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ABSTRACT: The graphene-like layered semiconductor indium selenide has recently
attracted widespread attention owing to its large tunability of the electronic states by varying
layer thickness, chemical doping, or strain. However, the influence of the modulated inter- and
intralayer chemical bonding upon lattice change on the optical and electrical properties is still
in its infant stage. Here, we systematically investigate the high-pressure behaviors of the
phonon modes and excitonic states in ε-InSe based on the measurements of Raman,
absorption, and photoluminescence spectroscopy combined with theoretical calculations. We
find drastically enhanced intensities ∼3 orders of magnitude for the polar and high-order
Raman modes. Such intensity enhancements of the Raman modes are found to arise from the
near resonance between the laser photon energy and the exciton B in InSe with increasing
pressure. Further analysis indicates unexpected weakening of the intralayer In−In bonds and a
decrease of polarity of the In−Se bonds upon compression, thus leading to an increase in the
energy of exciton B. These results also explain the nonlinear pressure-dependent band gap
transition. We demonstrate that InSe provides a versatile platform from which to explore the practical applications in flexible
electronic and optoelectronic devices.

■ INTRODUCTION

Layered two-dimensional (2D) materials beyond graphene
such as transition metal dichalcogenides, black phosphorus,
and III−VI monochalcogenides have attracted tremendous
interest for potential optoelectronic and electronic applica-
tions.1−4 The anisotropic character of the interlayer and
intralayer bonding gives rise to the large diversity of optical and
electrical properties of the 2D materials.5,6 For instance,
monolayer and bulk rhenium disulfide (ReS2) share similar
electronic and vibrational properties because of the negligible
interlayer interaction.7 On the contrary, a sizable covalent
interlayer interaction is illustrated in the black phosphorus,
leading to the strongly layer-dependent band structures.8,9

Therefore, tuning the degree of the anisotropy in the bonding
upon lattice change can provide a great platform from which to
modulate the physical properties of the 2D materials.10,11 It is
worth noting that monochalcogenides consist of a stack of 2D
layers of two planes of metal atoms sandwiched between two
chalcogen planes with a hexagonal symmetry. There exists
distinct compressibility of the covalent cation−cation bond,
the partially ionic cation−anion bond, and the van der Waals
(vdW) coupled interlayer bonding. Such prolific bonding
characteristics make monochalcogenides an ideal system to
study the fundamental physics of the electronic states in 2D
materials.
As a representative III−VI monochalcogenide, indium

selenide (InSe) exhibits an extremely high carrier mobility, a
dramatic photoresponse, and a large nonlinear effect.4,12−15

Considerable studies have been put forward to investigate the
uppermost valence bands of InSe for their participation in
optical and transport properties. The topmost valence band
with the dominance of the Se pz orbital is pretty sensitive to
the interlayer interaction for the orientation perpendicular to
the layer surface.16 With a decreasing number of layers, the
band gap of InSe changes dramatically from 1.4 to 2.6 eV with
the transition from a parabolic to ring-shaped topmost valence
band.17−20 Such a direct-to-indirect crossover can be
interpreted on the basis of k·p theory due to the k-dependent
orbital composition of the highest valence band.21 A similar
evolution of the band structures in InSe is also observed at
high pressures.22−26 Besides the band gap transition, there
exists another interband transition (exciton B) near the Γ point
between the lower-lying Se pxy dominated valence bands and
the In s dominated lowest conduction band.27 It has been
proven that exciton B can be involved in the resonant Raman
transition to effectively detect the numbers of layers in InSe by
using a single 514.5 nm laser.28,29 In addition, exciton B
enables InSe to efficiently absorb in-plane polarized light even
with the nearly zero in-plane dipole matrix element for the
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fundamental band gap transition.30,31 Both theoretical and
experimental works have shown that transition B can be
effectively tuned with a layer-dependent red-shift by the
uniaxial tensile strain.32,33 Therefore, it would be beneficial to
explore the pressure effect on exciton B for possibly extending
the spectral range in InSe. Moreover, it opens up an
opportunity to better understand the inter- and intralayer
contribution to the electronic states in InSe due to the
significantly anisotropic compressibility.
In this work, we systematically investigate the vibrational

and electronic properties of ε-InSe at pressures up to 9.8 GPa.
ε-InSe belongs to the noncentrosymmetric space group D3h

1

regardless of the number of layers.34 Raman scattering
measurements are conducted to monitor the high-pressure
behaviors of the lattice vibrations and band structures. The
absorption and photoluminescence spectroscopy, together
with density functional theory (DFT) calculations, are
performed to determine the pressure coefficients of the band
gap and the exciton B. Overall, these efforts enable the
determination of the role of the post-transition metal In atoms
in tuning the energy width of exciton B at high pressures.

■ MATERIALS AND METHODS
The single-crystal bulk InSe ingot was grown by a horizontal
gradient freeze method. Raw materials of high-purity powders
of indium (In, 99.9999%, Alfa Aesar) and selenium (Se,
99.9999%, Alfa Aesar) were loaded into two similar pBN boats
separately and placed in the two ends of an evacuated quartz
ampule (more details of the growth method can be found in ref

35). Single-crystal InSe with dimensions of 10 × 10 × 3 mm3

was cut from the InSe ingot. Ultrathin InSe multilayers were
mechanically exfoliated from a single-crystal bulk InSe wafer
onto diamond culets using Scotch tape. The thickness of the
InSe multilayers was measured by atomic force microscopy
(AFM, Oxford Instruments) and extracted from the tomog-
raphy image using the tapping mode.
Pressure was generated via a symmetric diamond anvil cell

(DAC) mounting a pair of type-Ia low-fluorescence diamonds
with 300 μm diameter culets. A stainless steel gasket was
preindented to a thickness of 30 μm and then laser-drilled
centrally to produce a 150 μm diameter sample chamber. The
neon was loaded into the sample chamber as the pressure-
transmitting medium.
Pressures and their uncertainties were determined from the

wavelength of the fluorescence peak of a ruby sphere placed
close to the sample in the sample chamber of the DAC.36

Raman measurements were performed using a Princeton
Instruments spectroscopy system with a probe laser wave-
length of 488, 532, or 660 nm. A 1800 L/mm grating was used
to disperse the scattered light onto a charge-coupled device
(CCD), resulting in a spectral resolution of 0.5 cm−1. All
Raman spectra in this work are collected by backscattering
geometry. The Raman system was first calibrated using the
characteristic 520.3 cm−1 peak of undoped single-crystal silicon
with an uncertainty of 0.05 cm−1. The incident laser power was
stabilized <1 mW to avoid a heating effect, and the exposure
time was 60 s. These laser parameters were kept the same
during all of the measurements. Absorption spectra measure-

Figure 1. Top view (a) and side view (b) for ambient hexagonal structure (P63/mmc symmetry) of InSe. (c) Representative Raman spectra of InSe
under different wavelength excitations at room temperature. All observable Raman modes including the shear (S, 20 cm−1) mode and the high-
order resonant (404 and 425 cm−1) modes are labeled. (Inset) The AFM image shows a height difference of 300 nm for the measured sample. (d)
Schematic of symmetry of the phonon vibration modes experimentally observed in multilayer InSe. From left to right, the six vibrational schematics
correspond to the first-order Raman modes observed at room temperature at 41, 115, 177, 177, 199, and 226 cm−1, respectively.
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ments were performed on single-crystalline InSe films via a
home-built microspectroscopy system (Gora-UVN-FL, built by
Ideaoptics, Shanghai, China). The exciton energy is
determined from the (αhν)2/(αhν)0.5 versus hν curve, where
α is the absorption coefficient, h is the Planck constant, and ν
is the frequency of the photon.
The density functional theory calculations were performed

by using Vienna Ab Initio Simulation Package (VASP). The
exchange-correlation energy function was determined using the
Perdew−Burke−Ernzerhof form of the generalized gradient
approximation (GGA-PBE).37 For bulk parameter optimiza-
tion, the van der Waals correction was applied by using
optB88-vdW functionals.38 The energy cutoff for the plane-
wave basis was set to 520 eV, and the Brillouin zone was
sampled using Γ-centered uniform Monkhorst−Pack (MP)
meshes39 with a resolution of 2π × 0.02 Å−1 in all calculations.
The calculation continued until the total energy difference
between consecutive cycles was <10−7 eV and the maximum
Hellmann−Feynman force was <10−3 eV/Å.

■ RESULTS AND DISCUSSION

Bulk ε-InSe crystallizes in a hexagonal layered structure with
space group P6̅m2, as shown in Figure 1a and b. In
comparison, γ-InSe has a 3R structure with an ABC stacking
sequence, while β- and ε-InSe share a 2H structure with an AB
stacking sequence and similar lattice parameters. Unlike the
centrosymmetric feature that β-InSe has, ε-InSe possesses a
noncentrosymmetric structure. The noncentrosymmetric
structure feature with the In−In bonds perpendicular to the
layers can also be distinguished in Figure 1b. The thickness of
the InSe sample is determined to be ∼300 nm via atomic force
microscopy measurements, as shown in the inset of Figure 1c.
To evaluate the ambient vibrational characteristics, we

measured the Raman spectra of InSe under various wavelength
laser excitations, as shown in Figure 1c. Notably, ε-InSe
belongs to point group D3h

1 and has four A1′ modes, four A2″
modes, eight E′ modes, and eight E″ modes.40 As shown in
Figure 1c, seven Raman peaks are observed, i.e., E″(Γ5

2) at 41
cm−1, A1′(Γ1

2) at 115 cm−1, E″(Γ5
4)/E′(Γ6

3)-TO at 177 cm−1,

A1′(Γ1
4) at 226 cm−1, and high-order resonant modes of

2A2″(Γ4
3) and A2″(Γ4

3) + A1′(Γ1
4) at 404 and 425 cm−1,

respectively. Moreover, the interlayer shear (S) mode can also
be clearly observed at the low frequency of 20 cm−1. With the
near-resonant 488 nm excitation, we can also observe the weak
A2″(Γ4

3)-LO mode at 199 cm−1, which can be ascribed to the
interaction between the polar phonon and the exciton B. The
observation of the shear mode and the polar mode A2″-LO can
be assigned as the marker of the ε phase, as indicated by earlier
works on InSe.41,42 The schematic vibrations of the observed
first-order modes are illustrated in Figure 1d.
Parts b and c of Figure 2 show the evolution of Raman

spectra for InSe with respect to pressure excited under the 488
and 660 nm lasers, respectively. For the 488 nm laser
excitation, we observed the greatly enhanced intensity of the
A2″(Γ4

3)-LO and E′(Γ6
3)-LO Raman modes, as well as the high-

order resonant 2A2″(Γ4
3) and A2″(Γ4

3) + A1′(Γ1
4) modes. Here,

although all first-order Raman modes exhibit enhancements in
the resonant condition, the enhancements of these resonant
modes were 1−2 orders of magnitude stronger than the others.
We focused on the drastically enhanced resonant modes. The
intensities of the polar modes of A2″(Γ4

3)-LO and its
accompanying broad shoulder increased gradually upon
compression with a maximum appearing at a pressure of 3.9
GPa and then quenching quickly until disappearing at
pressures over 7.5 GPa. Similar trends were also observed in
the high-order Raman modes of 2A2″(Γ4

3) and A2″(Γ4
3) +

A1′(Γ1
4). However, their maximum intensities appeared at a

relative low pressure of 2.5 GPa.
For the 660 nm laser excitation, no resonant modes

appeared in the entire studied pressure region, except the
slight enhancement in the relative intensity of the A1′(Γ1

4)
mode. It was also reported that, even at the excitation of the
resonant photon energy (514.5 nm, 2.41 eV), no resonant
Raman phenomenon was observed in γ-InSe at pressures <11
GPa.43 This abnormal photon-energy-dependent resonance
implied that the resonant conditions were unusually modified
by pressure. Also, the subsequent saturation of the resonant
modes at pressures <7 GPa indicated that the resonant states

Figure 2. (a) Optical images of multilayer InSe under white light illumination taken at pressures of 3.8, 6.1, and 10.1 GPa. (b) Typical Raman
spectra of InSe excited by a 488 nm laser and (c) a 660 nm laser as a function of pressure, with the excitation and the detection laser polarization
parallel (XX) to the armchair direction of InSe. The vertical dashed lines are a guide for the eyes showing the evolution of the frequency of Raman
modes with respect to the pressure.
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Figure 3. (a) Raman frequency shifts of all Raman modes as a function of pressure up to 13.5 GPa. The blue shaded rectangular indicates the entire
intensity-enhancement region. (b) Evolution of the normalized intensity with pressure for the representative Raman modes with obvious
enhancement.

Figure 4. (a) Pressure-dependent visible-to-infrared absorption spectra, where the peak (labeled by the diamond symbol and dashed line) is
ascribed to the exciton B absorption. Note that these curves taken at different pressures are vertically shifted for easier comparison. (b) Calculated
band dispersion for the ε-InSe at high pressures. The direct-to-indirect bandgap transition is schematically labeled by d and i, respectively, together
with the indication of the arrows. The blue and orange triangles represent the slope of energy with respect to pressure for CBM and sub-VBM,
respectively. The transitions of the band gap and exciton B are also schematically labeled. (c) Pressure-dependent energy of exciton B extracted
from both the experimental absorption spectra (orange points) and DFT theoretical (blue points) calculations. The blue, green, and red horizontal
lines represent the photon energies of the 488, 514.5, and 660 nm lasesr, respectively. (d) Experimental evidence of the band-gap features at various
pressures measured through high-pressure photoluminescence spectra. (e) Evolution of the experimental and calculated band gaps upon
compression.
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were gradually modulated by pressure. Previous studies
showed that there was a structural change into the rock-salt
phase at a pressure of 10 GPa.44 The optical images in Figure
2a also show no obvious changes at 3.8 and 6.1 GPa, where the
optimum and vanishing resonant modes appear, but the
sample turned black at 10.1 GPa under the same measurement
conditions, consistent with the pressure of the phase transition
revealed in previous X-ray diffraction (XRD) experiments.44

Therefore, the modulation of the resonant modes was not due
to the structural transformation.
To gain a more in-depth understanding of the pressure

dependence of the Raman modes of InSe, we analyzed the
pressure-dependent frequency and intensity of all observable
Raman modes (Figure 3). By using the Lorenz fitting to the
measured Raman spectra, the frequency and intensity for each
Raman mode were obtained. The evolution of the frequency
with pressure is plotted in Figure 3a, where phonon
strengthening was evident for almost all of the modes.
Owing to the weak vdW interaction between the tetralayers,
the crystal was much more compressible along the direction
parallel to the c axis than thatparallel to the plane. Therefore,
the out-of-plane vibrations such as A1′(Γ1

2) and A1′(Γ1
4)

exhibited a highly pressure dependence in frequency.
With increasing pressure, the interlayer interaction would be

strongly enhanced with decreasing distance between layers
corresponding to the rapidly increasing frequency of the S
mode. However, the low-frequency E″(Γ5

2) mode showed an
insensitive characteristic to pressure. Displacements of this E″
mode are shown in Figure 1d. In the rigid layer approximation,
the frequency of this E″ mode was determined by the
interlayer force associated with a Se···Se bond as well as the
intralayer bond-bending force. Consequently, the little
variation of the frequency suggested that the large increase
in the strength of the interlayer force was canceled by the
weakening intralayer In−In bond-bending force.
For the polar E′ mode, one may also note the slight

approaching of the E′(LO) mode and the E′(TO) mode. It is
worth noting that the splitting between the LO and TO
phonons can be applied to obtain the Born effective charge.45

Because the Born effective charge is a measure of the change of
the electron distribution, the suppressed Born effective charge
means decreasing bond polarity of the intralayer In−Se bond.
Figure 3b shows the evolution of the normalized intensity

for the typical Raman modes with increasing pressure. It is
obvious that the intensities of all of the Raman modes were
greatly enhanced at high pressures with a laser wavelength of
488 nm. However, we also note that the intensity of the polar
Raman mode showed a more pronounced enhancement than
other modes. Previous work has shown that the forbidden
polar mode was due to the Fröhlich electron−phonon
interaction.46 Therefore, the scattering of the polar mode
would show pretty strong outgoing resonance under resonant
conditions. In addition, it also should be noted that the Raman
modes exhibited different resonance behavior under pressure.
As the phonon energy was increased from the A1′(Γ1

2) to the
second-order modes, the pressure of the Raman intensity peaks
decreased. Therefore, it was suggested that the energy of
exciton B increased with increasing pressure.
Thus, we conducted a series of infrared-to-violet absorption

spectra of InSe to explore the pressure dependence of exciton
B to understand the effect of resonant profiles on these phonon
modes. Figure 4a shows a clear bump at ∼2.42 eV,
corresponding to the energy of exciton B at ambient

conditions. With increasing pressure, the energy of exciton B
showed an anomalous blue-shift to higher energy states. Band
dispersion via DFT calculations as shown in Figure 4b revealed
similar increasing trends for the energy of both the band gap
and exciton B at pressures ranging from 0 to 8 GPa. By
comparing the evolution of these band structures with
pressure, we found that the energy of the sub valence band
maximum (sub-VBM) and the conduction band minimum
(CBM) valley at the Γ-point increased quickly with increasing
pressure. Also, the latter increased much faster upon
compression. This made the energy of exciton B increase
gradually and get closer to the energy of the incident photon
(488 nm, 2.54 eV). Because DFT calculations normally
underestimate the band gap, the scissor correction method
was applied to the band-gap adjustment.19,32 It can be expected
that the calculated pressure-dependent energy of exciton B was
still slightly lower than the experimentally measured values, as
shown in Figure 4c. However, their energy shift rates as a
function of pressure 27.2 meV/GPa from the experimental
measurements and 26.3 meV/GPa from the theoretical
predictions were quite close.
Figure 4c shows the gradually approaching resonant

conditions at the fixed 488 nm excitation wavelength. When
the energy of exciton B was increased closer to that of the 488
nm laser, the correlated intermediate electron/hole state
gradually changed from a virtual to an active energy state.
After the energy of exciton B was increased to larger than that
of the 488 nm laser, the correlated Raman mode intensity
gradually declined. Also, the crossover for the energy of the
488 nm laser and exciton B appeared at a pressure of ∼4 GPa.
It was consistent with the position of the optimized resonance
of the A2″(Γ4

3) mode, where the largest enhancement of ∼3
orders of magnitude was achieved.
The pressure-dependent photoluminescence spectra of InSe

were performed to further understand the pressure effect on
the electronic states in InSe, as shown in Figure 4d. At ambient
conditions, the emission spectra exhibited a broad spontaneous
emission band at the energy of the direct band gap (1.24 eV).
Upon further compression, the photoluminescence intensity
decreased and vanished at a pressure >7.6 GPa, suggesting a
direct-to-indirect band gap crossover. Figure 4e shows the
pressure dependence of the direct and indirect edges in InSe
from both the theoretical and experimental results. Despite the
common underestimation of the band gap by DFT
calculations, the nonlinear pressure dependence of the band
gap transition was well-reproduced by the theoretical
calculations, consistent with earlier studies.47,48

From the variation tendencies of the band structures in InSe,
we can see that the larger rate of the upward shift for the
conduction band minimum contributed to the addition of
exciton B at high pressures. In addition, we also found a
weakening intralayer In−In bond and a more covalent In−Se
bond under pressure. Hence, the strongly strengthened In−Se
bond interactions raised the antibonding In 5s conduction
band, thus giving rise to the observed increase of exciton B.
Such a scenario can also be applied to understand the
nonlinear behaviors of band-gap transition upon compression.
Because the interlayer distance decreased with increasing
pressure, the vdW forces would be first strengthened, and thus
the strong interlayer repulsion forces would dominate. It must
be emphasized that the topmost Se pz valence band showed an
upward shift with enhanced interlayer interactions by
increasing layers. On the other hand, the strengthening bond
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interaction of the In−Se bonds lowered the energy of the
bonding Se pz valence band. Therefore, the modulation of both
the intralayer bonding and the interlayer coupling effect was
proposed to be responsible for the nonlinear increase in energy
of the band-gap transition, agreeing well with the calculated
band structures under pressure.

■ CONCLUSIONS

In summary, the evolution of the lattice vibrations and the
electronic states, and their interactions in ε-InSe with
increasing pressure, were systematically studied using Raman,
absorption, and photoluminescence spectroscopy, as well as
theoretical calculations. We observed drastic enhancements of
∼3 orders of magnitude of the Raman intensities for the
forbidden longitudinal optical modes and high-order resonant
modes. Such enhanced intensities of the Raman modes were
found as a result of a near-resonance between the laser photon
energy and the linear increase energy of exciton B with
increasing pressure. By employing the DFT calculations,
including the long-range dispersion interaction, the pressure-
dependent band-gap values showed nonlinear behavior,
agreeing well with the results obtained from the photo-
luminescence measurements. Therefore, with the application
of pressure, the interlayer vdW forces as well as the intralayer
In−In bond and In−Se bond could be significantly tuned,
leading to versatile optical and electronic properties. The
discovery also implies the great potential for applications in
future flexible electronics and optoelectronics via pressure
engineering in 2D materials.
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