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Resonance and antiresonance 
in Raman scattering in GaSe 
and InSe crystals
M. Osiekowicz1, D. Staszczuk1, K. Olkowska‑Pucko 1, Ł. Kipczak 1, M. Grzeszczyk 1, 
M. Zinkiewicz 1, K. Nogajewski 1, Z. R. Kudrynskyi 2, Z. D. Kovalyuk 3, A. Patané2, 
A. Babiński 1 & M. R. Molas 1*

The temperature effect on the Raman scattering efficiency is investigated in ε‑GaSe and γ‑InSe 
crystals. We found that varying the temperature over a broad range from 5 to 350 K permits to achieve 
both the resonant conditions and the antiresonance behaviour in Raman scattering of the studied 
materials. The resonant conditions of Raman scattering are observed at about 270 K under the 
1.96 eV excitation for GaSe due to the energy proximity of the optical band gap. In the case of InSe, 
the resonant Raman spectra are apparent at about 50 and 270 K under correspondingly the 2.41 eV 
and 2.54 eV excitations as a result of the energy proximity of the so‑called B transition. Interestingly, 
the observed resonances for both materials are followed by an antiresonance behaviour noticeable 
at higher temperatures than the detected resonances. The significant variations of phonon‑modes 
intensities can be explained in terms of electron‑phonon coupling and quantum interference of 
contributions from different points of the Brillouin zone.

Two-dimensional (2D) van der Waals crystals have recently attracted considerable attention due to their unique 
electronic band structure and  functionalities1,2. The main focus of researchers has been on semiconducting 
transition metal dichalcogenides (S-TMDs), e.g. MoS2 , WSe2 , and MoTe2

3,4. Currently, another much larger 
group of layered materials, i.e. semiconducting post-transition metal chalcogenides (S-PTMCs), e.g. SnS, GaS, 
InSe, and GaTe, has drawn the attention of the 2D community. Among these crystals, Se-based compounds of 
S-PTMCs, i.e. InSe and GaSe, demonstrate a tunability of their optical response from the near infrared to the 
visible spectrum with decreasing layer thickness down to  monolayers5–7.

Raman scattering (RS) spectroscopy is a powerful and nondestructive tool to get useful information about 
material  properties8. The RS measurements provide an insight into their vibrational and electronic structures and 
are of particular importance in studies of layered  materials9. The flake thickness, strain, stability, charge transfer, 
stoichiometry, and stacking orders of the layers can be accessed by monitoring parameters of the observed pho-
non  modes10–17. RS experiments can be performed under non-resonant and resonant excitation conditions:18. The 
resonant excitation may lead to a significant enhancement of the RS intensity in S-TMD as well as the activation 
of otherwise inactive modes. This offers supplementary information on the coupling of particular phonons to 
electronic transitions of a specific  symmetry19–21. The crossover between the non-resonant and resonant condi-
tions can be achieved not only by the variation of the excitation energy but also by the modulation of tempera-
ture as it was recently  reported22–24. In such an approach, it is the band structure that changes with temperature 
allowing for resonance with particular excitation energy.

In this work, we present a comprehensive investigation of the effect of temperature on the Raman scatter-
ing in ε-GaSe and γ-InSe crystals. It has been found that the intensity of some phonon modes exhibits a strong 
variation as a function of temperature under excitation with specific energy due to the resonant conditions of 
RS. Moreover, a significant antiresonance behaviour accompanies the resonances at higher temperatures, which 
leads to the vanishing of the modes intensities. The observed effects are discussed in terms of electron-phonon 
coupling and quantum interference of contributions from different points of the Brillouin zone (BZ).
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Experimental results
GaSe or InSe crystals are layered materials composed of monolayers stacked by weak van der Waals forces. A 
monolayer of GaSe or InSe crystals comprises four covalently bonded atomic planes (Se-Ga-Ga-Se or Se-In-In-
Se) arranged in a hexagonal atomic  lattice25,26. Bulk materials or thicker layers, achieved by stacking of monolay-
ers by weak van der Waals forces, can exist in multiple stacking orders (polytypes)27. The GaSe crystals are most 
commonly found in ε polytype with the unit cell having 8 atoms and spanning two layers. The majority of the 
InSe crystals stacks in the γ polytype, in which the unit cell extends over three structural layers and contains 12 
atoms. The crystal structures of the studied ε-GaSe and γ-InSe thin layers are presented schematically in Fig. 1(a). 
Note that the polytype indications are omitted in the following.

Effect of the excitation energy on the Raman scattering. Atomic displacements of the phonon 
modes apparent in investigated GaSe and InSe crystals are shown in Fig. 1(b). The corresponding unpolarized 
RS spectra of GaSe and InSe obtained under two different excitation energies (1.96 eV and 2.41 eV) measured 
at room temperature (T=300 K) are presented in Fig. 1(c). The RS peaks are classified according to their irre-
ducible representations in the symmetry group in the monolayer phase D3h and additionally numbered due to 
their increased Raman shift for clarity. Note that the detailed description of the optical modes active in RS and 
infrared absorption can be found in previous works devoted to the RS spectroscopy performed on the  GaSe28,29 
and  InSe27,30. As can be appreciated in Fig. 1(c), the number of observed phonon peaks and their intensities are 
substantially affected by the excitation energy. Particularly, all RS spectra exhibit three in-plane phonon modes 
( E′′(1), E′(1), and E′′(2)) and two out-of-plane phonon modes ( A′

1
(1) and A′

1
(2)), which are observed regardless 

of the excitation energy. For GaSe, a significant increase in the RS intensity of about 20 times is observed while 
the sample is excited with 1.96 eV as compared to 2.41 eV. In the case of InSe, the difference in the RS intensi-
ties obtained for both excitation energies can be neglected, while a broad emission extending from laser liner 
towards higher Raman shifts is observed under excitation of 2.41 eV. There are also additional Raman peaks 
under excitation of 1.96 eV and 2.41 eV for GaSe and InSe, respectively. The most commonly reported, such as 
out-of-plane A′′

1
(1) and in-plane E′(2), are labelled in the RS spectra. Since GaSe is a polar  crystal31, the assign-

ment of other peaks apparent in the RS spectrum of GaSe excited with 1.96 eV is more complex (see Ref.28,32,33 
for details).

To understand the observed difference in the shapes and the intensities of the measured RS spectra of GaSe 
and InSe crystals, their band structures need to be discussed. The optical band-gap energy of the GaSe at room 
temperature was reported to be of around 2.0 eV7, while the corresponding optical gap energy of the InSe is found 
to be on the order of 1.25 eV5,6. In consequence, the significant increase of RS intensity in GaSe under excitation 
of 1.96 eV can be related to the proximity of the optical band gap. The obtained difference in RS in InSe is more 
striking as compared to the GaSe case, due to both excitation energies (1.96 eV and 2.41 eV) being much larger 

Figure 1.  (a) Atomic structure and stacking order of ε-GaSe and γ-InSe. (b) Atomic displacements of the 
studied phonon modes. (c) unpolarized Raman scattering spectra of the GaSe (green/bright green) and InSe 
(blue/bright blue) crystals measured under two different excitation energies at room temperature. The spectra 
are shifted for clarity.



3

Vol.:(0123456789)

Scientific Reports |          (2021) 11:924  | https://doi.org/10.1038/s41598-020-79411-x

www.nature.com/scientificreports/

than the InSe optical band gap. However, the 2.41 eV excitation stays in the vicinity of the so-called B transition 
at Ŵ point of the BZ in InSe of energy around 2.4 eV6. It suggests that resonant conditions of Raman scattering 
can be achieved under excitation of 1.96 eV for GaSe and 2.41 eV for InSe due to the energy proximity of the 
optical band gap and the B transition, respectively.

Temperature influence on resonant Raman scattering. In order to investigate the aforementioned 
resonant conditions in Raman scattering, we carried out RS experiments in a broad range of temperatures from 
about 5 to 350 K. Figure 2(a) and (b) display the RS spectra of the GaSe and InSe consisting of both the Stokes 
and anti-Stokes scatterings measured at selected values of temperature under excitations of 1.96 eV and 2.41 eV, 
respectively. As can be appreciated in the Figure, only the Stokes-related signal is observed at the lowest tempera-
tures. It is due to the nature of Stokes and anti-Stokes processes, which are related correspondingly to emission 
and absorption of phonons. As phonons are bosons, their population is described by the Bose-Einstein statistics. 
At absolute zero temperature, a crystal lattice lies in its ground state and contains no phonons. As a result, an 
increase of sample temperature leads to increased number of available phonons, which is accompanied by an 
increase of the number of phonon absorption processes giving rise to the anti-Stokes signal at elevated tempera-
tures. This kind of evolution is demonstrated in Fig. 2(a) and (b). Moreover, the influence of increasing tempera-
ture on a given RS peak is revealed by a red shift of energy, a broadening of linewidth, and a variation of intensity. 
These three processes can be clearly noted for the A′

1
(1) modes apparent in the RS spectra of the GaSe and InSe 

crystals. In different materials, including S-TMDs29,34–36, one finds that both the energy and the linewidth of 
phonon mode vary with temperature. This temperature dependence was attributed to the anharmonic terms in 
the vibrational potential  energy37. As we investigate the temperature effect on excitation conditions of RS, we 
focus our attention on its influence on phonon-modes intensities. While in almost the whole range of the used 
temperature to about 300 K, there is no significant change of peaks intensities, a strong quenching of the RS 
signal for all the observed lines in GaSe and InSe is apparent at the highest temperature of 350 K. This kind of 
behaviour can be ascribed to the variation of the excitation conditions of RS. As we measured RS spectra with 
the fixed laser energy for a given material, the temperature affects the band structure of the studied GaSe and 
InSe resulting in the change of the relative energy separation between laser energy and the optical band-gap 
energy for GaSe or B-transition energy for InSe. Interestingly, the vanishing of phonon modes at T=350 K for 
GaSe is accompanied with the emergence of the broad emission covering the whole range of the detected ener-
gies, which can be ascribed to the emission in the vicinity of the optical band gap of GaSe. For the InSe, a similar 
quenching of phonon modes at T=350 K is followed by the emission extending from laser liner in both Stokes 
and anti-Stokes scatterings, which may be attributed to the resonant excitation of the B transition. 

To investigate in more detail the temperature effect on the phonon-modes intensities, we fitted the observed 
phonon modes with Gaussian functions. The obtained intensity evolutions of the RS peaks under both excitation 
energies (1.96 eV and 2.41 eV) as a function of temperature are presented in Figs. 3 and 4. First, we can focus on 
the temperature evolutions of the phonon modes shown in Fig. 3. It is observed that their intensity dependencies 
for both materials are very similar, if the results are compared diagonally, i.e. Fig. 3(a) and (c); Fig. 3(b) and (c). 
For the former case, i.e. Fig. 3(a) and (c), a small temperature effect on the modes intensities is apparent up to 

Figure 2.  Raman scattering spectra of the studied (a) GaSe and (b) InSe measured at selected temperatures 
under resonant excitation regimes. The spectra are shifted for clarity.
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Figure 3.  Temperature dependence of the Stokes-related phonon-modes intensities of (a),(c) GaSe and (b),(d) 
InSe under excitation of (a),(b) 1.96 eV and (c),(d) 2.41 eV.

Figure 4.  Temperature evolution of the Stokes- (full square points) and anti-Stokes-related (open circle points) 
intensities for the A′

1
(1) modes measured on (a),(c) GaSe and (b),(d) InSe under excitation of (a),(b) 1.96 eV 

and (c),(d) 2.41 eV.
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around 270 K, while at higher temperatures their intensities are quickly vanished up to almost zero. The most 
spectacular results are observed for the E′′(1) mode in GaSe and for the A′

1
(2) mode in InSe under excitation of 

1.96 eV and 2.41 eV, respectively. Both these evolutions are characterized by well-resolved maxima located at 
about 270 K. In the latter case, i.e. Fig. 3(b),(c), the corresponding dependences reveals monotonic behaviours 
(increase or decrease) as a function of temperature characterized by small slopes. These results suggest that the 
electron-phonon coupling for individual phonon modes is different, which can be understood by considering 
their symmetries with respect to the symmetries of the orbitals associated with the involved transitions, as it 
was reported for MoS2

38. It is important to mention that similar effects, i.e. the intensity maxima as a function 
of temperature, has not been reported so far for other layered materials. Particularly, for thin layers of S-TMDs, 
only a growth or a decrease of the RS signal was observed in a broad temperature range from 5 K to 300 K22–24. 
The most interesting result is the strong vanishing of all modes intensities at temperatures above around 280 K 
under excitations of 1.96 eV and 2.41 eV in GaSe and InSe, respectively.

Intensity profiles of the A
′

1

(1) phonon modes. As we found that the most pronounced and tempera-
ture sensitive peak for both the materials is the A′

1
(1) mode, we decided to focus our attention only on its analy-

sis. Figure 4(a) and (b) show the temperatures evolutions of the Stokes- and anti-Stokes-related intensities of the 
A

′

1
(1) modes. Particularly, analogous effects of temperature on phonon intensities shown in Fig. 3 (comparison 

of results diagonally) are also observed for the A′

1
(1) in Fig. 4. For Fig. 4(a) and (d), its well-resolved maxima 

located at about 250–270 K and its strong quenching in higher temperatures are apparent, while only monotonic 
evolutions are visible in Fig. 4(b) and (c). It is interesting that the temperature-dependent A′

1
(1) intensity profiles 

for both GaSe and InSe are very similar, which may suggest analogous effects responsible for them. Moreover, 
it reflects the reported enhancement profile for phonon modes as a function of excitation energy in InSe in 
the vicinity of the B  transition30. This suggests that the temperature variation under the fixed excitation energy 
can be treated as an analogous of the change of excitation energy. This leads us to the conclusion that resonant 
conditions of RS can be achieved under excitation of 1.96 eV for GaSe and 2.41 eV for InSe due to the energy 
proximity of the optical band gap and the B transition, respectively. Moreover, the observed small difference in 
the maxima positions between the Stokes- and anti-Stokes-related signals of about 10 K - 20 K may suggest that 
they are associated with the outgoing  resonance39. This type of resonance is satisfied when the difference between 
the energies of excitation and the scattered (emitted) light is equal to the energy of phonon mode. In our case, 
we investigate the A′

1
(1) intensities in both the Stokes and anti-Stokes bands, which are related to its emission 

and absorption, respectively. Consequently, the difference in maxima positions should equal doubled energy of 
the A′

1
(1).

As the observed resonant conditions of RS in GaSe are due to the vicinity of the optical band gap, we measured 
its PL spectra in the whole range of temperatures. Fig.  5(a) presents a comparison of the temperature evolutions 
of the excitonic emission energy ( EX ) in GaSe and the Stokes- and anti-Stokes-related intensities of the A′

1
(1) 

modes under the 1.96 eV excitation. Note that the measured EX dependence as a function of temperature is in 
good agreement with previously reported temperature evolutions of the optical band gap in GaSe in Refs.40,41. 
It is seen in the Figure that the maximum intensity of the A′

1
(1) observed at a temperature of about 270 K 

Figure 5.  (a) The left hand scale refers to (green full points) the temperature evolution of the excitonic emission 
energy ( EX ) in GaSe. The right hand scale presents the corresponding (red full points) Stokes- and (red open 
points) anti-Stokes-related intensities of the A′

1
(1) modes under the 1.96 eV excitation marked by dark red 

dashed horizontal line. (b) The left and right hand scales refers the temperature evolutions of the (blue and green 
full points) Stokes- and (green open points) anti-Stokes-related intensities of the A′

1
(1) modes under the 2.41 eV 

(green points) and 2.54 eV (blue points) excitations.
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corresponds to the EX energy of ∼2.01 eV, which is much higher than the used laser energy of 1.96 eV, while the 
aforementioned vanishing of the mode intensity is apparent at the temperature of 350 K for which the excitation 
and emission energies are almost equal. The similar antiresonant behaviour was reported for the A′

1
(1) mode in 

GaSe at a temperature of about 80 K using a tunable  laser33. The reported minimum A′

1
(1) intensity is apparent 

when the excitation energy is around 50 meV below the exciton energy. In our opinion, this difference in the 
antiresonance energies can be described in terms of both the temperature tunablity of the band gap and of the 
electron-phonon coupling. The calculated band structures for ε-GaSe show a nearly direct band gap at the Ŵ point 
of the Brillouin zone (BZ)42. However, the detailed analysis of the GaSe band structure demonstrated in Ref.42 
reveals that the valence band maximum (VBM) moves away from Ŵ towards the K-points, and the valence band 
takes the form of an inverted ”Mexican hat” with the energy separation between the VBM and the Ŵ point on the 
order of 8 meV. It may suggest that the measured emission energy may not correspond to the excitonic transition, 
which can qualitatively describe the difference between our results and those reported in Ref.33. The origin of 
the antiresonant behaviour can be described in terms of quantum interference as it was reported for thin layers 
of MoTe2

43, i.e. the contributions to the Raman susceptibility from different regions (individual k-points) of the 
BZ add with particular signs (plus or minus). This may lead to enhancement or quenching of phonon-modes 
observed in the RS spectra. As our resonant conditions in GaSe occur in the vicinity of the optical band gap, it 
suggests that specific k-point close to the Ŵ point of the BZ may give contributions of different sign resulting in 
vanishing of Raman signal. Moreover, we should also take into account that the electron-phonon interaction may 
lead to an increase of both the RS and PL signals, as it has been reported for monolayer WS2

20. Consequently, 
the resonant conditions of Raman scattering may result in a strong enhancement of the observed emission (see 
Fig. 2, which triggers the vanishing of the Raman signal.

In the case of InSe, the description of the obtained results is more complex, because the emission related to 
the B transition can not be measured directly. Moreover, we believe that the assumption that the temperature 
evolution of the B transition is similar to the optical band gap in  InSe44–46 may lead to misestimation. Figure 5(b) 
presents the Stokes-related intensities for the A′

1
(1) mode under excitation of 2.54 eV and the corresponding 

Stokes and anti-Stokes intensities obtained with 2.41 eV excitation. We can appreciate that the maximum inten-
sity of the A′

1
(1) mode apparent at a temperature of about 50 K under 2.54 eV excitation is significantly shifted 

as compared to T=270 K under 2.41 eV excitation. However, the most interesting is the antiresonant behaviour 
under 2.54 eV excitation, which reveals a quick decrease of the A′

1
(1) intensity of almost 2 orders of magnitude 

in the temperature range from 80 to 140 K. It results in the complete vanishing of the A′

1
(1) mode for range from 

150 K to 180 K. At higher temperatures, slow linear growth of the A′

1
(1) intensity is visible. This shape of the A′

1

(1) intensity reflects the reported enhancement profile for this mode as a function of excitation energy in InSe 
in the vicinity of the B  transition30,47. Consequently, we can speculate that the B transition energy varies from 
about 2.54 to 2.41 eV with temperature changes from about 50 to 270 K. The origin of the antiresonance can be 
described similarly to GaSe in terms of quantum interference. However, as the used excitations are much larger 
than the InSe optical band gap, the possible contributions with different signs can be also taken with different 
points of BZ (e.g. K or M points). It is important to mention that the analogous enhancement of the Raman scat-
tering modes under different excitations in the vicinity of the B transitions was observed for thin layers of  InSe48.

Conclusions
A comprehensive investigation of the temperature effect on the Raman scattering efficiency in ε-GaSe and γ
-InSe crystals was reported. We found that the intensity of some phonon modes exhibits a strong variation as a 
function of temperature under excitation with specific energy due to the resonant conditions of RS. Moreover, 
a significant antiresonance behaviour accompanies the resonances at higher temperature, which leads to the 
vanishing of the modes intensities. The observed effects are discussed in terms of electron-phonon coupling 
and quantum interference effect.

Methods
The γ-InSe crystals were grown using the Bridgman method from a polycrystalline melt of In1.03 Se0.97 , while the 
ε-GaSe crystals were purchased from 2D Semiconductors. To facilitate carrying out the optical experiments, the 
investigated crystals were glued on Si/SiO2 substrates.

The photoluminescence (PL) and RS measurements were performed using �=488 nm (2.54 eV) and �
=514.5 nm (2.41 eV) ( �=632.8 nm (1.96 eV)) radiation from a continuous wave Ar-ion (He-Ne) laser. The 
studied samples were placed on a cold finger in a continuous flow cryostat mounted on x-y manual position-
ers. The excitation light was focused by means of a 100x long-working distance objective with a 0.55 numerical 
aperture producing a spot of about 1 µ m diameter. The signal was collected via the same microscope objective, 
sent through 1 m monochromator, and then detected by using a liquid nitrogen cooled charge-coupled device 
camera. The excitation power focused on the sample was kept at 200 µ W during all measurements to avoid local 
heating. To detect low-energy Raman scattering up to about ±10 cm−1 from laser line, a set of Bragg filters was 
implemented in both excitation and detection paths. Moreover, the samples were mounted so that the 2D plane 
of crystals was at an angle of θ=60◦ relative to the excitation/detection light direction to avoid the Rayleigh scat-
tering during measurements of RS spectra.

Data availability
The datasets obtained during experiments and analysis in course of manuscript preparation are available from 
the corresponding author on reasonable request.
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