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ABSTRACT

Raman-scattering spectra of polycrystalline Cu2ZnSnSe4, Ag2ZnSnSe4, and Cu2CdSnTe4 were investigated in order to investigate the
vibrational modes upon substitution on the metal and chalcogen sites. The non-symmetric modes shift dramatically with metal substitution
in the kesterite materials, with Ag2ZnSnSe4 modes shifting by 50 cm�1 in comparison with that of Cu2ZnSnSe4. Tellurium substitution results
in a lower frequency of the symmetric modes. Structural data are employed to elucidate our results. These results are intended to provide fur-
ther insight into these materials as they continue to be of interest for potential thermoelectric and photovoltaic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143248

The search for different materials for clean, renewable energy
production is directly related to the discovery of materials with certain
properties and suitable structural and transport characteristics.1 To
this end, quaternary chalcogenides encompass one class of materials
that continues to be of interest. A large class of materials are under-
stood as quaternary chalcogenides; specifically, compositions known
as I2�II�IV�VI4 (I ¼ Cu or Ag, II ¼ Zn or Cd, IV 5 Si, Ge, or Sn,
and VI ¼ S, Se, or Te) have been investigated for over three decades
and can be derived from zinc-blende or wurtzite structured binaries by
cation sublattice substitution.2,3 The compositions with the stannite
and kesterite crystal structures are of specific interest as potential ther-
moelectric, photocatalytic, and photovoltaic materials.4–9

There have been substantial property enhancements in these
materials for energy-related applications. For example, specific light
conversion efficiency and thermoelectric property enhancements have
been reported.8–11 The low thermal conductivity in these materials
makes them of interest for thermoelectric applications.10–14 The par-
ticular crystal structure and bonding result in unique properties that
can be tuned with specific dopants as well as compositional changes.
In addition, seemingly small variations in stoichiometry can lead to
great differences in the transport properties within similar structure
types.15,16 As property enhancements continue to be realized and
reported for these I2�II�IV�VI4 semiconductors, interest in develop-
ing a fundamental understanding of the effects of structural and

chemical variations and bonding in these materials also persists,15,17

which is the focus of this study.
Herein, we present a spectroscopic analysis of the Raman-active

vibrational modes in polycrystalline Cu2ZnSnSe4, Ag2ZnSnSe4, and
Cu2CdSnTe4. The Raman spectrum of Cu2ZnSnSe4, a composition
whose Raman-active modes have been reported,18–21 is used as the
“reference” in comparing and identifying variations in the vibrational
modes of Ag2ZnSnSe4 and Cu2CdSnTe4. Ag2ZnSnSe4 and
Cu2CdSnTe4 are two compositions whose Raman spectra have not
been previously reported. We compare the frequencies of the Raman
active modes for all three compositions and employ polarized Raman
measurements to assign the symmetries of the observed modes in
Cu2CdSnTe4. Together with the structural properties of these materi-
als, we investigated the change in vibrational frequency with metal and
chalcogen substitution in these quaternary chalcogenides.

We prepared phase-pure microcrystalline powders of
Cu2ZnSnSe4 and Ag2ZnSnSe4 by a solution-phase method,16 whereby
Cu(OOCCH3)�H2O, C2H3AgO2, Zn(CH3COO)2�2H2O, SnCl2�2H2O,
and Se powder, at a 2:1:1:4 ratio, together with oleylamine were loaded
into a three-neck flask on a Schlenk line. They were then mixed at
room temperature under a N2 flow for 10min followed by degassing
under vacuum for 100min before heating to a reaction temperature of
280 �C for 30min under N2 flow for the growth of small crystallites.
The flask was then rapidly cooled to room temperature in an ice water
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bath. Oleylamine is significant in the synthesis of these quaternary chal-
cogenides as it acts as a surfactant, solvent, and reducing agent.16,22,23

Cu2CdSnTe4 was synthesized by direct reaction of the stoichiometric
elements24 inside a sealed, silica ampoule containing a high-purity
nitrogen atmosphere at 0.1 Pa and reacted at 973K for four days before
cooling to room temperature. The reaction product was subsequently
ground into fine powder, cold pressed into a pellet, and annealed at
573K for one week. Phase-pure dense (>96% of theoretical density)
polycrystalline specimens were realized by spark plasma sintering
(Cu2ZnSnSe4 and Ag2ZnSnSe4) at 60MPa and 310 �C for 10min with
a current pulse ratio of 40:5ms and hot pressing (Cu2CdSnTe4) at
150MPa and 300 �C for 3 h under N2 flow. The selenium-based com-
positions had relatively small grain sizes of less than 100nm, while large
grain sizes (several micrometers on average) in the tellurium-based
composition allowed for polarized Raman spectroscopic investigations,
as will be described below. X-ray diffraction (XRD) analyses were
employed to identify the phase purity and composition, using energy
dispersive spectroscopy corroborating the XRD results. We note that
for the selenium-based kesterite (I4 symmetry) I2�II�IV�VI4 materi-
als, only a few meV differentiate the kesterite crystal structure from
that of stannite (I42m), as has been previously reported.25 We therefore
assigned the structure type based on previously published theoretical
analyses15 that corroborate these results. The case for Cu2CdSnTe4 is
more direct, and the stannite crystal structure can be clearly assigned
from both experimental and theoretical analyses.24 Figure 1 illustrates
the kesterite and stannite crystal structures.

Raman spectra were collected using a 532-nm laser with a power
of 0.75 mW at the sample and focused with a 0.75NA objective. The

scattered signal was collected through the same objective using a spec-
trometer, with either a 1200 or 2400 lines/mm grating and a CCD.
Wavelength calibration was performed using a combination of spectra
from 4-acetamidophenol and sulfur powder. The first set of spectra
were collected for all three specimens without polarization selection,
using the 2400 lines/mm grating and taking an average of six 5min
acquisition times. Prior to collection, the specimen was scanned with
an x-y piezo scan stage over a 20 lm2 area, with a spectrum acquired
every 2.5lm to determine the sensitivity of the spectra-to-sample het-
erogeneity and grain size. To assign Raman modes for Cu2CdSnTe4, a
motorized half-wave plate and polarizer were inserted into the path of
the incident and scattered light, respectively. Two sets of spectra were
collected with the incident and scattered light either parallel or cross
polarized. For both the parallel and cross polarization configurations,
the half-wave plate and polarizer were rotated simultaneously relative
to the sample, while maintaining the parallel and cross-polarized con-
figuration. Each spectrum was collected for 2min at 40 different angles
(every 9�).

Four crystallographic sites form the kesterite unit cell, with
Wyckoff positions 2a (0, 0, 0) and 2c (0, 0.5, 0.25) for Ag or Cu, 2b
(0.5, 0.5, 0) for Zn, 2d (0.5, 0, 0.25) for Sn, and 8g (0.756, 0.756,
0.872)15 for Se atoms, resulting in the well-known layered crystal
structure that can be thought of as alternating metal and chalcogenide
layers along the c axis. There are fifteen Raman-active modes,
3Aþ 6Bþ 6E, of the 21 optical vibrational modes at k¼ 0, not includ-
ing degeneracies. Figure 2 shows the room temperature Raman spectra
of Cu2ZnSnSe4 and Ag2ZnSnSe4. The spectra were fit with Lorentzians
including a combination of polynomials to account for the fluores-
cence background. The unknown structure of the fluorescence back-
ground contributed to the uncertainty in the amplitudes and widths of
the Lorentzians peaks; however, the center frequencies were unique
and, for the case of Cu2ZnSnSe4, were consistent with those previously
reported in the literature. The results of our fits to the Raman data are

FIG. 1. The (a) kesterite and (b) stannite crystal structures for the compositions dis-
cussed in this work, where A represents Cu or Ag in the kesterite structure.

FIG. 2. Raman spectra of (top) Cu2ZnSnSe4 and (bottom) Ag2ZnSnSe4 shown with
solid lines. The dashed lines indicate the Lorentzian peak fits and are tabulated in
Table I.
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summarized in Table I. We note that the table compares our data with
those of theoretical calculations;19 however, our mode assignments for
Cu2ZnSnSe4 are in excellent agreement with those obtained from data
on single-crystal Cu2ZnSnSe4.

18

As shown in Fig. 2 and Table I, the A modes for both
Cu2ZnSnSe4 and Ag2ZnSnSe4 are not shifted in frequency; however,
the low frequency B modes are blue-shifted by over 40 cm�1 for
Ag2ZnSnSe4 in comparison to that of Cu2ZnSnSe4. This frequency
shift can be directly related to the metal-metal length difference
between Cu2ZnSnSe4 and Ag2ZnSnSe4. By replacing Cu with Ag, the
size of the unit cell increases from 5.69 Å and 11.34 Å for a (¼b) and c,
respectively, to 5.99 Å and 11.45 Å, due to the larger size of the Ag
atom compared to that of the Cu atom. This relatively large increase in
the ab plane, almost 6%, is due to the smaller ionic radius of Cu, which
results in a Cu–Se bond length of 2.44 Å, while the larger ionic radius
of Ag results in a larger Ag–Se bond length of 2.65 Å.15 Similarly, the
5.77 Å Cu–Cu distance in Cu2ZnSnSe4 is much smaller than that for
Ag–Ag, 6.09 Å, in Ag2ZnSnSe4. This significant increase results in a
relatively large shift in frequency of the low frequency non-symmetric
vibrational modes as they correspond to metal-site vibrations.19,20

Simultaneous to this change in the ab plane, the expansion along the c
axis, i.e., the separation of the Se layers, does not substantially increase
from Cu2ZnSnSe4 to Ag2ZnSnSe4. Such a small change would there-
fore not affect the A modes and the higher-frequency B and E modes,
as they involve chalcogen vibrations.19,20 This anisotropic increase in
the lattice upon Ag substitution for Cu also encourages stronger inter-
action between electrons and phonons as well as strongly influences
the electronic structure and density of states in these materials.15

The composition Cu2CdSnTe4 forms in the stannite crystal struc-
ture with Cu occupying crystallographic position 4d (0, 0.5, 0.25), Cd
occupying 2a (0, 0, 0), Sn occupying 2b (0, 0, 0.5), and Te occupying 8i

(0.244, 0.244, 0.129)24 in the unit cell. There are fourteen, 2A1þ 2B1
þ 4B2þ 6E, Raman-active modes for the stannite crystal structure.
Experimental Raman spectroscopic data for stannite quaternary chal-
cogenides have not previously been reported. We therefore employ
polarized Raman experiments to assign the symmetry of each mode. In
addition, as the mode assignments for kesterite and stannite are simi-
lar,21 due to the similarities in bond lengths and symmetries in these
two structure types, we employ a similar analysis as described above in
qualitatively comparing our experimental results for Cu2CdSnTe4 with
those for selenium-based theoretical stannite compositions.19

Figure 3 shows the Raman spectrum of Cu2CdSnTe4. From our
analyses, we can assign six of the Raman-active modes: 132 cm�1 as
A1, 142 cm

�1 and 149 cm�1 as either A1 or B1, 68 cm
�1 and 183 cm�1

as B2, and 196 cm
�1 as E. These assignments are based on the polariza-

tion dependence of each peak as shown in Fig. 4. The peak intensities
are plotted as a function of the polarization angle of the incident beam
for both parallel and cross polarized configurations. This angular
dependence was then fitted to ei � RXYZ � esj j2, where ei and es are the
electric field vectors of the incident and scattered beam, respectively,
and RXYZ is the appropriate Raman tensor for the stannite structure.18

The peaks at 68 cm�1, 132 cm�1, and 183 cm�1 had a distinctive
polarization dependence that could only be fit with B2, A1, and B2,
respectively. The peak at 142 cm�1 was less clear because fits for the
unpolarized spectrum indicated the presence of a shoulder peak at
149 cm�1, as seen in Fig. 3. For this mode, the polarization dependence
of each individual contribution could not be determined, presumably
due to the polycrystalline nature of the specimen that may have broad-
ened peaks arising from asymmetric modes. Instead, we analyzed the
peak intensity of the overall peak. For the parallel configuration, this
peak could not be fit to any one mode, but the cross polarized data
had a clear B1 angular dependence. We therefore fit the parallel config-
uration data to the B1 mode and found it to fit well but with a large
intensity shift, suggesting the additional contribution of an A1 mode.
The fit shown in Fig. 3 is for a superposition of the two modes. This
assignment is supported by the fact that two A1 modes are expected
for the stannite structure because the A1 mode would contribute very
little in the cross polarized measurement, which would explain why
this mode fits well to the B1 mode. The phase for the polarization
dependence was consistent for all fits within 4.7�, apart from the cross
polarized 132 cm�1 peak that had very weak intensity. The peak cen-
tered at 196 cm�1 could be fit as either an A1 mode or a superposition
of Ex and Ey; however, there should only be two A1 modes for the stan-
nite structure, and the high frequency suggests that an E mode assign-
ment is most likely.

TABLE I. The experimental kesterite Cu2ZnSnSe4 and Ag2ZnSnSe4 Raman-active
modes, in cm�1, compared to theoretical peak positions for Cu2ZnSnSe4, from Ref.
19, are tabulated. Similar mode assignments are in the same row for the case of
these two quaternary chalcogenides. The first row displays the vibrational mode sym-
metries for the kesterite crystal structure.

Raman modes Cu2ZnSnSe4 theory
a Cu2ZnSnSe4 Ag2ZnSnSe4

A 178 173 177
192 189 184
203 196 198

B (TO LO) 75 68 109
88 78 118
187
216
230
237 236 232

E (TO LO) 64
81 82
174
211
224 221 221
239 231 232

aAdapted from Ref. 19.
FIG. 3. Raman spectra of Cu2CdSnTe4 shown with solid lines. The dashed lines indi-
cate the Lorentzian peak fits. These spectra do not include polarization selection.
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As indicated above, and described in the literature, the similarity
between the stannite and kesterite structures results in the lack of
unequivocal identification by typical powder XRD techniques. The key
structural characteristics for both structure types are somewhat similar
and can be described by two alternating cation tetrahedral layers along
the c axis, X and Y or X and Sn for kesterite and X or Y and Sn for
stannite (X ¼ Cu or Ag and Y ¼ Zn or Cd). The lattice constants can
therefore provide qualitative information of lattice distortion in com-
paring one material with another. Specifically, we note the symmetric,
“breathing,” modes in both the kesterite and stannite structures
represent vibrational modes of the chalcogen atoms only, in this case
selenium (kesterite) and tellurium (stannite). It is therefore instructive
to compare these modes between Cu2ZnSnSe4, or Ag2ZnSnSe4, and
Cu2CdSnTe4, and note that the symmetric breathing modes shift sub-
stantially (over 40 cm�1 lower in frequency) for the tellurium-based
composition compared to the selenium-based compositions. This is
presumably due to the large increase in the lattice parameter upon
substitution of Te for Se although both a and c lattice parameters
increase for Cu2CdSnTe4, a¼ 6.198 Å and c¼ 12.25 Å,24 as compared
to that of the selenium-based compositions (c increases by well over
6% compared to Cu2ZnSnSe4 and by almost 5% compared to
Ag2ZnSnSe4). This increase along the c axis significantly affects the
symmetric modes in these materials. We further note that our experi-
mentally assigned A1 modes for Cu2CdSnTe4 shift by a much larger
amount as compared to theoretically calculated frequencies for stan-
nite Cu2ZnSnSe4, while the non-symmetric modes do not shift nearly
as much.21

In conclusion, we investigated the Raman-scattering spectra of
polycrystalline Cu2ZnSnSe4, Ag2ZnSnSe4, and Cu2CdSnTe4 in order
to compare the effect on the optical modes upon metal and chalcogen
substitution. For the kesterite compositions, the increase in the bond
length upon substitution of Ag for Cu resulted in shifts to much higher
frequencies for the non-symmetric modes as they involve metal-site

vibrations, whereas the symmetric modes, which involve vibrations of
the selenium atoms, do not shift. Conversely, the large anisotropic
change in the lattice parameter for the tellurium-based quaternary
chalcogenide, in comparison to that of the selenium-based materials,
together with the equally significant difference in the mass results in a
very large shift of the symmetric modes to lower frequencies. Our
results are also corroborated by comparing our mode assignments
with those of theoretically calculated optical modes from the literature.
These results, together with recent reports on the effect on the elec-
tronic structure, bonding, and transport properties of these quaternary
chalcogenides upon elemental substitution, reveals the interesting
physical properties these materials possess as well as the significant
change in properties with stoichiometry. Further computational efforts
are needed to provide additional insight into the specific quantitative
effects on physical properties from such vibrational frequency shifts.

We acknowledge financial support from the U.S. National
Science Foundation under Grant No. DMR-1748188. K.W.
acknowledges support from the II-VI Foundation Block-Gift Program.
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