit the characteristics necessary to be effective absorbers 
in solar cells. In this report, the room temperature experimental Raman scattering spectra, recorded 
at different excitation wavelengths, are systematically analyzed theoretically using the results of DFT 
harmonic frequencies calculations at the Γ-point for various modifications of kesterite (KS), stannite 
(ST), and pre-mixed Cu-Au (PMCA) crystal structures. The specific anharmonism‐induced features 
in the spectra of CZT(S,Se) crystals are identified, and the spectral lineshapes at varied strengths 
of anharmonic interaction are simulated. A robust agreement between the experimental Raman 
spectrum and the theoretical results is demonstrated, ensuring the reliability of estimating parameters 
related to anharmonic effects. Therefore, our findings show that incorporating anharmonism as 
an additional contribution to the phonon spectra, particularly in non-resonant cases, allows for a 
more accurate description of the vibrational properties of CZT(S,Se). This could play a crucial role in 
distinguishing between different phases of CZT(S,Se) materials and open new possibilities for the 
fabrication of solar cells with enhanced characteristics.
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Copper zinc tin sulfide (Cu2ZnSnS4, CZTS), copper zinc tin selenide (Cu2ZnSnSe4, CZTSe), and their alloys 
(Cu2ZnSnS4(1-x)Se4x, where 0 < x < 1, CZTSSe) are promising materials for solar cells due to their suitable 
direct band gaps (1.45  eV for CZTS and 1.0  eV for CZTSe), high absorption coefficients (< 104  cm−1), and 
the abundance of constituent materials of Earth’s surface1–7. However, kesterite solar cells still have a certified 
efficiency of about 13.8%,8 which is far from the theoretical maximum of 32.2% (Shockley-Queisser limit)9–11. 
This efficiency gap is largely due to the open-circuit voltage deficit and structural variability during film growth, 
making theoretical and computational methods vital for addressing these challenges12–15. Therefore, despite the 
outstanding properties of these semiconductors, solar cells based on them are still in the process of improvement.

Nowadays, Raman spectroscopy is an essential tool for analyzing the quality of CZTS and CZTSe by detecting 
deviations in crystal symmetry, which indicates lattice disorder that limits the efficiency of solar cells16–18. 
Altosaar et al.19 conducted a pioneering study on phonon spectra in CZTS and CZTSe using Raman scattering. 
Furthermore, several studies20–22 have used Density Functional Theory (DFT) to model lattice dynamics in 
kesterite (KS), stannite (ST), and pre-mixed Cu-Au (PMCA) structures. In particular, Ref.20 analyzed experimental 
Raman spectra19 of CZTS and CZTSe, differentiating these structural forms by deconvoluting the spectra into 
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Lorentzian (or Gaussian) components and incorporating Γ-point frequencies from DFT. This approach linked 
specific Raman bands to distinct modifications (KS, ST, and PMCA), as demonstrated in Refs20,22–26.

As is well known, vibrational anharmonicity in materials like CZTS and CZTSe can lead to deviations 
in energy levels, affecting charge transport and defect formation ‒ two crucial factors influencing solar cell 
performance. Temperature-dependent anharmonicity significantly impacts Raman spectra, broadening peaks 
due to mode coupling and higher-order terms in the potential energy27–30. Such anharmonic effects can also 
induce phenomena like Fermi resonance (FR)31,32, which modifies the intensity and frequency of Raman bands 
by mixing fundamental vibrations with overtones or combination tones. It is noteworthy that the authors of 
Refs20,22–26, in their analysis of the Raman spectrum of CZTS and CZTSe, did not consider important features 
related to anharmonic effects, which can cause shifts in band positions and intermixing of different lattice 
excitations. This intermixing creates two bands of comparable intensity, known as the Fermi doublet. Originally 
observed in CO2 molecules by E. Fermi33, FR has since been identified in various molecules and crystals, 
including layered ReSe2

34, 2D materials35, bulk MoS2
36, and semiconductors such as Si30, SiO2

37, GaP38, and 
AlPO4

38,39. In addition, it has been demonstrated that crystals with multiple atoms in the unit cell, such as 
quaternary metal chalcogenides, exhibit the FR effect31. Notably, FR in crystals manifests in a rather complex 
form due to the dispersion of the phonon branch (e.g.,32,40) and is analogous to Fano resonance, arising between 
a discrete level and a continuum spectrum41.

Thus, the precise nature of the influence of FR on CZT(S,Se) remains an open research question. Theoretical 
models and experimental Raman measurements are key tools for advancing our understanding of its effects. For 
practical applications, achieving high-quality, single-phase CZTS or CZTSe with a coherent crystal structure 
and stoichiometric elemental composition is crucial. Experimental techniques such as Raman spectroscopy, 
alongside computational methods like DFT, significantly enhance insights into vibrational characteristics and 
aid in phase identification with high accuracy. While DFT is a powerful tool, it is computationally intensive, 
making simpler theoretical approaches valuable for addressing FR challenges. Overall, exploring the role of 
FR in CZT(S,Se) through both theoretical models and experimental Raman measurements is essential, as it 
underscores the need for a detailed analysis of the material’s vibrational properties, which influence photovoltaic 
performance and other applications.

Herein, we report the influence of anharmonism on the Raman spectra of CZTS and CZTSe polycrystalline 
thin films with different structures (KS, ST, and PMCA) at room temperature and non-resonant excitation. By 
employing Yaremko’s theoretical approach32,40, we derived anharmonic interaction parameters directly from 
experimental data through precise fitting of the Raman spectra. The fitting method is based on a simplified model 
in which a high-frequency fundamental vibration interacts with the first overtone of a low-frequency oscillator, 
with their frequencies differing by approximately a factor of two. The Green’s function method was employed 
to derive theoretical relations for the light scattering intensity I (ω) under anharmonic interactions32,42. The 
following section outlines these relations, detailing how anharmonic intermixing between fundamental and 
second-order vibrations can produce distinctive features in Raman spectra near fundamental bands.

Results and discussion
CZTS polycrystalline thin film
The most intense bands observed in the experimental studies in the A (or A1) representation have frequencies 
of ω1 = 338 cm−1 and ω2 = 287 cm−1 (Fig. 1). The observed spectrum in Ref.20 was deconvoluted into several 
simple Gaussian bands, with each peak assigned to an individual (fundamental) Gaussian component. In our 
work, Lorentzian deconvolution was used (Fig. 1). Lorentzian profiles are particularly suited for interpreting 
phonon peaks, which typically exhibit well-defined widths and heights, thereby facilitating comparisons with 
theoretical calculations43,44. By fitting the experimental spectrum of the CZTS polycrystalline thin film in Fig. 1 
with a set of Lorentzians, we determined that a weaker band exists at about 332 cm−1 on the low-frequency side 
of the most intense band at 338 cm−1, and similarly, a weaker band at 285 cm−1 near the second intense band at 
287 cm−1.

For the 287 cm−1 band, the intensity of its low-frequency component (285 cm−1) is quite weak, but its nature 
is analogous to that of the much stronger 332 cm−1 band. Therefore, the main discussion here will focus on 
the 338  cm−1 band. The authors in Refs.45–50 proposed an approach for identifying the disordered kesterite 
phase from Raman spectra by detecting the amount of intrinsic structural defects, such as antisite ZnCu and 
VCu. The 332 cm−1 band was associated with these defects in the CZTS lattice. The degree of disorder in the 
CZTS structure was estimated from the intensity ratio between the disordered kesterite phase band at 332 cm−1 
and the ordered one at 338 cm−1, with I332/I338 = 0.087. The CZTS film exhibits a low ratio compared to other 
reported results51. Additionally, the obtained results are consistent with the FWHM analysis of diffraction peaks 
(see Supplementary Information (SI), Fig. S1k online). This indicates a low content of the disordered kesterite 
phase. However, as shown in the present work, the spectral lineshape in the range of the strongest band at ω1 = 
338 cm−1 (as well as the structure accompanying the ω1 = 198 cm−1 band in CZTSe) can be explained from 
another perspective, specifically due to anharmonic mixing of states. Below, we individually consider each of 
the three structures (KS, ST, and PMCA) of the CZTS polycrystalline thin film and estimate their contribution 
to the spectrum.

Kesterite (KS)
The space group of this structure is I4(S2

4)28,52, and the point symmetry group is S4. The irreducible 
representations of this group are shown for convenience in SI Table S1. According to group theory, for each 
finite-order group, the number of irreducible representations coincides with the number of classes, which, in this 
case, is equal to the number of the group elements h = 4. Therefore, one can readily obtain the characters (spurs) 
for the B2 and E2

1,2 representations by using Table S1 for the point group S4. The results are presented in the 
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last two lines of Table S1. It is important to note that both the E1 and E2 representations should be considered 
independent and non-degenerate.

The strongest bands in the Raman spectra correspond to A-symmetry. Therefore, only B2 overtones (or 
combination tones) can be observed in the same A-symmetry, as shown in Table S1. Moreover, only these states 
can be intermixed and enhanced due to their interaction with the fundamental of A-symmetry, because the wave 
functions of the mixing states must have the same symmetry. For the KS structure, the DFT- calculated phonon 
frequencies for the A representation are ω̃1 = 340.04 cm−1 and ω̃2 = 284.30 cm−1, as presented in Table 1. In 
our study, we also conducted independent phonon calculations using Density Functional Perturbation Theory 
(DFPT) within the Quantum ESPRESSO suite, with the aim of comparing our results with those reported in 
other references, as shown in Table 1. It should be noted that, as in Ref.20, our current DFT calculation utilized 
the generalized gradient approximation (GGA) for the exchange–correlation functional, which typically provides 
higher accuracy for phonon frequencies compared to the local density approximation (LDA) (see Ref.21). 
Furthermore, we employed key parameter values similar to those in Refs.,20,22 including the plane-wave cutoff 
energy, k-point sampling, and the choice of exchange–correlation functional and pseudopotentials, for our DFT 
calculations of phonon frequencies at the Γ- point. However, since we performed a full structural relaxation to 
accurately determine the equilibrium atomic positions, our calculated phonon frequencies may differ slightly 
from those reported in previous studies (see Table 1). This relaxation step is crucial, as even minor changes in 
atomic positions can influence the interatomic force constants and, consequently, the phonon frequencies. As a 
result, we obtained lattice parameters (see SI Table S2) with a deviation of less than 1% from the experimental 
values, providing a solid basis for precise phonon frequency calculations. However, consistent with previous 
DFT studies21,23 a discrepancy was observed between the calculated Raman frequencies at the Γ-point and the 

Fig. 1.  Raman spectrum of a CZTS thin film at λext = 514.5 nm (~ 2.41 eV) and room temperature. The 
green line (triangles) represents the sum of the peaks (blue) used to deconvolve the experimental spectrum: (a) 
each of the two most intense Raman scattering (RS) peaks at ω1 = 338 cm−1 and ω2 = 287 cm−1 is assumed, 
according to Ref.20, to be due to the RS from the KS CZTS phase only; (b) the same peaks are assumed, 
according to Ref.20 to consist of two closely spaced peaks from the KS (ω1 = 338 cm−1 and ω2 = 287 cm−1) 
and the disordered KS phase, similar to the ST phases45–51 (ω1 = 332 cm−1 and ω1 = 285 cm−1).
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corresponding experimental values. Therefore, it can be assumed that the discrepancy between the experiment 
and the DFT calculations is due to additional factors not considered in the numerical DFT calculations. One 
such factor could be anharmonic interactions between the vibrations, leading to a shift and mixing of phonons 
of different orders in the crystal. In the case of intermixing the fundamental mode with a weak overtone or a 
combination tone, two strong bands of comparable intensity can appear due to the FR phenomenon27,31,35.

Moreover, due to phonon dispersion in the frequency range corresponding to the overtone (or the combination 
tone), a rather complicated structure can arise, depending on the phonon dispersion of the pair of modes forming 
the combination tone. In the KS structure, as shown in Table 1, which includes selected phonon frequency values 
from Ref.20, there is no suitable combination tone of B-symmetry close to ω̃1 = 340.04 cm−1, except for a sum 
mode: ω̃a(238.48 cm−1) +ω̃b(98.82 cm−1) = 337.3 cm−1 (each B-symmetry). This combined mode is expected to 
shift upward due to its interaction with the fundamental band at ω̃1 = 340.04 cm−1. Therefore, this band should 
be observed experimentally at ω1 > 340.04 cm−1. On the other hand, there is also a suitable difference between 
fundamental frequencies: ω̃3 (355 cm−1)−ω̃4 (86.7 cm−1) = 269.1 cm−1, located somewhat lower than another 
fundamental band, ω̃2 = 284.30 cm−1. Due to the interaction between this combination pair (ω̃3 − ω̃4) and ω̃2, 
the fundamental band will be shifted upward. Hence, the calculated ω̃2 can be experimentally observed at ω2 = 
287 cm−1. This will be discussed in the subsequent section, analyzing the experimental data.

Stannite (ST) and PMCA
The space groups of these structures are I42m(D11

2d)53 and P 42m(D1
2d)52, respectively, both of which 

are characterized by the same point group symmetry, D2d. The irreducible representations of this point 
group are presented in SI Table S3. From Eq. (5), one can obtain the characters {χ2

E(g)}+, as shown in the 
last line of Table S3, and using Eq.  (6), we can derive all irreducible representations included in {χ2

E(g)}+
. The number of elements in this group is h = 8, and simple calculations lead to the following results: 
r (A1) = 1, r (A2) = 0, r (E) = 0, r (B1) = r (B2) = 1. It is important to note that a combination tone (or 
an overtone) of a doubly degenerate E-state can be observed in the A1-symmetry. Moreover, it can interact 
with a fundamental A1 vibration and, hence, should be enhanced if the energy difference between the two 
is small. This allows for the identification and study of acceptable pairs of E-states in Table 1 for the ST and 
PMCA structures. In the ST crystal structure, there are at least two combination tones of E-symmetry close 
to the fundamental frequency ω̃1 = 334.08 cm−1: ω̃5 (264.37 cm−1) +ω̃7 (97.34 cm−1) = 361.71 cm−1 and ω̃6 
(235.41 cm−1)+ω̃7 (97.34 cm−1) = 332.75 cm−1. The second combination tone is very close to the fundamental 
band ω̃1, but the interaction between them is weak. As a result, an upward shift of ω̃1 by 3–4 cm−1 may occur 
(the magnitude is approximately estimated from the energy difference between the interacting states), so ω1 ≈ 
338 cm−1. The interaction with the other combination tone, ω̃5 + ω̃7 ≈ 362 cm−1, is clearly stronger, resulting 
in a more complex structure slightly above the fundamental ω1 band (Fig. 7a in Ref.20 or Fig. 1a in the present 
work). Additionally, the combination tone {B2

2}+ω̃8 (277.08  cm−1)+ω̃9 (95.85  cm−1) = 372.93  cm−1, has a 
frequency in the same range.

For the PMCA structure (see Table 1), there are two combination tones: ω̃10 (278.85  cm−1)+ω̃11 
(87.21 cm−1) = 366.06 cm−1 (each B2-symmetry) and ω̃12 (277.85 cm−1)+ω̃13 (86.29 cm−1) = 364.14 cm−1 (each 
E-symmetry), which lie above the fundamental band at ω̃f = 334.42 cm−1. Therefore, these tones are expected 
to shift down in frequency due to their interaction. Additionally, there is an overtone of E-symmetry vibration, 
ω̃14 (164.81 cm−1), located close to but slightly lower than, ω̃f = 334.42 cm−1, which will shift the fundamental 
vibration to a higher frequency. As a result, the additional structure arising from the FR is expected to appear 
slightly below ω1 = 338 cm−1. However, no such bands were observed in the experimental spectrum20, likely 
due to their very low intensity. This suggests that the concentration of the PMCA structure in the CZTS crystal 
is minimal. In the present study, the features observed in the experimental spectrum are analyzed using a 

Kesterite Stannite PMCA Experiment

Symmetry Work20 Work22 This work Symmetry Work20 Work22 This work Symmetry Work20 Work22 This work CZTS

A

340.04 298.8 332.1 A1 334.08 293.5 302.0 A1 334.42 303.9 305.0 338

284.30 273.0 294.0 277.12 281.0 290.2 299.25 290.6 291.0 287

272.82 270.0 273.6 A2 263.11 269.3 279.2 A2 266.13 263.1 263.6 268

B(TO)

355.80 321.2 320.4 B1 291.12 284.2 291.8 B1 –

238.48 225.8 225.6 74.17 78.7 80.8

166.65 159.4 162.0 B2 277.08 275.0 282.4 B2 278.85 270.6 268.7 252

98.82 95.3 95.4 149.69 146.2 135.2 148.63 146.6 141.9

86.70 85.5 79.8 95.85 91.2 91.3 87.21 80.7 80.0

E1(TO) 351.10 306.8 306.3 E 264.37 269.7 269.5 E 277.85 272.4 273.8 353

E2(TO)

247.80 246.9 245.8 235.41 224.3 240.8 164.81 157.4 159.3

150.0 144.3 148.4 161.68 152.0 162.4 86.29 87.8 88.8

102.9 95.0 99.0 97.34 97.6 106.0

Table 1.  The calculated Γ-point phonon frequencies (in cm−1) for the KS, ST, and PMCA structures of CZTS 
in this work, along with those reported in Refs.20,22, are compared with the experimental Raman frequencies of 
the polycrystalline thin film presented in this study.
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theoretical relation (intensity of Raman scattering: a brief overview) that describes the Raman scattering of light 
in crystals, accounting for the FR.

Numerical calculations and discussion of the experiment for CZTS thin film
In analyzing anharmonic interactions in crystals, particularly FR, knowledge of the phonon density of states 
(PDOS) is critical. The PDOS depends on the dispersion of the phonon branch participating in the resonance 
(see Eq. (4c)). If the dispersion of the phonon branches in two directions kx, ky  is comparable, the PDOS takes 
a different form. In the case of E-symmetry, where the x and y directions are identical, the PDOS in the one-
harmonic approximation of Eq. (4c) is given by curve 1 in Fig. 2. If the dispersion in one direction of the wave 
vector, kx, predominates, the PDOS is described in Ref.27,30.

The anharmonic parameter of the fourth order is considered to be negative, A ≤ 0. Therefore, in this case, 
the PDOS is shifted toward lower frequencies and transformed, as seen in Fig. 2. A sharp maximum at the low-
frequency edge of the spectrum is referred to as a bi-phonon40.

A different situation arises when FR is taken into account. In this case, the character of the spectrum depends 
on the mismatch between the fundamental and the combination tones27. Here, the parameters Ap and Γ affect 
the spectrum similarly, shifting the PDOS towards lower frequencies. Therefore, we set Ap = 0 to isolate the 
effect of the parameter Γ. As Γ increases, a sharp maximum appears on the low-frequency side of PDOS, and 
the fundamental band ωf  shifts in the opposite direction. As we have shown in our report for the upper group 
of curves, when δc < 0, both Ap and Γ act in opposite directions27. Similar trends are expected to occur for the 
case presented in Fig. 2 as Ap values are varied.

As an example, we consider the case of weak FR, where the difference between the fundamental and 
combination tone frequencies is large enough for both bands to be clearly observed. However, when the 
frequencies of both bands are close, the spectrum becomes more complicated. Namely, this situation is 
experimentally observed (Fig. 1), where the fundamental band at ω1 ≈ 338 cm−1 is located near a combination 
tone at ω̃5 + ω̃7 ≈ 362  cm−1. The latter is formed by two doubly degenerate E-states; therefore, the PDOS 
function, in this case, should resemble the one presented by curve 1 in Fig. 2. The results of the theoretical 
analysis for the CZTS crystal were obtained using Eqs. (1–4) for the region of the fundamental band near ω1 ≈ 
338 cm−1 and the Raman experimental data are shown in Fig. 3 by curves 2 (FR − 1) and 1, respectively.

As shown in Fig.  3, the key features of the experimental spectrum near the fundamental band at ω1 ≈ 
338 cm−1 are well captured by the theoretical dependencies. At the high-frequency wing of the theoretical curve, 
two weak maxima are observed: one at ω ≈ 364 cm−1, which coincides with the experimental one, and another 
at ω ≈ 350 cm−1, predicted by the calculations, which will be discussed below.

The theoretical spectrum is very sensitive to the fitting parameters. To show the effect of the adjustment 
parameters on the character of the spectrum, several theoretical dependencies are depicted in Figs. 4 and 5. It 
can be seen from Fig. 4 that an increasing mismatch, δc between the fundamental band and the combination 
tone strongly alters the wings of the fundamental spectrum. At a sufficiently large value of δc, (curve 4), two 
weakly coupled bands, similar to those in Fig. 2, can be observed. A somewhat different situation is observed in 
Fig. 5. As the parameter Γ grows, both the shape of the PDOS changes and the distance between the fundamental 
band and the center of the PDOS distribution increases. The strong transformation of this part of the spectrum 
is evident in curves 3 and 4.

The parameter β, which characterizes the optical anharmonicity, and also has a noticeable influence on the 
intensity of the spectrum in the combination tone region. Therefore, variations in the FR conditions and the 
parameters of the theoretical spectrum allow for the accurate determination of these parameters when describing 
the experimental spectrum (see SI, Table S4). Similarly, the band at ω2 = 287 cm−1 can also be described. In 
"Kesterite (KS)" section it was noted that in the region of this band, FR occurs between the fundamental vibration 

Fig. 2.  Intensity of light scattering in the frequency region of two-phonon states at different anharmonic 
parameters Ap ≤ 0 (without FR): two-dimensional case Mp

1 = Mp
2 ≫ Mp

3 , (γp = 0.03); curve 1, 
Ap = −0.001; curve 2, Ap = −0.005; curve 3, Ap = −0.01; curve 4, Ap = −0.015. (All energy parameters 
are given in arbitrary units, i.e. Ap ≡ Ap/M, Γ ≡ Γ/M, etc., where M = 100 cm−1 is a scale factor).
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Fig. 5.  Influence of the parameter Γ on the Raman spectrum: curve 1, Γ = 0.02; curve 2, Γ = 0.028; (which 
coincides with curve 2 in Fig. 3); curve 3, Γ = 0.05; curve 4, Γ = 0.07.

 

Fig. 4.  Influence of the parameter δc on the Raman spectrum: curve 1, δc = 0.2; curve 2, δc = 0.25 (coincides 
with curve 2 in Fig. 3, obtained by fitting the experimental data); curve 3, δc = 0.35; curve 4, δc = 0.5.

 

Fig. 3.  Comparison of experimental (left, normalized y-scale) and theoretical (rights, scale) dependencies 
obtained for the CZTS film. Curve 1 represents the experimental; curves 2 (FR − 1) and 3 (FR − 2) are 
theoretical, obtained by accounting for the FR interaction of the fundamental band with a combination tone. 
The parameters used for these theoretical curves are provided in Table S4.
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at ω̃2 = 284.30 cm−1 (Table 1) and the difference between the two vibration frequencies of B-symmetry: ω̃3 
(355.8 cm−1)−ω̃4 (86.7 cm−1) = 269.1 cm−1.

The results of the corresponding calculations are presented in Fig. 3, curve 3 (blue). In the range of 260–
280  cm−1, in addition to the fundamental band at 287  cm−1, a very weak broadband feature related to the 
combination tone is observed, which is in good agreement with the experiment (Fig. 1b). The parameters used 
to fit this fundamental band are shown in Table S4 (FR–2).

Thus, in the present work, we provide a theoretical description of two fundamental bands and their wings 
for the A and A1-symmetries. We would like to note that, in the analysis of the strong band at ω1 = 338 cm−1 
in Ref.20, it was emphasized that the correct description of this band is obtained by assuming it consists of 
two closely spaced frequency peaks, originating from the KS (ω1 = 338  cm−1) and disordered KS phase, 
similar to the ST (ω1 = 332 cm−1) phases (see the legend in Fig. 1b). From our analysis, it follows that the ST 
structure contributes to the ω1 = 338 cm−1 band. Indeed, the degenerate E states forming the combination tone 
ω̃5 + ω̃7 ≈ 362 cm−1, which are associated with the ST structure (Table 1), can anharmonically interact with the 
fundamental vibration at ω1 = 338 cm−1, which also belongs to the ST structure. Meanwhile, the fundamental 
band at ω2 = 287 cm−1, which is related to the KS structure, was discussed in "Kesterite (KS)" section.

Furthermore, according to Table 1, there are several fundamental bands and combination tones of A(A1)- 
symmetry in the CZTS crystal were not observed experimentally due to their weak intensity. To address this, we 
conducted a series of targeted experiments using different excitation wavelengths to achieve Raman resonance 
conditions in specific frequency regions, allowing us to observe the weak-intensity bands more clearly in the 
polycrystalline thin films under investigation.

First, CZTS Raman spectra measured with different excitation wavelengths were reported in Ref.54 and 
further complemented in Ref.55. In this report, we analyze and identify Raman-active modes in polycrystalline 
CZTS thin films using six different excitation wavelengths (325, 457.9, 514.5, 532, 671, and 785.0  nm). In 
principle, near-resonance Raman effects are expected to be the primary factor influencing changes in the Raman 
spectra of CZTS with varying excitation wavelengths. Tuning the incident laser wavelength to resonate with a 
strong electronic interband transition enhances the Raman cross-section, leading to an increase in intensity for 
vibrational modes associated with that specific transition.

According to the theoretical calculations for the electronic band structure of kesterite performed in Ref.56, 
the estimated transition energy for CZTS at the Γ1 point (the band gap energy) is 1.47 eV, while the transition 
energy at the Γ2 point is around 3.50 eV. Considering the energy values for Γ1 and Γ2 points, the excitation 
wavelengths of 785.0, 671, and 325.0 nm, with the corresponding energies of 1.58, 1.85, and 3.81 eV, can be 
considered optimal for near-resonance Raman scattering effects.

The results of our study are shown in Fig. 6, where the spectra exhibit significant changes with the excitation 
wavelength λ. All spectra were recorded in the (XX) geometry but they differ significantly depending on the 
excitation frequency. For all excitation energies, two bands at ω2 = 287 cm−1 and ω1 = 338 cm−1 dominate. 
The slight shifts in the band positions and their varying broadening were found to depend on the equipment 
parameters used for the measurements, as noted in the Experimental section. In particular, the spectrophotometer 
with a grating of 1800 g/mm used for measurement with the 514.5 nm wavelength provided a higher spectral 
resolution than the other spectrophotometers and wavelengths. The spectrum obtained at λ = 514.5 nm in our 
work closely resembles the one presented in Ref.20, where additional structures are reported slightly below ω2 
and slightly above ω1. However, the Raman spectrum obtained under excitation with λ = 325 nm (violet curve, 
hvex = 3.82 eV, close to the resonance at the Γ2 point (Eg ≈ 3.50 eV)) demonstrates a significant increase in 
the peak at ω = 346.5 cm−1. This peak, as predicted in the theoretical analysis of the strong band ω1 (Fig. 3, 
curve 2), should be located at ~ 350 cm−1 due to the combination tone. On the other hand, Raman spectroscopy 
is highly sensitive to detecting even trace amounts of ZnS in a sample due to the quasi-resonant excitation of 
ZnS vibrational modes under these excitation conditions. The spectrum obtained from the CZTS film using UV 
excitation is dominated by two intense bands at 346 cm−1 and 692 cm−1, which are identified as the first- and 

Fig. 6.  Raman spectra of polycrystalline CZTS thin film measured at different excitation wavelengths.
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second-order longitudinal optical (LO) modes characteristic of the ZnS phase57. Notably, the FR enhancement of 
this combination tone by the fundamental ω1 = 338 cm-1 is significant, and the intensity at the maximum near 
350 cm−1 in curve 2 is comparable to the intensity at the maximum of the fundamental band at ω2 = 287 cm−1.

The situation with the band below the fundamental vibration at ω2 = 287  cm−1 is also complex. Upon 
excitation with λ = 514.5 nm (light green line in Fig. 6), a broad, flat, and weak band is observed in the range of 
approximately ~ 250–280 cm−1. However, Ref.55 shows that under excitation with λ = 325 nm (hvex = 3.82 eV), 
this flat band transforms into a structure consisting of three distinct bands. In the theoretical analysis, we suggest 
that this could be attributed to the FR of the fundamental band at ω2 = 287 cm−1 with the combination tone 
of A-symmetry (Table 1): 355.80 cm−1 – 86.70 cm−1 = 269.1 cm-1. Moreover, within this frequency range, there 
is another combination tone (166.65  cm−1 + 98.82  cm−1 = 265.47  cm−1) of the same symmetry, resulting in 
a more complex case of FR involving two combination tones. Since both combination tones share the same 
symmetry and originate from the same KS crystal structure, they are expected to interact with each other. 
This type of interaction is known as Darling-Dennisson (DD) resonance, first studied in the H2O molecule 
(Ref.58). Such interaction causes the two combination tones to repel each other, leading to a band structure with 
several maxima. In addition, this frequency range includes a peak corresponding to the fundamental band of 
the KS structure at ω̃ = 272.82 cm−1, as well as several bands associated with the ST structure: the fundamental 
at ω̃ = 277.12  cm−1, and combination tones such as 161.68  cm−1 (E) + 97.34  cm−1 (E) = 259.02  cm−1 and 
149.69 cm−1 (B2) + 95.85 cm−1 (B2) = 245.54 cm−1, (see Table 1). All the noted ST bands have A1-symmetry, 
according to group theory. Therefore, the broad, flat band observed at λ = 514.5 nm likely exhibits a complex 
structure. Resonant excitation at the wavelengths used in our work and in Ref.54,55, specifically λ = 671 nm and 
785 nm, clearly demonstrates the emergence of this complex structure in the analyzed range. For these excitation 
wavelengths, a maximum is observed around 261 cm−1, with a shoulder at approximately 242 cm−1, which can be 
attributed to the DD resonance between the two latter combination tones of A1-symmetry.

The significant spectrum changes in the region between 290 and 380  cm−1 are attributed to the quasi-
resonance excitation condition, as the corresponding energies are close to Eg  at the Γ1-point. The peak at 
301 cm−1 corresponds to the overtone 2 × 149.69 cm−1 (B2), while the peak at 315 cm−1 can be assigned to an 
overtone 2 × 161.68 cm−1 and a shift toward lower frequencies due to the FR with the fundamental 338 cm−1 
band. It should be noted that an increase in excitation power can influence the kesterite spectrum. The shift 
of the main kesterite band under resonance excitation (785  nm) is associated with the reversible, optically 
induced phase transformations caused by high excitation power and heating Ref.48,49,59. A peak at 366 cm−1 is 
observed in the theoretical dependence (Fig. 3, curve 2). The peak at 374 cm−1 can be related to a combination 
tone (277.08 cm−1 (B2) + 95.85 cm−1 (B2) = 372.93 cm−1 (A1), with a slight shift towards higher frequencies 
due to the FR with the fundamental band at ω1 = 338 cm−1. Since this fundamental band participates in the 
FR interactions with combination tones placed above and below, its middle position remains unchanged as a 
result of these interactions. The weak bands observed in Ref.55 at 164 cm−1 and 140 cm−1 can be assigned to an 
overtone (2 × 78.39 cm−1 (E)) and a combination tone (235.41 cm−1 (E) – 97.34 cm−1 (E) = 138.07 cm−1 (A1
)), respectively. Other low-frequency bands reported in Ref.55 at 97, 82, and 68 cm−1 may correspond either to 
fundamental vibrations of E or B, B1, B2 symmetry observed due to crystal imperfection, or to differences 
between some fundamental frequencies. Further studies, particularly using different RS geometries, may help 
clarify the nature of these weak bands.

To summarize, based on the symmetry analysis of phonon bands20,25,26 and the experimental Raman 
scattering study, it can be concluded that the actual CZTS structure evidently comprises a combination of 
two phases: KS and disordered KS phase (similar to ST), which exhibit very similar crystal parameters. Even 
polarization measurements60,61 do not clarify the real structure. However, by utilizing the properties of crystal 
symmetry and multi-wavelength Raman excitation, a clearer understanding of the true features of the CZTS 
phonon spectra can be achieved.

CZTSe polycrystalline thin film
This thin film can also be crystallized in three structures: KS, ST, and PMCA. The harmonic frequencies for 
each structure, alongside our DFT calculations, are reported in Refs20,26. Some of these frequencies, relevant to 
the following analysis, are presented in Table 2 of the present work. The calculated frequencies notably differ 
from the maxima of A-symmetry bands observed in the experimental spectrum19,20, as shown in Fig. 7: ω1 = 
194 cm−1, ω2 = 171 cm−1, and a relatively broad, weak band with a maximum at ω3 ≈ 232 cm−1. The Lorentzian 
deconvolution of the experimental spectrum of the CZTSe polycrystalline thin film is shown in Fig. 7. As with 
CZTS, in CZTSe, a weaker band at 191 cm−1 appears near the most intense band at 194 cm−1. The fitting for the 
band at 171 cm−1 also revealed a feature near 167 cm−1, which was not considered. The degree of disordering in 
the CZTSe structure was estimated similarly to CZTS, using a ratio of I191/I194 = 0.295. This ratio is higher than 
for CZTS, which can be attributed to deviation from stoichiometric composition (deviations from the nominal 
ratio of 2:1:1:4) in the CZTSe film. This is consistent with the presence of disorders (antisite and point defects) in 
the kesterite phase, as observed in EDX measurements (Fig. S1j). Additionally, an increase in Zn content relative 
to stoichiometric Cu content is accompanied by low-frequency shifts of the main A modes (171 and 194 cm−1) 
compared to the stoichiometric case (~ 2–3 cm−1 in our study)17. The ZnCu defect influences the full width at 
half maximum (FWHM) of the band at 194 cm−1. The FWHM of this band is particularly sensitive to the band 
at 191 cm−1. Despite these complexities, modeling using Eq. (1) was successfully applied. Therefore, we analyzed 
each of the three structures (KS, ST, and PMCA) in a manner similar to the analysis of CZTS in the preceding 
section.

Scientific Reports |          (2025) 15:366 8| https://doi.org/10.1038/s41598-024-83117-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 7.  Raman spectrum of a CZTSe thin film at λext = 514.5 nm (~ 2.41 eV) and at room temperature is 
shown. The green line (connecting triangles) represents the sum of the peaks (blue) used to deconvolute the 
experimental spectrum. (a) The most intense RS peaks at ω1 = 194 cm−1 is assumed20 to originate solely 
from KS of CZTSe; (b) The same peak is assumed20 to consist of two closely placed peaks: one from KS (ω1 = 
194 cm−1) and the other from disordered KS, similar to the ST phases (ω1 = 191 cm−1).

 

Kesterite Stannite PMCA Experiment

Symmetry Work20 Work26 This work Symmetry Work20 Work26 This work Symmetry Work20 This work CZTSe

A 213.05 196.2 217.9 A1 213.83 194.5 187.2 A1 208.85 192.6 232

193.01 183.6 179.2 184.50 180.0 179.0 185.44 181.8 194

188.10 181.0 174.3

A2 – A2 –

B(TO) 93.33 85.4 106.8 B1 B1 171.64 177.2

85.42 74.4 81.9 B2 B2 81.31 80.1

E1(TO) E 155.35 163.1 158.6 E 158.1 149.5

E2(TO) – 100.41 86.2 90.2 85.32 77.2

80.77 56.9 71.1 60.03 58.0

Table 2.  The calculated Γ-point phonon frequencies (in cm−1) for the KS, ST, and PMCA structures of CZTSe 
in this work, along with those reported in Refs.20,26, are compared with the experimental Raman frequencies of 
the polycrystalline thin films presented in this study.
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Kesterite (KS)
The calculations for the CZTSe KS structure are provided in Table 2, where several A-symmetry frequencies 
are listed. One of these, ω̃4 = 193.01 cm−1 is very close to the overtone 2ω̃5 = 186.66 cm−1. Due to FR, both 
components of the Fermi doublet (the main vibration and the overtone) will shift in opposite directions, and the 
fundamental band at ω̃4 = 193.01 cm−1 will shift to the high-frequency side.

Therefore, the band at ω1 = 194 cm−1 in the experimental spectrum might be considered as originating from 
the fundamental ω̃4 due to FR. However, the band ω3 ≈ 232 cm−1, also observed in the same A-symmetry, 
exhibits a distinct form characteristic of E vibrations (see the theoretically calculated spectra in Fig. 2, curve 3). 
It can therefore only be associated with the combination tone ω̃6(155.35 cm−1) + ̃ω7(80.77 cm−1) = 236.12 cm−1. 
Thus, the three experimentally observed bands (171, 194, and 232 cm−1) shown in Fig. 7 are associated with the 
КS crystal structure. As for the components ω̃3 = 193.01 cm−1 and 2ω̃5 = 186.66 cm−1, they likely possess too 
small an intensity to be observed as the band at ω2 = 287 cm−1 in Fig. 1 for the KS structure of CZTS. These 
components are located between two stronger bands ω1 = 194 cm−1 and ω2 = 171 cm−1, making them difficult 
to detect.

Stannite (ST) and PMCA
As noted above, the combination tone (or overtone) of a double degenerate E-state can be observed in A1
-symmetry. Moreover, it can interact with the fundamental vibration in A1 symmetry and should be enhanced 
if the energy gap between them is small. For the ST structure, as indicated in Table 2, the following pair of 
closely spaced bands can be observed: the fundamental ω̃8 = 184.50  cm−1, and the combination tone ω̃9
(100.41 cm−1) + ̃ω7(80.77 cm−1) = 181.18 cm−1. Therefore, both bands should shift even with small anharmonic 
interactions. As a result of the FR interaction, the fundamental band will shift to the high-frequency region, 
while the combination tone will shift to the low-frequency region and be enhanced due to resonance. As the 
fundamental frequency approaches ~ 200 cm−1 due to FR interactions, it begins to interact more strongly with the 
combination tone ω̃6 + ω̃7 = 236.12 cm−1, which also enhances it. However, this effect will be weak due to the 
significant frequency gap between the two combination tones. Thus, each FR interaction should be considered 
individually. It should be noted that in the region of the combination tone for the ST structure, ω̃6 + ω̃7 = 
236.12  cm−1, a similar combination tone is also observed in the PMCA structure: ω̃10(158.10  cm−1) + ̃ω11
(85.32  cm−1) = 243.42  cm−1 (Table 2). However, since this structure is not close to the fundamental, the 
corresponding combination tone is expected to be weak. For this reason, we will focus on the features related to 
the ST structure.

Simulation and discussion of experimental spectra of CZTSe film
As noted above, the principal influence on the position of the calculated bands and their intensity can generally 
be attributed to anharmonic effects in the ST structure of the CZTSe film. The Raman spectrum and the fitted 
theoretical dependence for CZTSe are shown in Fig. 8. The theoretical curve 2 (FR-3) describes the strong FR 
between the closely located fundamental band ω̃8 = 184.50 cm−1 and a combination tone ω̃9(100.41 cm−1) + ̃ω7
(80.77 cm−1) = 181.18 cm−1. It increases significantly due to FR and reaches an intensity comparable to that of the 
fundamental band. Another combination tone, ω̃6 + ω̃7 = 236.12 cm−1 participates in weak FR with the new 
fundamental band ω̃new

8 ≈ 198 cm−1 (curve 3, FR-4), as it is sufficiently separated from the latter.
It is noteworthy that in the region around ~ 215–225 cm−1, there is a lack of good correlation between the 

experiment and the theory. Ref.16 demonstrates how the ratio of components (the deviation from the nominal 
ratio of 2:1:1:4 in kesterite) affects the structural and optical properties, including the Raman spectra. A more 
detailed analysis of the impact of compositionally induced defects on the vibrational properties of CZTSe 
absorbers is presented in Ref.17. In our case, an increase in Zn content and a decrease in Sn content in the CZTSe 

Fig. 8.  Comparison of the theoretical dependencies for CZTSe with experimental data. Curve 1 represents 
the experimental; curves 2 (FR-3) and 3 (FR-4) are theoretical, and obtained by considering the FR interaction 
between the fundamentals and combination tones (the parameters used for these calculations are given in 
Table S4).
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film contribute to the appearance of a ZnSn defect (Fig. S1j). Thus, the deviation from nominal stoichiometry 
leads to a higher intensity in the ~ 215–225 cm−1 frequency range. This discrepancy may also be related to a lack 
of knowledge regarding the phonon branch dispersion involved in FR. The effect of dispersion is clearly evident 
in Fig. 9, where the maximum observed between the fundamental mode and the combination tone becomes 
smaller with the decreasing of parameters Mp

j . Simultaneously, the shape of the peaks in the two-phonon 
excitation region (as shown in Fig. 9) also changes. From Table 2, it can be seen that the combination tone ω̃6
(155.35 cm−1) + ̃ω9(100.41 cm−1) = 255.76 cm−1 is positioned immediately after the band with a maximum of 
around 232 cm−1, which makes this band broader and more extends it into the high-frequency region. Based 
on reference data and our results, it can be concluded that the deviation from stoichiometry in the films did not 
cause the appearance of new bands. However, the broadening, accompanied by a slight shift in bands, does not 
reduce the quality of the given computations but rather demonstrates their effectiveness even in a more complex 
case.

In Fig. 10, it can be seen that the anharmonic parameter Ap has a notable influence on the spectrum of 
two-phonon excitations in the absence of FR27. However, when FR occurs, both anharmonic parameters Γ 
and Ap affect the spectrum, depending on the ratio of these parameters and the sign of the δc the parameter, 
(i.e.,δc > 0, δc < 0)27. As an example, Fig. 10 illustrates the case of δc < 0(ωf

0 < ωµ
0 + ωv

0 ). Here, the constant 
Γ causes state repulsion, resulting in a maximum appears on the right-hand side of the spectrum. Meanwhile, Ap 
shifts the entire spectrum to the low-frequency side and compresses it, as shown by curve 4 in Fig. 2.

The change in the relative intensities of the fundamental band and an overtone can be tuned by fitting the 
parameter β, as shown in Fig. 11. Therefore, the effect of all anharmonic constants is crucial for analyzing and 
understanding the experimental spectrum. For the studied crystals, it can be concluded that the general features 
of the experimental spectrum are well captured by the theoretical approach presented in Section Intensity of 
Raman scattering: a brief Overview, Eqs. (1–4). It is evident that the strongest effect on the spectrum comes 

Fig. 10.  Influence of the anharmonic parameter Ap on the Raman spectrum in the presence of FR interaction: 
curve 1, Ap = 0.005; curve 2, Ap = 0.01; curve 3, Ap = 0.015.

 

Fig. 9.  The change in the spectrum in the region of two-phonon excitations as a function of the dispersion of 
the phonon branch is shown for the following cases: curve 1, Mp

1 = 0.06, Mp
2 = 0.06, Mp

3 = 0.005; curve 2, 
Mp

1 = 0.05, Mp
2 = 0.05, Mp

3 = 0.005; curve 3, Mp
1 = 0.04, Mp

2 = 0.04, Mp
3 = 0.005.
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from the Γ and δc parameters, particularly in the combination tone frequency region. By fitting the model 
spectra to the experimental Raman data, we can estimate the specific value of these parameters. In particular, 
this allows for the estimation of the anharmonic parameters Γ, β and Ap, which are listed in Table S4. The fitting 
result reveals that the cubic term (Γ) contributes significantly to the frequency shift for both CZTS and CZTSe 
materials, compared to the relatively small contribution from the fourth-order term (Ap), as shown in Ref.29. 
Table S4 supports the assertion that anharmonic interactions exhibit similar magnitudes in the kesterite and 
stannite structures of CZTS and CZTSe. This finding indicates a relatively weak level of anharmonicity in these 
structures, as also demonstrated in Ref.62. Additionally, the values of the Mv

l,j  parameters, which characterize 
the width of phonon dispersion27,31, can also be estimated. It is worth noting that while these parameters can also 
be derived from DFT calculation, obtaining them is not a straightforward task.

One should note that anharmonism must be considered an important factor in nanocrystals, as it can 
significantly impact their electronic, optical, and thermal properties. As is well known, when the size of the 
crystal decreases, the surface area-to-volume ratio increases, resulting in a higher density of surface defects 
and intensified surface vibrations. Many intriguing features can be observed in nanocrystals; for instance, 
an abnormal positive shift of Raman bands, which contrasts with the traditional negative shift commonly 
observed in nanocrystals as their size decreases62. Thus, we believe that our current theoretical approach, based 
on anharmonic effects and the formalism developed in our previous studies27,30,63, could offer insights into 
understanding and explaining the features observed in Refs.28,29. Moreover, this theoretical approach will be 
particularly relevant for analyzing anharmonism in nanocrystals, where the impact of these effects is expected 
to be substantial. However, all these intriguing matters will be addressed in our forthcoming research. Therefore, 
further theoretical and experimental studies in this area may lead to new strategies for optimizing the optical 
and electronic properties of CZTS and help unlock its full potential as a low-cost and sustainable alternative to 
conventional photovoltaic materials.

Methods
Sample preparation and characterization
The CZTS and CZTSe polycrystalline thin films were deposited using two-step and one-step processes. More 
detailed information about the samples can be found in our previous works64–66 and in the Supplementary 
Information (SI), Fig. S1. The surface morphology and the composition elements mapping of the thin films were 
analyzed using a scanning electron microscope (SEM) and energy dispersive X-ray (EDX) (Zeiss Instruments 
INCA X-Sight) combined with a Zeiss Sigma 500 SEM. The morphology, cross-sections, and EDX measurements 
were performed at a 15 kV operating voltage. The thicknesses of all the studied semiconductor layers and that 
of the Mo layer were evaluated to be approximately ∼1 μm (Fig. S1). Structural characterization was carried out 
at room temperature using X-ray diffraction (XRD) and Raman spectroscopy67–69. XRD measurements were 
performed in the Bragg Brentano configuration, using a PANalytical X’pert Pro MPD diffractometer with Cu-
Kα-radiation (λ = 1.54056 Å)70. Reflection and transmittance spectra were recorded using a Shimadzu UV-3600 
spectrometer71.

For Raman spectroscopy, Horiba LabRAM HR Evolution and WITec Alpha300Ri spectrometers were 
employed in the backscattering configuration. The HR Evolution system used an Ar+ ion laser (514.5  nm) 
and HeCd lasers (325.0 nm) for excitation, with an Olympus microscope facilitating both excitation and light 
collection. The laser spot size was approximately 2 μm, depending on the wavelength. The WITec Alpha300R 
spectrometer used a diode laser with 785 nm excitation and an inverted Olympus microscope with a similar 
laser spot size. The MDR 23 monochromator (LOMO) with a cooled Andor CCD detector (Oxford Instruments, 
UK) operated with a triple diode lasers system (Nd: YAG Diode-Pumped Solid-State-DPSS), utilizing 457.9 nm, 
532 nm, and 671 nm excitation lines, with a 100 μm spot size on the sample72–76. The excitation density was kept 
below 105 W/cm2 to prevent thermal effects in the spectra. Before and after acquiring each Raman spectrum, the 

Fig. 11.  Influence of the parameter β on the Raman spectra: curve 1, β = 0.1; curve 2, β = 0.08; curve 3, 
β = 0.05.
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first-order Raman spectrum of monocrystalline Si was measured as a reference, and the spectra were corrected 
based on the Si line at 520 cm−177–80. Additionally, the Raman equipment and software included a protocol to 
calculate the observed and instrumental profiles to obtain the actual profile. Therefore, we did not calculate this 
equipment parameter directly. All measurements were conducted at room temperature in the same areas of the 
films to avoid the influence of different component ratio distributions, as shown in the SI.

Lattice dynamics calculations and intensity of Raman scattering: a brief overview
First-principles calculations were performed using the Perdew-Burke-Ernzerhof (PBE) functional81, a specific 
formulation of the Generalized Gradient Approximation (GGA) for the exchange–correlation (XC) term, along 
with ultrasoft Vanderbilt pseudopotentials to model the interactions between electrons and ions. A plane-wave 
basis set was used for wavefunction expansion, with a kinetic energy cutoff set at 60 Ry/atom. The Brillouin 
zone was sampled using a Monkhorst–Pack k-point grid with dimensions 6 × 6 × 6, centered at the Γ-point82. 
To optimize different crystalline structures of CZT(S,Se), full relaxation was performed, ensuring that residual 
forces were below a threshold of 10−5Ry/a.u. To compute phonon frequencies at the Γ- point of the Brillouin 
zone, density functional perturbation theory (DFPT), as implemented in the phonon code of the Quantum 
Expresso software, was used83.

The modeling of Raman spectra in the presence of anharmonic interactions was performed using the 
theoretical approach developed in Refs.27,30,40. The relations describing the spectral dependence of Raman 
scattering (RS) intensity in the case of the FR are similar to those presented in Ref.32. Anharmonic parameters β̃
, and Γ̃,Ãp, that characterize optical and mechanical anharmonicity, respectively, as well as components of light 
scattering tensors χpp, χc, and frequencies ω̃Q,p, ω̃Q,c, depend on the temperature in the present consideration 
(this is denoted by an index “ ~ ”). All simulated spectra were modeled for room temperature. The temperature 
effect can be significant if the temperature varies over a wide range of values: T1 > Troom > T2. The equations 
describing the RS intensity are as follows (see Eq. (12) in Ref.30,32):

	
I (ω) ∼ [1 + n (ω)] χ̃2

c
2f2a2 + Rc
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Here, f (ω) is a complex function that characterizes the density of two-phonon states (TPS) participating in the 
FR. The TPS provides insights into the anharmonic interactions between phonons and is an essential factor at 
the nanoscale, where anharmonicity significantly influences thermal and electronic transport properties. The 
parameters: β̃ = χ̃pp/χ̃c; χ̃c, Rc

2, and χ̃pp, γp are the scattering tensor per unit cell and the damping constants 
of the fundamental vibration (subscript c) and the overtone (subscript pp) respectively. Damping arises due to the 
interaction between the c- and pp-vibrations with other lattice vibrations.The dispersion of phonon frequencies, 
ωk,v  is approximated by a series of harmonics in k-space and Mv

l,j  characterizes the value of dispersion 
(see more details in Refs.32,40). ηc,c

s,s < 0, ηp,p
s,s < 0 are fifth-order anharmonic constants. The initial values of 

phonon frequencies ω0,v  were taken in harmonic approximation from DFT calculation at the Γ-point from 
Ref.20 (hereafter, DFT-calculated frequencies are denoted with the index “ ~ ”). In theoretical calculations, it is 
convenient to use the parameter δc = ωc − 2ωp, whereQ → 0, which describes the energy difference between 
the Fermi-interacting states. It is important to note that the proper relation for Raman intensity was obtained for 
non-resonance cases. To include the resonance effect in the current relation, we would need to add the electron 
and electron–phonon parts in the Hamiltonian system, as shown in our previous work84. Therefore, our study 
focuses on non-resonance Raman scattering when the electron–phonon coupling is weak (see Ref.29). However, 
our theory can be employed as a useful approximation for studying resonance Raman phenomena in CZTS(Se) 
materials. Overall, in analyzing experimental results, we can use the harmonic values of phonon frequencies 
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at the Γ-point obtained from DFT calculations, which are associated with the crystal space groups of the KS, 
ST, and PMCA structures, as reported in Refs.20–22,85. Incorporating anharmonic effects into DFT calculations 
demands significantly more computational resources and advanced numerical techniques compared to simple 
harmonic approximations. Therefore, a more practical theoretical approach to studying anharmonic effects in 
CZTS(Se) crystals is to utilize simplified analytical models, which can effectively and accurately capture their 
vibrational properties.

Symmetry relations for the combination states
According to group theory, the representation of a combination tone can be calculated using the known 
relationship between the characters of the corresponding representations as follows:

	
{χ2

µ(g)}± = 1
2{

[
χµ(g2)

]2 ± χµ(g2)}� (5)

The number of irreducible representations χj(g) included in {χ2
µ(g)}± = χ̃µ(g) is calculated using the 

relation, where for identical representations, the sign “ + ” should be taken:

	
rj = 1

h

∑
g

χ̃∗(g)χj(g)� (6)

In Eqs. (5) and (6), the following designations are introduced: χj(g) is the j-th irreducible representation, g and 
h are elements of the point group, with their corresponding orders, respectively.

It was noted in Ref.20 that the space group symmetries for each crystal structure (see Fig. S2 for KS, ST, and 
PMCA) are different, and anharmonic interactions leading to the mixing of states should also depend on the 
symmetry of each structure. Therefore, it is convenient to study the three above-mentioned CZTS (CZTSe) 
structures separately.

Conclusions
The investigation has shown that anharmonic interactions in CZTS and CZTSe films are significant for 
understanding the features of their Raman spectra. In addition to numerical calculations of the harmonic phonon 
frequencies, the actual positions of bands and the redistribution of their intensities caused by anharmonic 
interactions must be taken into account. We have studied the effects of anharmonic interactions between a 
fundamental vibration and an overtone (combination tone) in CZTS and CZTSe for three structures: KS, ST, and 
PMCA, at room temperature and non-resonant excitation. The detailed analysis revealed trends in the variation 
of the Raman spectra in the films, with key theoretical parameters Γ and A, describing the contributions of 
third- and fourth-order anharmonicity changes.

For the first time, FR features of crystal structures with different symmetries within the framework of the same 
theoretical approach, have been described based on experimental Raman results for CZTS(Se). The theoretical 
analysis shows that the FR phenomenon is more complex in the case of crystals due to the participation of the 
entire TPS band in the resonance interactions. The spectral features in solids include the fundamental vibration 
band, overtone, and the TPS band. Additionally, experiments using multi-wavelength excitation enabled us to 
discover and conduct a detailed analysis of weak bands, which are much more prominent than allowed by the 
selection rules for some geometries of scattering in the CZT(S,Se) films. Thus, by considering the anharmonic 
contributions to the phonon spectra, it is possible to obtain a more accurate description of the vibrational 
properties of different CZT(S,Se) structures, which can have significant implications for understanding their 
electronic and optical properties. The results can also be useful for optimizing the performance of CZTS-based 
solar cells by tuning the material’s vibrational behavior.

Data availability
The data presented in this study are available on request from the corresponding author.
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