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Abstract: Robust evidences are presented showing that the Raman mode around 250 cm-1 in the Sb2Se3 

thin films does not belong to this binary compound. The laser power density dependence of the Raman 

spectrum revealed the formation of Sb2O3 for high values of laser intensity power density excitation under 

normal atmospheric conditions. To complement this study, the Sb2Se3 films were characterized by X-ray 

diffraction during in-situ annealing. Both these measurements showed that the Sb2Se3 compound can be 

replaced by Sb2O3. A heat-assisted chemical process explains these findings. Furthermore, Raman condi-

tions required to perform precise measurements are described. 
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Introduction 

Recent studies on semiconductor compound Sb2Se3 have shown that this material has many in-

teresting properties for several applications: thermoelectric1, energy storage devices2–4, solar cells1,5–9, 

among others. Sb2Se3 can be prepared in polycrystalline thin films with the orthorhombic crystalline struc-

ture using standard (both atmospheric pressure or vacuum based) thin film growth techniques like elec-

trodeposition10 or thermal evaporation5,11, just to name a few. Sb2Se3 appears to be in the same class of 

materials as the chalcogenides Cu(In,Ga)Se2 (CIGS), CdTe, Cu2ZnSn(S,Se)4 (CZTSSe), i.e. they have excellent 

optoelectronic properties and are self-doped semiconductors. Their doping is intrinsic to their crystalline 

structure and depends heavily on growth parameters and properties. Hence, the correct identification of 

the Sb2Se3 crystalline structure and the correct use of the corresponding identification techniques, are of 

the utmost importance for the advancement of this material as an application for optoelectronic devices. 

The researchers have turned their attention to Raman scattering (RS) as a powerful technique to 

provide qualitative information about the crystal phase of chalcogenides materials 12,13. RS is widely used 

for the identification of main and secondary phases of chalcogenide materials as it is a non-destructive 

technique and allows for very fast interpretations. Moreover, in the chalcogenide materials, RS usually 

allows for the identification of the dominant phases without superimposition problems, as it can occur in 

x-ray diffraction14. With regards to Sb2Se3, in the literature, the peaks at 190 cm-1 and 250 cm-1 are usually 

attributed to Sb-Se and Sb-Sb bonds, respectively11,15,16. However, the peak around 250 cm-1 has many 

interpretations and conflicting origins15,17,18. In fact, part of the assignment’s problem arises from the fact 

of several selenium phases and antimony oxides having peaks close to that region as shown in Table 1. As 

the correct identification of which phases and structures will allow for a better understanding of the Sb2Se3 

growth mechanisms and properties, in this work we will show that: i) the 250 cm-1 peak does not belong 
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to the Sb2Se3 phase and ii) RS measurements done at high laser power density conditions lead to oxidation 

of the sample surface.   

Experimental procedure 

The Sb2Se3 thin films were grown according to a two-step process. Se-rich Sb-Se thin films were sputtered 

from a Sb2Se3 sputtering target (Stanford Advanced Materials) with a 99.99% purity, followed by a rapid 

thermal annealing at 300 oC with H2Se during 15 minutes. Composition was analyzed using Energy Disper-

sive Spectroscopy and the composition ratio, [Se]/[Sb], is 1.9, which by comparing with the stoichiometric 

value of 1.5, implies that the overall sample is Se rich. Such fact is normal in this kind of samples as widely 

reported, due to condensation of Se during the cooling down of the film. Optical reflectance measure-

ments allowed estimating a direct band gap energy of  1.0 eV. The RS measurements were done in the 

backscattering configuration using a Jobin-Yvon LabRaman HR 800 spectrometer equipped with a multi-

channel air cooled (-70°C) CCD detector, an Olympus BX41 microscope. The surface of the sample was 

focused with the help of a long working distance (25 mm) 50 X objective having a numerical aperture of 

0.45, allowing for a laser spot diameter of ∼1.7 μm when a HeNe laser line (632.8 nm) is used as excitation 

source. The crystalline phase identification was complemented with X-ray diffraction measurements and 

the results indicate that orthorhombic Pbnm (62) Sb2Se3 is the dominant phase. 

Results and discussion 

In FIG. 1a) we present the Raman spectra of a Sb2Se3 film, measured for different power densities 

of the incident laser line, ranging from 170 MW/m2 to 2180 MW/m2, and under the same conditions of 

integration time and number of repetitions. In order to eliminate the influence of exposure time to laser 

incidence during the acquisition of each Raman spectrum, a previous study (not shown) of the temporal 

evolution of the Raman spectrum under continuous laser incidence was carried out for each of the laser 

power densities used. This allowed determining the maximum exposure time (50 s) for each laser power 
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density without changing the spectral shape. Moreover, for all our studies, the laser was turned off be-

tween each acquisition. The total laser incidence time required to perform all the spectra shown in FIG. 

1a) was about 4 minutes. The Raman spectra show a pronounced dependence on the laser excitation 

power density. We note that similar studies carried out on orthorhombic Bi2S3 nanostructures19 also have 

shown a strong dependence on power density excitation. In our case, all of the Raman spectra display 

peaks at 153 cm-1, 189 cm-1 and 210 cm-1 commonly assigned to the Sb2Se3 phase. Under low power den-

sities conditions there is a double peak at 234 cm-1 and 238 cm-1 which we attribute to trigonal Se17, the 

most stable phase of Selenium20. The presence of such peak is consistent with the EDS measurements that 

showed a slight Se-rich film composition, and consequently, Se can condensate at the sample´s sur-

face21,22, which is very common in the preparation of this kind of samples.  Intriguing is the evolution of 

the spectrum with increasing excitation power density. It should be noted that for the lowest laser power 

density, no peak at  250 cm-1 is observed, in spite of this being one of the peaks commonly reported in 

the Raman studies of Sb2Se3
11,15,16,23. As the laser power density increases, together with the appearance 

of the  250 cm-1peak other peaks (  80 cm-1,    372 cm-1, and  450 cm-1 ) are detected whose intensities 

follow the increase on the intensity of the  250 cm-1 peak,  suggesting that they are likely connected.  

Furthermore, FIG. 1a) shows a clear decrease of the double peak located at  235 cm-1 with increasing RS 

laser power until it vanishes, for the highest power density value. On the other hand, the peak located at 

190 cm-1 remains, within the experimental error, stable in position and integrated intensity but its FWHM 

decreases by about 2 cm-1. The well-known laser heating effect always causes anharmonic effects in solids, 

evidenced by a broadening and a red shift of the Raman bands24, and simultaneously, under high power 

or prolonged laser irradiation, structural transitions and crystalline changes may occur due to long-range 

ordering, as well as local or macroscopic ordering25. At first glance one might think that the decrease of 

the FWHM of the peak at 190 cm-1 is related to the local annealing of the Sb2Se3 phase, which results in 

an improvement in the crystalline quality of the material. However, if this would be the case, one would 
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expect a gradual increase in intensity throughout the experiment, which was not observed. Consequently, 

it is unlikely that the peaks at 190 cm-1 and 250 cm-1 could be correlated, thus, we do not attribute the 

250 cm-1 peak to the Sb2Se3 orthorhombic phase. The appearance of the 250 cm-1 peak will be discussed 

further in the text. 

By comparing the values at  80 cm-1, 189 cm-1,  372 cm-1 and  250 cm-1 and   450 cm-1 for 

the several phases summarized in Table 1, we concluded that these peaks correspond to a Sb2O3 phase. 

Previous Raman studies do not mention the power density used, and such experiments are commonly 

performed in air atmosphere. Those evidences lead us to affirm that the commonly reported Raman spec-

tra are measured under high laser power density conditions, since the presence of the Raman peak at 

250 cm -1 is only observed in our measurements with high excitation power density conditions.  In addi-

tion, due to the excess of Se in the films, Se phases are also a candidate to explain the existence of a 

Raman band at ~250 cm-1, that is related with the vibration mode of Se8 and Se6 rings17. Taking into ac-

count the EDS results, showing an inhomogeneous Se distribution, different points of the sample were 

probed by Raman. With the objective of analyzing a region of the sample without a prolonged exposure 

to air, the sample was cut perpendicularly to the surface, and the Raman spectrum was immediately rec-

orded at the fresh cross-section. FIG. 1b) relates the Raman spectrum measured, in air, close to the glass 

substrate, i.e. as further away from the surface of the film as possible. We do not expect Se condensation 

and oxidization of a fresh cleavage cross-section. Although the signal-to-noise ratio worsens, no peak at 

250 cm-1 is observed by increasing the laser power density, and the observed main peaks can only be 

assigned to the Sb2Se3 phase. These results indicate that in this region the film has a well-defined stoichi-

ometry, avoiding the probability of oxidation of Sb or the contribution of selenium condensates. 

All the Raman peaks observed in FIG. 1a) and FIG. 1b) are within the expected range of frequencies 

when compared with the Raman frequencies reported for the lighter Sb2S3 isostructural phase26. The 
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group theory predicted, for the Sb2Se3 unit cell of five non-equivalent sites, thirty zone-center Raman 

actives phonon modes belonging to the irreducible representation: Γ𝑅𝑎𝑚𝑎𝑛 = 10 𝐴𝑔 +  10 𝐵1𝑔 +

5 𝐵2𝑔 + 5 𝐵3𝑔. Removing the zero-frequency acoustic phonon modes, a total of twenty seven optical Ra-

man modes are expected26,27. In spite of the huge number of phonons expected, only few peaks have been 

observed in the Raman studies reported so far15,16,28–30. In the Raman study reported by Y. Zhao et al19 for 

high quality samples of Bi2S3 material, which is also isostructural to Sb2Se3, the number of experimental 

Raman peaks observed is higher than the commonly observed ones for Sb2Se3. In that work, the compar-

ison between theoretical and experimental frequencies was possible considering an adjustment process 

involving the entire Raman spectrum, neglecting other contributions. We note that if Sb2Se3 and Bi2S3 are 

isostructural with the orthorhombic crystalline phase, then, one would expect the peaks of both phases 

to be visible close in energy positions and with the same number of modes. Such fact is true if we discard 

the 250 cm-1 peak. Such occurrence is another indication supporting the hypothesis that this peak is not 

from the Sb2Se3 phase. As the crystalline structure of Sb2O3 is cubic, its Raman peaks should be significantly 

different in energy position and number of nodes compared with Sb2Se3, which is the case for the peak 

around 250 cm-1. 

With the quality of the films investigated here, we cannot neglect other effects that may contrib-

ute to the observed Raman spectrum. In order to understand the RS peaks positions of Sb2Se3, we started 

to study the stability of the phase as function of incident RS laser power density. In other chalcopyrite 

materials, like for instance CIGS and CZTS, one needs to use relatively low values of laser power density in 

order to avoid damage to the film itself. The damage usually comes in 3 forms: i) structural changes that 

induce different symmetry space groups25; ii) evaporation of atoms of some elements which leads to a 

change in the structure24; and iii) incorporation and/or replacement of elements from the atmosphere, 

namely oxygen24. All of these changes have the potential to be thermodynamically available by the energy 
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delivered by the laser exposure. In this particular case, the amount of energy available to catalyze the 

possible changes comes from the laser power density and from relative long exposure times. 

Having demonstrated further evidence that the Sb2Se3 phase should not have the 250 cm-1 peak, 

we will now explore its appearance. As previously referred, the appearance of new peaks, while changing 

the laser power density, can be a consequence of several causes. Since the FWHM values and the peak 

positions of the Sb2Se3 phase are kept the same as function of laser power density, we can discard struc-

tural changes since these would change the lattice parameters and/or change the space group leading to 

significant changes in the RS peaks. If the 250 cm-1 peak is to be associated with a Sb2O3 phase, then, 

oxygen can only come from two sources: i) oxygen already present on the sample surface due to air ex-

posure after growth and/or b) oxygen present in the air.  

To test the oxygen origin hypothesis, we performed a Raman laser power density dependence by 

inserting the sample in a microscope cryostat stage (Linkam 650) connected to a vacuum pump that allows 

to achieve a pressure of  510-2 mbar. In this case, the samples might locally be heated to higher tem-

perature values due to lack of convection and thus, there is a small chance that some peak position energy 

shifts might occur. FIG. 2a) shows, at low laser power density the same results as in the previous test are 

found: i) the Sb2Se3 can be identified with peaks at 153 cm-1, 189 cm-1 and 210 cm-1; ii) the trigonal Se 

phase is present with a double peak at 234 cm-1 and 239 cm-1. With increasing laser power density, we see 

the same trend as observed previously: the double peak corresponding to trigonal Se lowers significantly 

while the Sb2Se3 peaks suffer very minor changes. At the highest laser power density values, a small peak 

around 250 cm-1 is present and no traces of the peak at 372 cm-1 are to be found. These results tend to 

indicate that under vacuum, the Se excess at the sample surface is removed, however, due to the lack of 

oxygen from the air, the formation of Sb2O3 is vastly reduced. The oxygen source can be attributed both 

to small amounts of oxygen adsorbed at the sample surface and to remaining oxygen still present in the 

low-vacuum conditions of the measurement. 
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The findings of the previous experiments allow us to conclude that, contrary to the literature, the 

peaks at 250 cm-1 and 372 cm-1 do not belong to Sb2Se3, but belong rather to Sb2O3. Furthermore, we 

hypothesize that the formation of the Sb2O3 is due to Se replacement by oxygen and resulting Se is simply 

evaporated due to its high vapor-pressure. The two-step reaction is represented by eq.1 and eq2: 

𝑆𝑏2𝑆𝑒3(𝑠) + 𝑆𝑒2 (𝑠) → 𝑆𝑏2𝑆𝑒3(𝑠) + 𝑆𝑒2 (𝑔)                                  (eq. 1) 

2 ∙ 𝑆𝑏2𝑆𝑒3(𝑠) + 3 ∙ 𝑂2(𝑔/𝑠) → 3 ∙ 𝑆𝑏2𝑂3(𝑠) + 3 ∙ 𝑆𝑒2 (𝑔) (eq. 2) 

This system has not been studied in detail and no trusty values of enthalpy energies are available 

to evaluate the reactions likelihood. These reactions fit the observed results and thermodynamic studies 

are needed to validate them.  

In order to validate even further our results, a detailed XRD temperature dependence study was 

carried from RT up to 500 C. The temperature was increased in air atmosphere, performing effectively 

an in-situ air-annealing. In FIG. 2b) we present only the results obtained at RT and 450 C, since above 450 

oC the film sublimates due to the compound high values of vapor-pressure. At low temperature conditions, 

the x-ray diffractogram is dominated by the Sb2Se3 orthorhombic peaks31. At the temperature of 450 oC, 

the x-ray diffractogram starts to be dominated almost exclusively by the Sb2O3 diffraction peaks31. This 

result is further evidence that with enough energy, Sb2Se3 decomposes into Sb2O3. As in the Raman anal-

ysis, due to the significant difference in the crystalline structure between Sb2Se3 and Sb2O3, the diffraction 

pattern is significantly different as well. 

Conclusions 

In this work, we showed that the identification of Sb2Se3 using Raman scattering must be per-

formed in low laser power density conditions, ~170 MW.m-2, in order to avoid the Se evaporation and the 

oxidation of the Sb2Se3 phase. The prominent peak around 250 cm-1 which is usually attributed to Sb2Se3 
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in the literature, belongs in fact to Sb2O3. The origin of the Sb2O3 is due to oxidation. In order to avoid 

oxidation during RS measurements and to perform more reliable measurements, at high laser excitation 

power conditions it is recommended to perform this technique in vacuum or in an inert atmosphere en-

vironment. Alternatively, Raman Scattering measurements of Sb2Se3 should be done at very low laser 

power density conditions. We note that the observation of oxidation is true for a variety of measurements 

that are done in air and that provide some energy to the samples like XRD, photoluminescence, photo-

conductivity, etc. An important observation of our work is also related with the stability of the Sb2Se3 

compound: high energy conditions, like excitation laser power or temperature, easily lead to the for-

mation of a Sb2O3 phase, thus, synthesis processes have to account for this fact when preparing the com-

pound. 
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Table 1- Main RS peaks of several phases that may originate during the growth of Sb2Se3. As explained further in the text, the 

orthorhombic Sb2Se3 is intentionally without a peak at 250 cm-1 and this region is highlighted in the other phases. 

Compound Structure Raman shift (cm-1) Supporting references 

Sb2Se3 orthorhombic 80,120,151, 189, 210  this work, 29 

Sb2O3 cubic 82, 189, 254, 373,450 18, this work 

Sb2O4  72, 142, 199, 255, 400, 463 18 

Sen (spiral 

chains) 
trigonal 141, 234, 237 14,17,20, this work 

Se8 (rings) α-monoclinic 112, 253 17,20 

Se6 (rings) rhombohedral 67-72, 102, 129, 221, 247 17 

Red Se 

(rings) 
amorphous 250 14,17,20 

Sb rhombohedral 110, 150 32 
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List of figure captions 
 
FIG. 1 a) Study of Raman spectrum dependence on the laser power density excitation for a Sb2Se3 film at 

room temperature. Under the lowest laser power density, the peak at 250 cm-1 is absent in spite of several 

Sb2Se3 peaks being present. b) Raman spectrum dependence on the excitation laser power density meas-

ured for the cross section of the analyzed film, in a spot close to the sodium lime glass substrate (SLG). 

The Raman mode assignment for Sb2O3, Rhomb. Se, Trigonal Se and Sb2Se3 were done according refer-

ences in table 1. 

FIG. 2 a) Raman laser power density dependency test in low-vacuum conditions. With increasing power 

density, it is observable a lowering of the peak associated with selenium and only a very small and broad 

peak at 250 cm-1 is found at high power conditions. The peaks attributed to the phase Sb2Se3, 153 cm-1, 

189 cm-1 and 210 cm-1, remain unchanged. The Raman mode assignment for Sb2O3 Rhomb. Se, Trigonal 

Se and Sb2Se3 were done according references in table 1. b) Diffractogram of the Sb2Se3 thin film at room 

temperature and at a temperature of 450 °C. The indexation of Sb2Se3 XRD peaks31 is also included. 


