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ABSTRACT

Compared to other two-dimensional (2D) crystals with single or binary elements, 2D ternary layered materials have unique physical proper-
ties for potential applications due to the stoichiometric variation and synergistic effect. Here, we report the first investigation of lattice
dynamics and interactions between the exciton and lattice degrees of freedom in a 2D ternary semiconductor: indium-selenide-bromide
(InSeBr). Via linear polarization resolved Raman scattering measurements, we uncover three Raman modes in few-layer InSeBr, including
two A1g and one Eg modes. Moreover, through the combination of temperature-dependent Raman scattering experiments and theoretical
calculations, we elucidate that few-layer InSeBr would harbor strong coupling between excitons and phonons. Our results may provide a
firm basis for the development and engineering of potential optoelectronic devices based on 2D ternary semiconductors.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143119

Since the discovery of graphene,1 two-dimensional (2D) van der
Waals (vdW) materials have sparked significant attention and initiated
the promising era of basic scientific research and modern technological
advances because of their unique electrical, optical, and magnetic
properties.2–9 For example, 2D honeycomb lattices, such as gapped gra-
phene and transition metal dichalcogenides (TMDCs), reinvigorate the
field of valleytronics and provide an unprecedented platform to address
and control the valley degrees of freedom for information storage and
encoding.3,8,10–14 Until now, the research of 2D materials is mainly
focused on single (for example, graphene,1,15 black phosphorus,16,17

and silicene18,19) and binary elemental crystals (such as TMDCs,3,20,21

GaSe,22 GeSe,23 and InSe24,25).
Strikingly, the recently emerging 2D ternary vdW materials have

attracted increasing attention due to their enchanting physical proper-
ties for potential applications since the inclusion of a third element
offers one more degree of freedom to control the stoichiometry and
tune the physical properties.26–31 For instance, the ferromagnetic tran-
sition temperature of itinerant vdW ferromagnet Fe3GeTe2 can be
tuned from 150K to 220K by changing the Fe occupancy.32 Few-layer
2D ternary Ga2In4S9 exhibits appealing ultraviolet light detection

performance with an outstanding responsivity of 111.9 AW�1, an
excellent external quantum efficiency of 3.85� 104%, and a specific
detectivity of 2.25� 104 Jones.30 Ultrathin Bi2O2Se nanosheets provide
high electron mobility (� 30 000 cm2 V�1 s�1 at low temperature), a
moderate bandgap (� 0.8 eV), a near-ideal subthreshold swing value
(� 65 mV dec�1), and excellent environmental stability, offering an
unprecedented platform toward high-performance optoelectronic
devices at the nanoscale.27,33–35 In addition, 2D ternary materials can
harbor the synergistic effect between various components, giving rise
to fascinating phenomena and functionalities. For example, by adding
Fe3þ ions into CuSe, forming CuFeSe nanosheets, the intrinsic proper-
ties and performance could be highly modified, which shows great
promise of ternary metal chalcogenide nanosheets for chemotherapy
of cancer and exhibits excellent anticancer efficacy.36

The studies of 2D ternary vdW materials are still at the infant
stage, and so it is important to search for potential ternary vdWmate-
rials and investigate the corresponding basic physical properties, such
as phonon–phonon and electron-phonon coupling, which play a vital
role in a wide range of applications in condensed matter physics.37–41

InSeBr, a ternary layered semiconductor with a deep-red color and
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energy bandgap in the visible region,42,43 would open a promising par-
adigm for a variety of potential applications in the fields of electronics
and optoelectronics. However, the properties of InSeBr are largely
unexplored. Here, we systematically and comprehensively investigate
the phonon behaviors and exciton-phonon coupling in few-layer
InSeBr. We uncover the Raman fingerprints (two A1g and one Eg) of
few-layer InSeBr by polarized Raman scattering experiments.
Moreover, the temperature-dependent Raman measurements show
that the evolution of phonon lifetimes with temperature strongly
diverges from the anharmonic model. In conjunction with photolumi-
nescence (PL) spectra and theoretical calculations, we elucidate that
the increase in phonon linewidths with decreasing temperature can be
understood as the strong coupling between phonons and excitons in
few-layer InSeBr.

Ternary InSeBr is a layered material with weak vdW interaction
and reveals p-type semiconducting behavior.43,44 Each layer is three-
atom thick, where the In atoms of the middle sheet are sandwiched
between a single layer of Se and Br atoms in a trigonal structure
(a, b¼ 0.40 nm, c¼ 1.88 nm, and a, b ¼ 90�, c ¼ 120�), as shown in
Fig. 1(a) (top view) and 1(b) (side view).42,43 In order to confirm the
chemical composition and quality of the bulk sample (2D
Semiconductors), we performed the x-ray photoelectron spectroscopy
(XPS) measurements (see supplementary material S1). The binding
energies of In 3d5/2 and In 3d3/2 correspond to 452.4 eV and 444.9 eV,
respectively [Fig. 1(c)]. The Se 3d and Br 3d peaks are deconvoluted to
show the 3d5/2 and 3d3/2 doublets at 55.5 eV and 54.7 eV for Se and

69.1 eV and 70.2 eV for Br [Figs. 1(d) and 1(e)].45,46 High-resolution
transmission electron microscopy (HRTEM) imaging was performed
to inspect the crystal quality and orientation of the layered InSeBr (see
supplementary material S2). The HRTEM image and corresponding
fast Fourier transformation (FFT) pattern in Fig. 1(f) show that the
layered InSeBr has a good single-crystalline structure. The inter-planar
distance (2 Å) of the (200) plane can be recognized and measurable in
Fig. 1(g), which is in good agreement with the optimized in-plane lat-
tice constants in the first-principles calculation.

For the InSeBr crystal, it belongs to the D5
3d ðR3mÞ space

group.43 According to group theory, the symmetries of Raman active
modes and the corresponding Raman tensors (R) are described as
follows:47

A1g :
a 0 0
0 a 0
0 0 b

0
@

1
A; Eg :

0 c d
c 0 0
d 0 0

0
@

1
A

c 0 0
0 �c d
0 d 0

0
@

1
A:

For the non-resonant Raman scattering intensity of a Raman active
mode in a crystal, it can be calculated within the Placzek approxima-
tion and expressed by the Raman tensor as I / jei � R � es j2, where ei
and es are the polarization vectors of the incident and scattered light,
respectively.47 In the back-scattering configuration, ei and es are within
the xy plane. Using the tabulated Raman tensors, we can know that the
intensity of A1g mode is maximum (minimum) when the incident light
is parallel (perpendicular) to the scattered light, while the intensity of
Eg is independent of the angle h between ei and es.

2D InSeBr flakes were mechanically exfoliated onto a silicon
wafer with a 285nm silica layer (see supplementary material S3).1

An optical microscopy image of few-layer InSeBr is shown in Fig. S3
(supplementary material) with a strongly layer-dependent optical con-
trast, which indicates the characteristics of the layered structure. Figure
2(a) shows the topography of atomic force microscopy (AFM) scan-
ning (see supplementary material S3). The height profiles indicate that
the thickness of the majority part of the flake is �6nm, corresponding
to�10 layers [Fig. 2(b)]. In order to confirm the Raman fingerprints of
InSeBr, we first performed the unpolarized Raman scattering with three
laser excitation wavelengths (488, 532, and 633nm) in ambient condi-
tions, as shown in Fig. 2(c). Three non-resonant Raman modes are evi-
dently observed (indicated by the blue dashed vertical lines). Through

FIG. 1. InSeBr structures and characterization. (a) Top view and (b) side view of
the crystal structure of few-layer InSeBr. In atoms are purple, Se atoms are green,
and Br atoms are brown. XPS spectra of (c) In, (d) Se, and (e) Br in InSeBr sheets.
(f) HRTEM image of a few-layer InSeBr flake from the [001] zone axis, indicating
the [010] preferential crystal orientation. Inset: corresponding fast Fourier transfor-
mation image. (g) The enlarged HRTEM image.

FIG. 2. InSeBr flake and its unpolarized Raman response at different wavelengths.
(a) AFM image of the InSeBr flake. (b) Height profiles taken along the white line in
Fig. 2(a). (c) Unpolarized Raman spectra of InSeBr and the SiO2 substrate obtained
with 488, 532, and 633 nm laser excitation, respectively. The spectra are normal-
ized and vertically offset for clarify. (d) The Lorentz fitting of the unpolarized Raman
spectra of InSeBr with 488 nm laser excitation.
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Lorentz fitting of the results at 488nm [Fig. 2(d)] and 633nm [Fig. S4]
(supplementary material), it can be known that these three peaks are
identified at 111, 170, and 210 cm�1, respectively.

To further clarify the symmetry of phonons, we performed the
linear polarization resolved Raman scattering measurements. More
details on the measurement methods can be found in supplementary
material S4. Figure 3(a) presents the Raman spectra excited by linearly
polarized light and collected in co-polarized (linearly parallel, red) or
cross-polarized (linearly perpendicular, black) geometry. The evolu-
tion of Raman intensities with the angle h between ei and es is pre-
sented in Fig. 3(b). For the mode of 111 cm�1, the intensities are
independent of the angle h, indicating the symmetry of Eg. In stark
contrast, the intensities of the other two modes (170 and 210 cm�1)
are strongly dependent on the angle h and exhibit cosine behaviors
(red lines), demonstrating the Ag symmetry.

After the identification of lattice dynamics in InSeBr, we per-
formed temperature-dependent measurements (see supplementary
material S4) to investigate the coupling between phonons and other
elementary excitations, which provide a firm basis for many physical
phenomena, such as the formation of Cooper pairs, carrier dynamics,
and spin-Seebeck effect.29,37,38,48 Since A1g of 170 cm

�1 possesses the
largest intensity, we focus on this mode to study the temperature
effects. Figure 4(a) shows the temperature-dependent Raman spectra.
The temperature-driven evolution of phonon frequencies (x) and the
full width at half maximum (FWHM) for the A1g mode at �170 cm�1
are presented in Figs. 4(b) and 4(c), respectively. Usually, the
temperature-dependent phonon frequencies (linewidths) can be
described in terms of the anharmonic model and increase (decrease)
with decreasing temperature.29,49 For the phonon frequencies, both
the 170 cm�1 mode of InSeBr and 520 cm�1 mode of silicon exhibit
the monotonous blue-shift when temperature decreases, in fair agree-
ment with the anharmonic model. For the FWHM, the 520 cm�1

mode of silicon can also be well described with the anharmonic model
and decreases with decreasing temperature. In stark contrast, the
FWHM for the 170 cm�1 mode of InSeBr increases with decreasing

temperature, strongly diverging from the standard anharmonic model.
This phenomenon indicates another phonon relaxation pathway
besides the symmetric anharmonic decay (i.e., decay into a pair of
acoustic modes with identical frequencies and opposite momenta) and
a strong coupling between the phonon and other elementary excita-
tions. Since InSeBr is a non-magnetic material, such anomalous
temperature-dependent FWHM behavior cannot come from the mag-
netic elementary excitations.29,48

Due to the reduced screening effect in 2D materials, the coupling
between phonons and excitons would be significantly enhanced.38,40

We expect that the anomalous phenomenon of FWHM for the
170 cm�1 mode of InSeBr may stem from the exciton-phonon interac-
tion, which can lead to the enhancement of FWHM.50 To confirm this
point of view, we first performed first-principles calculations. A
detailed description of the calculation methods is given in supplemen-
tary material S5. Figures 4(d)–4(f) show the electronic band structure
of the monolayer, bilayer, and bulk InSeBr. For the monolayer, the
direct bandgap at the C point is 1.90 eV and the indirect bandgap
between C and M points is 1.42 eV. Therefore, monolayer InSeBr is an
indirect bandgap semiconductor, and the difference between direct
and indirect bandgaps is 0.48 eV. With the increasing layer number,
the direct bandgap, indirect bandgap, and bandgap differences for the
bilayer (bulk) are 1.67 eV (1.47 eV), 1.23 eV (1.34 eV), and 0.44 eV
(0.13 eV), respectively. Evidently, the bandgap difference between
direct and indirect bandgaps decreases with the increasing layer num-
ber, being akin to the case of InSe.24,51 As a consequence, multi-layer
InSeBr is a nearly direct bandgap semiconductor and would harbor
strong exciton-phonon coupling. Figure 4(g) shows the temperature-
dependent PL spectra. A prominent peak around 2 eV can be clearly
observed, which corresponds to the direct bandgap and is in good
agreement with the first-principles theoretical prediction and the
reflection spectrum in Fig. S6 (see supplementary material S6).
Remarkably, the PL intensity increases with the decreasing tempera-
ture, leading to the significantly enhanced exciton-phonon interactions
and FWHM of phonons.

In summary, we investigated the Raman fingerprints and
exciton-phonon coupling of few-layer ternary InSeBr flakes by

FIG. 3. Linearly polarized Raman responses of InSeBr. (a) Raman spectra of
InSeBr obtained in the parallel and cross polarization conditions with 488, 532, and
633 nm excitation. (b) Peak intensity changes with the angle between incident
(wavelength of 488 nm) and scattered light polarization. The spectral resolution is
about 1 cm�1. All the spectra are normalized and vertically offset for clarify.

FIG. 4. (a) Temperature-dependent Raman spectra of the InSeBr flake and the sili-
con substrate reference. (b) Raman peak positions and (c) FWHM of the 170 cm�1

Raman mode of InSeBr (left vertical axis) and 520 cm�1 Raman mode of the silicon
reference (right vertical axis) as a function of temperature. (d) Band structures of
monolayer, (e) bilayer, and (f) bulk InSeBr. (g) PL spectra of InSeBr at different
temperatures.
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theoretical calculations and experimental studies. InSeBr is a layered
semiconductor with a layer-dependent bandgap in the visible region
ranging from 2.04 eV (bulk) to 2.12 eV (monolayer). Three Raman
modes (two A1g at 170 cm

�1 and 210 cm�1 and one Eg at 111 cm
�1)

are confirmed by polarization-dependent Raman spectra with different
laser wavelengths (488nm, 532nm, and 633nm). Temperature-
dependent Raman scattering shows that the FWHM of phonons in
InSeBr strongly diverges from the standard anharmonic model. In
conjunction with theoretical calculations and temperature-dependent
PL spectra, we uncover the strong exciton-phonon coupling in few-
layer InSeBr flakes. This work exhibits a detailed study of the phonon
properties and exciton-phonon interaction, paving the way toward the
understanding and engineering of potential optoelectronic applica-
tions on 2D ternary semiconductors.

See the supplementary material for XPS characterization,
HRTEM characterization, sample preparation, AFM characterization,
Raman and PL characterization, theoretical calculations, and reflection
characterization.
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