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Resonance and antiresonance
iIn Raman scattering in GaSe
and InSe crystals

M. Osiekowicz?, D. Staszczuk?, K. Olkowska-Pucko®?, t. Kipczak®?, M. Grzeszczyk®?,
M. Zinkiewicz®?, K. Nogajewski®?, Z. R. Kudrynskyi©®?, Z. D. Kovalyuk®3, A. Patané?,
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The temperature effect on the Raman scattering efficiency is investigated in e-GaSe and y-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 functionalities™. The main focus of researchers has been on semiconducting
transition metal dichalcogenides (S-TMDs), e.g. MoS,, WSe», and MoTe,**. 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 monolayers®~”.

Raman scattering (RS) spectroscopy is a powerful and nondestructive tool to get useful information about
material properties®. The RS measurements provide an insight into their vibrational and electronic structures and
are of particular importance in studies of layered materials’. 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 modes'®”. RS experiments can be performed under non-resonant and resonant excitation conditions:'®. 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 symmetry’®=2!. 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 reported**-?%. 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 e-GaSe and y-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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Figure 1. (a) Atomic structure and stacking order of e-GaSe and y-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.

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 lattice?>?¢. Bulk materials or thicker layers, achieved by stacking of monolay-
ers by weak van der Waals forces, can exist in multiple stacking orders (polytypes)”. The GaSe crystals are most
commonly found in & polytype with the unit cell having 8 atoms and spanning two layers. The majority of the
InSe crystals stacks in the y polytype, in which the unit cell extends over three structural layers and contains 12
atoms. The crystal structures of the studied e-GaSe and y-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 D3}, 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 GaSe**
and InSe?”*°. 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 A1(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 Al(l) and in-plane E'(2), are labelled in the RS spectra. Since GaSe is a polar crystal®’, the assign-
ment of other peaks apparent in the RS spectrum of GaSe excited with 1.96 eV is more complex (see Ref.?32%
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 eV”, while the corresponding optical gap energy of the InSe is found
to be on the order of 1.25 eV>®. 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
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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.

than the InSe optical band gap. However, the 2.41 eV excitation stays in the vicinity of the so-called B transition
at " point of the BZ in InSe of energy around 2.4 eV®. 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 All(l) modes apparent in the RS spectra of the GaSe and InSe
crystals. In different materials, including S-TMDs****-%, 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 energy®’. 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
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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.
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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 Al 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) modes under the 2.41 eV
(green points) and 2.54 eV (blue points) excitations.

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 A1(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 MoS,*%. 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 K>,
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 A1(1) phonon modes.  As we found that the most pronounced and tempera-
ture sensitive peak for both the materials is the A}(1) mode, we decided to focus our attention only on its analy-
sis. Figure 4(a) and (b) show the temperatures evolutlons of the Stokes- and anti-Stokes-related intensities of the

1(1) modes. Particularly, analogous effects of temperature on phonon intensities shown in Fig. 3 (comparison
of results diagonally) are also observed for the Al(l) 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 transition®. 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 resonance®. 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 Al(l) 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).

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 Al(l)
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.***'.
It is seen in the Figure that the maximum intensity of the Al(l) observed at a temperature of about 270 K
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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 laser®. The reported minimum Al(l) 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 e-GaSe show a nearly direct band gap at the I' point
of the Brillouin zone (BZ)*2. However, the detailed analysis of the GaSe band structure demonstrated in Ref.*?
reveals that the valence band maximum (VBM) moves away from I 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 I" 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.. The origin of
the antiresonant behaviour can be described in terms of quantum interference as it was reported for thin layers
of MoTe;*, 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 I 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 WS,%. 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 InSe**"** 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) 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 Al(l) 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) mode for range from
150 K to 180 K. At higher temperatures, slow linear growth of the Al(l) intensity is Vlslble This shape of the A
(1) intensity reflects the reported enhancement profile for this mode as a function of excitation energy in InSe
in the vicinity of the B transition®**”. 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 InSe*.

Conclusions

A comprehensive investigation of the temperature effect on the Raman scattering efficiency in e-GaSe and y
-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 y-InSe crystals were grown using the Bridgman method from a polycrystalline melt of In; o3 Seg 97, while the
e-GaSe crystals were purchased from 2D Semiconductors. To facilitate carrying out the optical experiments, the
investigated crystals were glued on Si/SiO, substrates.

The photoluminescence (PL) and RS measurements were performed using =488 nm (2.54 eV) and 4
=514.5 nm (2.41 eV) (4=632.8 nm (1.96 €V)) 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 ;um 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 W during all measurements to avoid local
heating. To detect low-energy Raman scattering up to about +10 cm™! 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 #=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.

Scientific Reports |

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



www.nature.com/scientificreports/

Received: 28 October 2020; Accepted: 2 December 2020
Published online: 13 January 2021

References

1.

Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. U.S.A. 102, 10451. https://doi.org/10.1073/pnas.05028
48102 (2005).

2. Geim, A. K. & Grigorieva, I. Van der waals heterostructures. Nature 499, 419. https://doi.org/10.1038/nature12385 (2013).

3. Koperski, M. et al. Optical properties of atomically thin transition metal dichalcogenides: Observations and puzzles. Nanophotonics
6, 1289. https://doi.org/10.1515/nanoph-2016-0165 (2017).

4. Wang, G. et al. Colloquium: Excitons in atomically thin transition metal dichalcogenides. Rev. Mod. Phys. 90, 021001. https://doi.
org/10.1103/RevModPhys.90.021001 (2018).

5. Mudd, G. W. et al. The direct-to-indirect band gap crossover in two-dimensional van der waals indium selenide crystals. Sci. Rep.
6, 39619. https://doi.org/10.1038/srep39619 (2016).

6. Bandurin, D. A. et al. High electron mobility, quantum hall effect and anomalous optical response in atomically thin InSe. Nat.
Nanotechnol. 12, 223-227. https://doi.org/10.1038/nnano.2016.242 (2016).

7. Terry, D.J. et al. Infrared-to-violet tunable optical activity in atomic films of GaSe, InSe, and their heterostructures. 2D Mater. 5,
041009. https://doi.org/10.1088/2053-1583/aadfc3 (2018).

8. Zhang, X., Tan, Q.-H., W, J.-B., Shi, W. & Tan, P.-H. Review on the Raman spectroscopy of different types of layered materials.
Nanoscale 8, 6435-6450. https://doi.org/10.1039/c5nr07205k (2016).

9. Zhang, X. et al. Phonon and Raman scattering of two-dimensional transition metal dichalcogenides from monolayer, multilayer
to bulk material. Chem. Soc. Rev. 44, 2757-2785. https://doi.org/10.1039/c4cs00282b (2015).

10. Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 187401. https://doi.org/10.1103/physr
evlett.97.187401 (2006).

11. Lee, C. et al. Anomalous lattice vibrations of single- and few-layer MoS,. ACS Nano 4, 2695. https://doi.org/10.1021/nn1003937
(2010).

12. Cangado, L. G. et al. Quantifying defects in graphene via Raman spectroscopy at different excitation energies. Nano Lett. 11,
3190-3196. https://doi.org/10.1021/n1201432¢g (2011).

13. Tonndorf, P. et al. Photoluminescence emission and Raman response of monolayer MoS,, MoSe,, and WSe,. Opt. Express 21, 4908.
https://doi.org/10.1364/OE.21.004908 (2013).

14. Bruna, M. et al. Doping dependence of the Raman spectrum of defected graphene. ACS Nano 8, 7432-7441. https://doi.org/10.1021/
nn502676g (2014).

15. Gotasa, K. et al. The disorder-induced Raman scattering in Au/MoS, heterostructures. AIP Adv. 5, 077120. https://doi.
0rg/10.1063/1.4926670 (2015).

16. Grzeszczyk, M. et al. Raman scattering of few-layers MoTe,. 2D Mater. 3, 025010. https://doi.org/10.1088/2053-1583/3/2/025010
(2016).

17. Kipczak, L., Grzeszczyk, M., Olkowska-Pucko, K., Babinski, A. & Molas, M. R. The optical signature of few-layer ReSe,. J. Appl.
Phys. 128, 044302. https://doi.org/10.1063/5.0015289 (2020).

18. Smith, E. & Dent, G. Modern Raman Spectroscopy—A Practical Approach (John Wiley & Sons, Ltd, New York, 2004).

19. del Corro, E. et al. Excited excitonic states in 1L, 2L, 3L, and bulk WSe, observed by resonant Raman spectroscopy. ACS Nano 8,
9629-9635. https://doi.org/10.1021/nn504088g (2014).

20. Molas, M. R., Nogajewski, K., Potemski, M. & Babinski, A. Raman scattering excitation spectroscopy of monolayer WS,. Sci. Rep.
7, 5036. https://doi.org/10.1038/s41598-017-05367-0 (2017).

21. Shree, S. et al. Observation of exciton-phonon coupling in MoSe, monolayers. Phys. Rev. B 98, 035302. https://doi.org/10.1103/
physrevb.98.035302 (2018).

22. Gotasa, K. et al. Resonant quenching of Raman scattering due to out-of-plane A,,/A’} modes in few-layer MoTe,. Nanophotonics
6, 1281. https://doi.org/10.1515/nanoph-2016-0150 (2017).

23. Grzeszczyk, M. et al. Raman scattering from the bulk inactive out-of-plane Bj, mode in few-layer MoTe,. Sci. Rep. 8, 17745. https
://doi.org/10.1038/s41598-018-35510-4 (2018).

24. Molas, M. R. et al. Tuning carrier concentration in a superacid treated MoS, monolayer. Sci. Rep. 9, 1989. https://doi.org/10.1038/
541598-018-38413-6 (2019).

25. Schubert, K., Dérre, E. & Gonzel, E. Kristallchemische ergebnisse an phasen aus b-elementen. Die Naturwissenschaften 41, 448.
https://doi.org/10.1007/BF00628872 (1954).

26. Semiletov, S. Kristallografiya 3, 228 (1958).

27. Jandl, S. & Carlone, C. Raman spectrum of crystalline InSe. Solid State Commun. 25, 5-8. https://doi.org/10.1016/0038-
1098(78)91157-2 (1978).

28. Hoff, R. M., Irwin, J. C. & Lieth, R. M. A. Raman scattering in GaSe. Can. J. Phys. 53, 1606-1614. https://doi.org/10.1139/p75-203
(1975).

29. Gasanly, N., Aydinls, A., Ozkan, H. & Kocabag, C. Temperature-dependent Raman scattering spectra of £-GaSe layered crystal.
Mater. Res. Bull. 37, 169-176. https://doi.org/10.1016/S0025-5408(01)00810-8 (2002).

30. Kuroda, N. & Nishina, Y. Resonant raman scattering at higher M, exciton edge in layer compound InSe. Solid State Commun. 28,
439-443. https://doi.org/10.1016/0038-1098(78)90834-7 (1978).

31. Wieting, T. J. & Verble, J. L. Interlayer bonding and the lattice vibrations of 8-GaSe. Phys. Rev. B 5, 1473-1479. https://doi.
org/10.1103/physrevb.5.1473 (1972).

32. Irwin, J., Hoff, R., Clayman, B. & Bromley, R. Long wavelength lattice vibrations in GaS and GaSe. Solid State Commun. 13,
1531-1536. https://doi.org/10.1016/0038-1098(73)90205-6 (1973).

33. Hoff, R. M. & Irwin, J. C. Resonant Raman scattering in GaSe. Phys. Rev. B 10, 3464-3470. https://doi.org/10.1103/physrevb.10.3464
(1974).

34. Late, D. J., Shirodkar, S. N., Waghmare, U. V., Dravid, V. P. & Rao, C. N. R. Thermal expansion, anharmonicity and temperature-
dependent Raman spectra of single- and few-layer MoSe, and WSe,. ChemPhysChem 15, 1592-1598. https://doi.org/10.1002/
cphc.201400020 (2014).

35. Park, J., Kim, Y., Jhon, Y. I. & Jhon, Y. M. Temperature dependent Raman spectroscopic study of mono-, bi-, and tri-layer molyb-
denum ditelluride. Appl. Phys. Lett. 107, 153106. https://doi.org/10.1063/1.4934181 (2015).

36. Yang, M. et al. Anharmonicity of monolayer MoS,, MoSe,, and WSe,: A Raman study under high pressure and elevated temperature.
Appl. Phys. Lett. 110, 093108. https://doi.org/10.1063/1.4977877 (2017).

37. Balkanski, M., Wallis, R. F. & Haro, E. Anharmonic effects in light scattering due to optical phonons in silicon. Phys. Rev. B 28,
1928-1934. https://doi.org/10.1103/physrevb.28.1928 (1983).

38. Carvalho, B. R, Malard, L. M., Alves, ]. M., Fantini, C. & Pimenta, M. A. Symmetry-dependent exciton-phonon coupling in 2D and
bulk MoS, observed by resonance Raman scattering. Phys. Rev. Lett. 114, 136403. https://doi.org/10.1103/PhysRevLett.114.13640
3(2015).

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


https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1073/pnas.0502848102
https://doi.org/10.1038/nature12385
https://doi.org/10.1515/nanoph-2016-0165
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1038/srep39619
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1088/2053-1583/aadfc3
https://doi.org/10.1039/c5nr07205k
https://doi.org/10.1039/c4cs00282b
https://doi.org/10.1103/physrevlett.97.187401
https://doi.org/10.1103/physrevlett.97.187401
https://doi.org/10.1021/nn1003937
https://doi.org/10.1021/nl201432g
https://doi.org/10.1364/OE.21.004908
https://doi.org/10.1021/nn502676g
https://doi.org/10.1021/nn502676g
https://doi.org/10.1063/1.4926670
https://doi.org/10.1063/1.4926670
https://doi.org/10.1088/2053-1583/3/2/025010
https://doi.org/10.1063/5.0015289
https://doi.org/10.1021/nn504088g
https://doi.org/10.1038/s41598-017-05367-0
https://doi.org/10.1103/physrevb.98.035302
https://doi.org/10.1103/physrevb.98.035302
https://doi.org/10.1515/nanoph-2016-0150
https://doi.org/10.1038/s41598-018-35510-4
https://doi.org/10.1038/s41598-018-35510-4
https://doi.org/10.1038/s41598-018-38413-6
https://doi.org/10.1038/s41598-018-38413-6
https://doi.org/10.1007/BF00628872
https://doi.org/10.1016/0038-1098(78)91157-2
https://doi.org/10.1016/0038-1098(78)91157-2
https://doi.org/10.1139/p75-203
https://doi.org/10.1016/S0025-5408(01)00810-8
https://doi.org/10.1016/0038-1098(78)90834-7
https://doi.org/10.1103/physrevb.5.1473
https://doi.org/10.1103/physrevb.5.1473
https://doi.org/10.1016/0038-1098(73)90205-6
https://doi.org/10.1103/physrevb.10.3464
https://doi.org/10.1002/cphc.201400020
https://doi.org/10.1002/cphc.201400020
https://doi.org/10.1063/1.4934181
https://doi.org/10.1063/1.4977877
https://doi.org/10.1103/physrevb.28.1928
https://doi.org/10.1103/PhysRevLett.114.136403
https://doi.org/10.1103/PhysRevLett.114.136403

www.nature.com/scientificreports/

39. Vifia, L. et al. Role of excitons in double Raman resonances in GaAs quantum wells. Phys. Rev. B 53, 3975-3982. https://doi.
org/10.1103/physrevb.53.3975 (1996).

40. Mamedov, G. M., Karabulut, M., Kodolbas, A. O. & Oktii, O. Exciton photoconductivity in Ge-doped GaSe crystals. Phys. Status
Solidi (B) 242, 2885-2891. https://doi.org/10.1002/pssb.200540097 (2005).

41. Karabulut, M., Bilir, G., Mamedov, G., Seyhan, A. & Turan, R. Photoluminescence spectra of nitrogen implanted GaSe crystals. J.
Lumin. 128, 1551-1555. https://doi.org/10.1016/j.jlumin.2008.02.014 (2008).

42. Do, D. T,, Mahanti, S. D. & Lai, C. W. Spin splitting in 2D monochalcogenide semiconductors. Sci. Rep. 5, 17044. https://doi.
org/10.1038/srep17044 (2015).

43. Miranda, H. P. C. ef al. Quantum interference effects in resonant Raman spectroscopy of single- and triple-layer MoTe, from
first-principles. Nano Lett. 17, 2381-2388. https://doi.org/10.1021/acs.nanolett.6b05345 (2017).

44. Mudd, G. W. et al. Quantum confined acceptors and donors in InSe nanosheets. Appl. Phys. Lett. 105, 221909. https://doi.
0rg/10.1063/1.4903738 (2014).

45. Ertap, H., Bacioglu, A. & Karabulut, M. Photoluminescence properties of boron doped InSe single crystals. J. Lumin. 167, 227-232.
https://doi.org/10.1016/j.jlumin.2015.06.045 (2015).

46. Venanzi, T. et al. Photoluminescence dynamics in few-layer InSe. Phys. Rev. Mater. https://doi.org/10.1103/physrevmaterials.4.04400
1(2020).

47. Zolfaghari, M. The impact of doping on the anti-resonance effects of A',, mode of InSe. Int. J. Opt. Photon. 13, 171. https://doi.
org/10.29252/ijop.13.2.171 (2019).

48. Molas, M. R. et al. Raman spectroscopy of Gase and Inse post-transition metal chalcogenides layers. Faraday Discuss. https://doi.
0rg/10.1039/d0fd00007h (2020).

Acknowledgements
The work has been supported by the National Science Centre, Poland (Grant Nos. 2017/24/C/ST3/00119 and
2017/27/B/ST3/00205).

Author contributions

M.O.,, D.S.,K.0.-P, L.K,, M.G., M.Z., and M.R.M. carried out the experiments, K.N. helped with preparation of
samples, ZR.K., ZD.K,, and A.P. provided the InSe crystal, M.R.M. performed the data analysis. M.G., A.B.,
and M.R.M. wrote the manuscript with contribution from all other co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.R.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

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


https://doi.org/10.1103/physrevb.53.3975
https://doi.org/10.1103/physrevb.53.3975
https://doi.org/10.1002/pssb.200540097
https://doi.org/10.1016/j.jlumin.2008.02.014
https://doi.org/10.1038/srep17044
https://doi.org/10.1038/srep17044
https://doi.org/10.1021/acs.nanolett.6b05345
https://doi.org/10.1063/1.4903738
https://doi.org/10.1063/1.4903738
https://doi.org/10.1016/j.jlumin.2015.06.045
https://doi.org/10.1103/physrevmaterials.4.044001
https://doi.org/10.1103/physrevmaterials.4.044001
https://doi.org/10.29252/ijop.13.2.171
https://doi.org/10.29252/ijop.13.2.171
https://doi.org/10.1039/d0fd00007h
https://doi.org/10.1039/d0fd00007h
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Resonance and antiresonance in Raman scattering in GaSe and InSe crystals
	Experimental results
	Effect of the excitation energy on the Raman scattering. 
	Temperature influence on resonant Raman scattering. 
	Intensity profiles of the (1) phonon modes. 

	Conclusions
	Methods
	References
	Acknowledgements


