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The physical properties of antimony selenide (Sb2Se3) are highly anisotropic. Angle-resolved polarised
Raman spectroscopy was employed to characterise oriented crystals and used in conjunction with
group theory structural analysis to assign vibrational symmetries to the peaks observed in the Raman
spectra. The phonon energies were corroborated via density functional theory (DFT) calculations.
Furthermore, a straightforward method is proposed to verify the desirable (001) plane orientation of
film growth for device applications via minimisation of the 155 cm−1 peak in the Raman spectrum.

Introduction
Antimony selenide (Sb2Se3) is an anisotropic semiconductor with
a room temperature band gap of 1.18 eV.1 It is currently a highly
attractive candidate for low-cost, large volume photovoltaic elec-
tricity generation.2 Indeed, single junction power conversion effi-
ciencies have reached 9.2%3 from 2.1%4 in only 6 years. Pushing
the solar cell efficiency to over 10% would make Sb2Se3 viable
for industrial scale up. It is also of interest for water splitting, as
a superconductor and as a thermoelectric material.5–7 Neverthe-
less the state of knowledge of its fundamental properties has been
slow to develop.

Sb2Se3 has an orthorhombic structure under atmospheric pres-
sure and belongs to the Pbnm space group and D2h point
group (Schoenflies notation) with lattice parameters a = d100 =
11.6311 Å, b = d010 = 11.7808 Å, c = d001 = 3.9767 Å.8 The
structure is comprised of 1D nanoribbons coordinated via van der
Waals interactions.9 The three main crystal planes are shown in
Fig. 1. The Pbnm space group nomenclature is used in this paper,
meaning the [001] direction is parallel to the ribbon growth di-
rection. Both Pbnm and Pnma space groups can be found in the
discussion of Sb2Se3 which may lead to confusion (Pnma conven-
tion aligns the [010] direction with the ribbon axis).
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Fig. 1 Schematic of (100), (010) and (001) crystal planes of Sb2Se3.
Images generated using Vesta software.10
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Raman spectroscopy is a fast and usually non-destructive tech-
nique which can be used to characterise Sb2Se3 and its impurity
phases.11 While gaps in the literature remain, some recent anal-
ysis of Sb2Se3 via Raman spectroscopy has furthered the current
understanding of this material. In 2018, Shongalova et al. re-
solved an issue of misinterpretation of one of the peaks in the
analysis of previous Raman spectra.11 While much of the litera-
ture indexed the peak at 250 cm−1 as characteristic of Sb2Se3,
it was found to be an antimony oxide (α-Sb2O3) peak. This oc-
curred mainly due to sample degradation under high laser power
during measurement but these peaks are indistinguishable from
Sb2O3

12,13 or elemental selenium14 impurities already present
in the sample from the growth/synthesis. The following year,
the process of comprehensively indexing the Raman active vibra-
tional modes of Sb2Se3 was begun by Vidal-Fuentes et al.15 in-
cluding a low temperature study. However, due to the small size
of the crystallite analysed, its orientation could not be determined
and the symmetries of the vibrations could not be assigned fully.

Raman mode symmetries describe the nature of the vibra-
tions in a material. Sb2Se3 is known to be isostructural to
Sb2S3 which has 60 zone centre phonons of symmetry Γ =

10Ag + 5B1g + 10B2g + 5B3g + 5Au + 10B1u + 5B2u + 10B3u. Both A
and B modes are non-degenerate with A modes showing sym-
metric behaviour and B modes being anti-symmetric. The sub-
script g indicates the mode is symmetric under inversion while
u indicates it is anti-symmetric. In Sb2Se3, the Au modes are
silent and the Bu modes are IR-active. The set of Raman active
modes have the following symmetries predicted by group theory:
Γ = 10Ag +5B1g +10B2g +5B3g.

Angle-resolved polarised Raman spectroscopy has been used in
the literature to assign vibrational symmetries to phonon modes,
for example in ZnO, NbSe3, MoTe2 and BaTiO3 crystals.16–19 For
anisotropic crystals, birefringence has an impact on the scatter-
ing of polarised light described by Kranert et al.20 However, this
effect is negligible for highly absorbing materials such as Sb2Se3

hence the more straightforward approach described in the results
continues to hold.

Optimum Sb2Se3 solar cell device performance is currently
achieved by growing the ribbons perpendicularly to the contact-
ing layers i.e. preferential growth in the [001] direction.21 Angle-
resolved polarised Raman spectroscopy has been used to deter-
mine the orientation and variation thereof across polycrystalline,
thin film absorber, CuInSe2.22 The same approach could be used
to identify the orientation of Sb2Se3 thin films and even identify
the variation from grain to grain which may significantly affect
device performance. Vidal-Fuentes et al. also proposed this, how-
ever it has not been realised to date.15 In this way rapid deter-
mination of the dominant orientation of films of Sb2Se3 would
streamline the fabrication and characterisation process.

In this study, a combined experimental, group theory and den-
sity functional theory (DFT) approach is presented to compre-
hensively measure and identify the Raman bands in Sb2Se3. This
study differs from earlier work in that the experiments are for a
set of oriented (100), (010) and (001) crystallographic surfaces
which has enabled the symmetry of the vibrational modes to be
assigned reliably for the first time. Furthermore, DFT calculations

Fig. 2 (a) Optical image of cleaved (010) plane Sb2Se3 crystal and cut
(001) plane. Cleavage steps allow determination of the crystal orienta-
tion. (b) Schematic of angle-resolved polarised Raman spectroscopy.

were used to determine the Raman active phonon mode ener-
gies of Sb2Se3 and these corroborated the experimental results as
well as suggesting additional vibrational modes. The results are
expected to have relevance to both the basic science and techno-
logical communities.

Experimental and Computational Details
Sb2Se3 crystals were prepared via the Bridgman technique using
a single-zone vertical furnace. The details can be found in the
supplementary information (SI† Section I). Crystals were grown
up to 4 mm in diameter and 1 cm in length. The crystals demon-
strated bright cleavage planes extending over their full width and
displayed narrow x-ray diffraction (XRD) peaks (see Table S1†).
The crystals could be easily manually cleaved to expose the (010)
plane and reveal reflective facets.8 This is consistent with the ex-
pectation that the weakest van der Waals interactions lie along
the [010] axis.23 Straight, parallel lines observed using optical
microscopy on the surface of the cleaved planes (see Fig. S1†) re-
sult from cleavage steps and are expected to run parallel to the
1D nanoribbons ([001] axis), as this is the axis with the most
strongly bound layers. These were used as guides to orient the
crystal optically on a goniometer and cut to reveal the (100) and
(001) planes without the need for Laue equipment.

The cleaved (010) plane and cut (001) plane can be seen in
Fig. 2a. Cutting the (001) plane was found to be most chal-
lenging as it was mechanically less stable than the other orien-
tations. Crystals of this orientation were therefore mounted in
epoxy to prevent unwanted cleaving during polish/storage. The
surfaces of the cut (100) and (001) plane crystals were polished
with 0.3 µm alumina particles in de-ionised water. The cleaved
(010) faces did not require polishing. To verify the surface orien-
tations of the crystals, XRD (θ -2θ scan) was performed using a
Rigaku Smartlab diffractometer in parallel beam geometry using
a monochromated Cu-Kα1 x-ray source.

Angle-resolved polarised Raman spectroscopy (backscattering
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geometry) was used to assign the vibrational symmetries to the
Raman modes. The setup is shown in Fig. 2b. Linearly po-
larised light impinges on the sample. The scattered light is passed
through a polariser oriented either parallel (solid arrow) or per-
pendicular (dashed arrow) to the polarisation of the incident
beam. The geometry can be described in Porto notation24 where
Z(XX)Z implies the photons are incident in the Z-direction and
directly backscattered light (Z) is detected. The labels in paren-
thesis indicate the incident beam polarisation is in the X-direction
and X-polarised light is detected (parallel polariser geometry).
The crossed polariser geometry, Z(XY)Z was used also.

The crystals were rotated in the polarisation plane being stud-
ied while the Raman peak intensities were monitored. The sam-
ple angle (θ) was varied between 0◦ and 180◦ in 10◦ increments
and a spectrum was acquired at each yielding 19 spectra in each
dataset. A dataset was taken for each of the three crystal planes in
both parallel and perpendicular polariser configurations. A total
of 114 spectra were recorded.

Room temperature Raman spectroscopy was carried out using a
Renishaw in-Via microscope with a 532 nm laser. The maximum
laser power (at the sample) was limited to 0.1 mW with maxi-
mum power density of 3.2 kW/cm2 to prevent sample damage.
No degradation effects (peak at 250 cm−1 or higher) were ob-
served in any of the spectra acquired. The power density at which
oxidation occurs varies across studies11,15 and was observed to
vary even for different crystal planes. Analysis of this behaviour
requires further work and is beyond the scope of this study but
may be dependent on the wavelength of the illuminating laser
and/or surface termination of the sample. A low-pass filter with
a cut off at 100 cm−1 relative to the laser excitation wavelength
was used. The scan time was 30 s with 20 accumulations for each
spectrum. A silicon reference sample was used to calibrate the
instrument and the Raman peak at 520 cm−1 had a FWHM of
4.3 cm−1. A 1800 lines/mm grating was employed and the er-
ror in position of the fitted peaks was estimated to be ± 1 cm−1.
Calibration spectra with the polariser in place were taken before
and after the crystal rotational measurements and a consistent
upward drift of ∼1 cm−1 was noted between the first and final
measurement.

Lorentzian peaks were fitted to the spectra in each dataset us-
ing a global fitting method. Values for the peak positions, FWHM
and peak intensities were extracted by a self-consistent fitting
methodology using the “global fit” feature of the Origin 2019
software. A linear background was subtracted from all spectra
before fitting. Seed values for peak position, FWHM and peak
intensity were input with the positions and FWHM set as shared
parameters. For each equivalent peak across the spectra, a single
value of position and FWHM was calculated per dataset (i.e. 19
spectra) while the peak intensity was allowed to vary from spec-
trum to spectrum. The peak position values were not constrained
to a given range during the fitting. Constraining the parame-
ters would force consistency across the datasets. The positions
were kept as shared parameters within a dataset but free to vary
between datasets. The resulting values were compared across
datasets to determine the accuracy and reliability of the fitting
procedure.

Group theory calculations were performed to evaluate the
sample angle dependence of the intensities of the Raman ac-
tive modes. These dependences were calculated using a matrix
method for both the parallel and perpendicular polariser geom-
etry. The full description can be found in SI† Section II and the
outcomes are described in the results.

Periodic DFT calculations provided theoretical prediction of
the Raman vibrational energies using scalar relativistic poten-
tials within the Vienna Ab initio Simulation Package (VASP).25–28

The Perdew-Burke-Ernzerhof generalised gradient approxima-
tion (GGA) exchange-correlation functional revised for solids
(PBEsol)29,30 was used for both structural relaxation and phonon
supercell calculations. Interactions between the valence and
core electrons were described via the projector augmented wave
method.31 The Phonopy32 package was used to generate twenty
2×4×2 (320 atom) finite displacement supercells from the
PBEsol relaxed structure to obtain the phonon frequencies of
Sb2Se3. In all calculations, the total energy was converged to
within 1×10−8 eV and the forces per atom were converged to
within 1×10−4 eV Å−1. A plane wave cut off of 500 eV was used
throughout and a Γ-centred k-point mesh of 2×2×2 was used
for the supercell calculations. Plotting of the phonon dispersion
curve was performed through the use of the sumo package.33

Previous computational studies on Sb2Se3 have either used
the PBE or HSE06 functionals (with or without dispersion cor-
rections) to describe its structural properties.34–36 PBEsol opti-
mises the structure to within 0.5% of experimental values for the
a and c lattice parameters while underestimating the b parame-
ter by just over 2%. While HSE06 gives an optimised geometry
to within 2% of experiment37, PBEsol is much more cost effec-
tive for the large supercells required to converge the phonon fre-
quencies. PBEsol has also shown improved performance over PBE
in the calculation of vibrational properties in other chalcogenide
materials.38,39 While electronic structure calculations of Sb2Se3

have been conducted by numerous groups and calculation of the
phonon dispersion has also been reported,40,41 tabulation of pre-
dicted phonon mode energies via DFT calculations and compari-
son to experimental data has not been published to date.

Results
Fig. 3 shows XRD patterns of the cut (100) and (001) and cleaved
(010) crystal planes. In all cases, the first structure-factor-allowed
reflection is present followed by the higher order peaks. This
confirms that the use of the cleaving method to identify the (010)
plane and cutting relative to the [001] axis is a reliable means
of orienting Sb2Se3 on its orthorhombic faces. This method may
also be successful for other van der Waals crystals.

A summary of the results of group theory analysis is presented
in Table 1. The constants A-F represent Raman tensor elements.
The Raman peak intensity variation, with respect to sample ro-
tation (I-θ), of each vibrational mode (Ag,B1g,B2g and B3g) was
determined. This peak intensity variation depends on the crystal
plane being analysed (I100, I010 or I001) and whether the polariser
was parallel or perpendicular to the incident laser polarisation (I‖
or I⊥). In the parallel polariser geometry, all Ag mode intensi-
ties in each of the three crystal planes have a periodicity of 180◦.
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Fig. 3 XRD patterns of the cut (100), cleaved (010) and cut (001) Sb2Se3 crystal planes showing the fundamental and higher order peaks and thus
confirming the crystal orientations.

The Bg mode intensities will repeat after 90◦ due to their 2θ de-
pendence. In perpendicular polariser geometry, both Ag and Bg

modes have 90◦ periodicity, however, Ag modes show sine-like
behaviour and Bg modes show cosine-like behaviour. Ag and Bg

modes can therefore easily be distinguished in both polariser ori-
entations. In this way, knowing the crystal plane as well as the
expected peak intensity variation of the individual Raman peaks
allows their symmetries to be identified.

Raman Mode Symmetry
I Ag B1g B2g B3g

I100
‖ (Bcos2θ +Csin2θ)2 0 0 F2sin22θ

I100
⊥

(C−B)2

4 sin22θ 0 0 F2cos22θ

I010
‖ (Ccos2θ +Asin2θ)2 0 E2sin22θ 0

I010
⊥

(C−A)2

4 sin22θ 0 E2cos22θ 0

I001
‖ (Bcos2θ +Asin2θ)2 D2sin22θ 0 0

I001
⊥

(B−A)2

4 sin22θ D2cos22θ 0 0

Table 1 Relations between sample angle (θ) and Raman peak intensities
(I) for Sb2Se3 crystals with exposed (100), (010) or (001) plane in parallel
(I‖) or perpendicular (I⊥) polariser geometry. A-F denote Raman tensor
elements. Full matrix calculations in SI† section II.

Fig. 4 shows an example (the (100) plane, parallel polariser)
of the angle-resolved datasets collected and the fitting procedure
used for analysis. The black line indicates the raw data while
the coloured peaks show the fitted Lorentzian lineshapes. Similar
plots for the (010) and (001) planes are shown in Fig. S2† and
a more detailed example fit of a single Raman spectrum can be
found in Fig. S3†. For each peak in the figure, the peak intensity
(I) vs. sample angle (θ) was extracted and plotted. This data was
compared and fitted to the expected I-θ behaviour from Table 1.
Fig. 5 shows the data points for the 185 cm−1 peak I-θ plot. The
solid lines are fits to the data points of the relevant functions from
Table 1. For example, the 185 cm−1 peak has maximum intensity
at 0◦ rotation, minimum at 90◦ and returns to its maximum at

180◦ rotation of the crystal. The 180◦ period is characteristic
of an Ag symmetry vibration. Therefore the function fitted to the
data was for an Ag mode in the (100) plane with parallel polariser
geometry. The tensor elements were used as fitting parameters.
Due to the reliable and consistent fit of the expected Ag function
for all crystal orientations and both polariser geometries the sym-
metry can be confirmed as Ag. These plots were prepared for
each peak in each of the six datasets in order to identify the mode
symmetries. The remaining plots can be found in the Fig. S5-7†.
These plots show excellent consistency in peak position with only
small variations (within the expected error of 1 cm−1) in values
obtained from the different planes and polariser configurations.
This further validates the rigorous analysis procedure.
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Fig. 4 Selected Raman spectra of Sb2Se3 (100) plane rotated through
180◦ in parallel polariser configuration (solid black lines). Coloured
Lorentzian peaks show global fitting results and highlight fitted peak
intensity variations.

Fig. 6 shows the DFT-calculated dispersion of the phonon bands
along the high symmetry path within the Brillouin zone. Due
to the fact that Raman spectroscopy probes only zone-centre
phonons the corresponding theoretical values can be noted from
the intersection of the phonon bands with the Γ point. 30 phonon
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Fig. 5 Raman peak intensity plots, I-θ , for the 185 cm−1 peak for each
crystal plane in parallel and perpendicular polariser configuration. The
points represent the experimental data while the solid line is a fit to the
data using the relevant dependences in Table 1.

energies were predicted in this way which is consistent with the
expected 10Ag + 5B1g + 10B2g + 5B3g modes of Sb2Se3. The
peaks determined using DFT were found to be shifted from the
experimental positions in a systematic manner (-11 cm−1) which
has been discussed previously for phonon energies calculated us-
ing the PBEsol functional with a similar shift found (-10 cm−1).42

Such disagreement can result from a combination of differences
in computational lattice parameters versus experiment. This in
turn may be a consequence of the athermal limit and inaccura-
cies in the DFT approach in modelling the interatomic forces pre-
cisely. For a material such as Sb2Se3, where strong and weak
interactions are present in different directions, modelling the in-
teratomic forces is challenging. Nevertheless a consistent linear
shift of the DFT computed peaks upwards by 11 cm−1 resulted in
excellent agreement with experimental results as seen in Table 2.

A complete description of the determined vibrational modes
of Sb2Se3 is presented in Table 2. The experimental peaks,
their symmetries, theoretically predicted modes and previously
reported peak positions15 are compared and show very good
agreement. Seven Ag modes and seven Bg modes were assigned
experimentally. Several assignments deviate from those seen by
Vidal-Fuentes and are further discussed below. Vidal-Fuentes et
al.15 could not resolve the peaks found at 212, 187 and 156
cm−1 with a randomly oriented crystal. For the same reason,
the Bg symmetries could previously not be assigned. All other
peaks seen by Vidal-Fuentes were corroborated by the experimen-
tal peak positions determined here. In addition, the partial sym-
metry assignments Vidal-Fuentes report are consistent with the
symmetries determined in this study.

While Vidal-Fuentes report a single peak at 213 cm−1, the
experimental results here from the (001) plane indicated two
closely spaced peaks (213 and 212 cm−1). The B1g modes show
large relative intensity in the perpendicular polariser geometry
for this plane (see Fig. S7†). Due to intensity differences, the 213

cm−1 Ag mode cannot be resolved in the perpendicular polariser
case and the 212 cm−1 B1g mode is of too low intensity to be seen
in the parallel polariser geometry. The existence of two peaks in
this region is also consistent with the closely spaced modes pre-
dicted via DFT. Data from the (010) plane suggests two Ag peaks
in this region, however this second peak of Ag symmetry was not
observed in any other plane. It has been included for complete-
ness but could not be confidently labelled (Fig. S6†).
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Fig. 6 Phonon dispersion curve of Sb2Se3, calculated using PBEsol. The
k-point labels use the convention of Bradley and Cracknell43.

For the (001) plane, the global fit for the Ag mode around 185
cm−1 was shifted to 187 cm−1 for both the parallel and perpen-
dicular polariser case (see Fig. S7†) over numerous repetitions of
the experiment. This is a strong indication of the existence of
another mode and is again corroborated by the theoretical cal-
culations. This also holds true for the mode at 155 cm−1. The
peak at 155 cm−1 is clearly visible in the (010) plane spectra (see
Fig. S6†) and a 156 cm−1 feature is visible in the (100) plane
(Fig. S5†). The latter could be an artefact from the collection
cone angle of the objective lens which does not uniquely collect
light scattered normal to the sample surface.19 However the con-
sistency of the results with theory and literature suggest this is
not the case.

Once a shift of +11 cm−1 was applied, the DFT calculations
predicted all of the experimentally observed modes to a high de-
gree of accuracy. Some modes which were not observed experi-
mentally were also predicted. In contrast to the calculations, no
modes around 140 cm−1 were seen in the Raman spectra which
is consistent with the experimental data from Vidal-Fuentes et al.
This discrepancy may be due to the low intensity of these vibra-
tional modes. The remaining predicted modes show very good
agreement with those experimentally observed.

The 110-140 cm−1 region was difficult to analyse in the (100)
and (001) planes as there are many overlapping modes. The
broad nature and low intensity of the features in this region pro-
hibit accurate global fits to be calculated. Individual spectra in
each crystal orientation show a clear peak at 117 cm−1 (see SI
Fig. S2-4†). This mode was assigned as Ag as only these modes
are expected to be visible in spectra for all three crystal orienta-
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tions. However, this assignment should be considered tentative
on the present evidence, even though it is consistent with both
Vidal-Fuentes and DFT predictions. Nevertheless, the additional
peaks predicted by DFT in this region are expected to be present
although they cannot be resolved in the data measured at room
temperature.

The peak at 100 cm−1 lies at the edge of the Raman spectrom-
eter filter cut off and thus the position may be artificially high.
This mode showed strong Ag vibrational symmetry in all paral-
lel polariser configurations and was therefore included. The cut
off using the perpendicular polariser case was slightly higher so
that the mode at 100 cm−1 was no longer visible and could not
be analysed. The filter cut-off generally limited the analysis of
the vibrations at wavenumbers below 100 cm−1. The mode at
82 cm−1 is included in the table, with a tentative assignment of
symmetry, even though its intensity was reduced by the cut off of
the low-pass filter. Nevertheless this peak remained visible in the
spectra and displayed a peak intensity variation consistent with
an Ag mode (Fig. S7†). Further work could be done with a Ra-
man spectrometer configured to measure below 100 cm−1 using
the same analysis technique to identify and characterise the low
wavenumber vibrations.

While the orientation of the ribbons is difficult to unequivocally
deduce from the Raman spectra, it is clear that the device relevant
(001) plane shows little to no Raman scattering intensity around
155 cm−1. Minimisation of this peak may provide a fast approach
to testing the alignment of the ribbons in thin films and crystals.
In the crossed polariser geometry, altering growth parameters to
maximise the 205 cm−1 peak intensity (see Fig. S7†) can also en-
sure growth in the [001] direction. Raman spectroscopy already
provides a fast, non-destructive approach to material characteri-
sation and this could be further exploited.

Conclusions

Van der Waals crystals such as Sb2Se3 may easily cleave, re-
vealing cleavage steps. These may be used in optical orienta-
tion of crystals for cutting without the need for x-ray methods.
Angle-resolved polarised Raman spectroscopy of individual crys-
tal planes was used to identify the Raman modes of Sb2Se3 and
assign vibrational symmetries to each peak in the spectrum. A
total of ten Ag, five B1g, ten B2g and five B2g modes are expected
from group theory and DFT calculations. Experimentally, seven
Ag, two B1g, three B2g and two B3g modes were identified. Re-
sults are consistent with those of Vidal-Fuentes,15 but additional
peaks were identified and concrete symmetry assignments made
through the use of oriented crystals in this work. DFT calculations
supported and verified the phonon mode energies as well as pre-
dicting some low intensity and lower wavenumber modes. Some
low energy modes were not observable experimentally, but are
expected to be measured in further studies. A methodology was
reported to quickly identify the technologically important (001)
orientation using the 155 cm−1 Raman peak. This study both
strengthens the fundamental understanding of Sb2Se3 as a mate-
rial and paves the way for rapid determination of film orientation
and grain to grain variation of growth.
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