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ABSTRACT

Atomically thin InSe is a promising semiconductor that possesses exceptional plasticity, high electron mobility, and wide bandgap tunability,
which are thought to be highly sensitive to interlayer coupling. Since the interlayer vibration modes can provide direct access to the
interlayer coupling strength, in this study, we systematically investigated the interlayer modes in few-layer InSe using low-frequency Raman
spectroscopy. We found that the commonly used linear chain model (LCM), which treats the single layer as a rigid entity, is inadequate in
accurately describing the frequencies of interlayer shear modes in InSe due to the influence of weak in-plane intralayer In-In bonding. This
issue can be addressed with a modified model that accounts for both the in-plane interlayer coupling between InSe layers and the in-plane
intralayer interaction within InSe layers. However, the out-of-plane intralayer In-In bonding is strong enough so that it has negligible impact
on the frequency of the interlayer layer-breathing modes, which can be well understood by the LCM. Our study reveals how the weak intra-

layer bonding in two-dimensional materials gives a non-negligible contribution to the corresponding interlayer vibrations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166258

Over the past decade, the discovery of graphene has spurred the
exploration of other two-dimensional materials (2DMs) for promising
electronic and optoelectronic applications." Among them, InSe, a rep-
resentative of the III-VI layered compounds, has attracted increasing
interest due to its exceptional deformability and plasticity, high elec-
tron mobility, and tunable bandgap across a wide spectral range.””
These properties, which are strongly correlated with interlayer cou-
pling, make InSe a promising material for flexible electronics and
optoelectronic devices.” Therefore, a detailed investigation of the inter-
layer coupling properties of InSe is crucial for a comprehensive under-
standing of the material’s intrinsic physical properties and the design
of InSe-based vdWHs.

The interlayer coupling properties of 2DMs can be determined by
analyzing the electronic and vibrational properties with respect to their
layer number.” Raman spectroscopy as one of the available techniques
provides nondestructive and quick optical insight into the vibration
modes of 2DMs.”’ Particularly, the interlayer modes, including the
in-plane shear (S) modes and out-of-plane layer-breathing (LB) modes,

are highly sensitive to the layer number and interfacial stacking con-
ditions (e.g., twist stacking and hetero-stacking), and therefore, can
serve as valuable probes for studying interlayer/interfacial cou-
pling.” """ Due to the fact that the intralayer bonding is typically
much stronger than the interlayer van der Waals force, the fre-
quency of layer-number dependent interlayer modes in various
2DMs can be well understood with the linear chain model (LCM),
which treats the single layer as a rigid entity. In this case, the materi-
als can be regarded as spring-connected rigid entities in which only
nearest-neighbor interactions are taken into account.'"'” The LCM
can well explain the frequency of layer-dependent interlayer modes
of most 2DMs. A few exceptions include the twisted multilayer gra-
phene and certain 2DMs with multiple atomic layers, such as Bi,Se;
and Bi,Tes.'”"" The former requires consideration of next-nearest-
neighbor interactions, while the latter is proved to have strong cou-
pling to the substrate and, therefore, both require corrections to the
LCM. In addition, when the frequencies of intralayer modes are
close to those of interlayer modes, i.e., the intralayer bonding as
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weak as van der Waals force, the single layer cannot be treated as a
rigid entity. The interlayer vibrations of 2DMs with weak intralayer
bonding still remain unclear.

In this work, we systematically investigated the interlayer
vibrations in few-layer e-phase InSe using low-frequency Raman
spectroscopy. In contrast to the common 2DMs, a weak in-plane
intralayer In-In bonding exists in InSe resulting in an E”(1) mode at
~40 cm™ "' and we found that the widely used LCM overestimates the
S mode frequencies of InSe. This deviation was corrected by a modi-
fied LCM (MLCM) after considering both inter- and intralayer inter-
actions. The LB modes are absent in the Raman spectra of InSe while
several LB modes were observed in InSe/MoTe, vdWHs, exhibiting
different peak positions from that of the MoTe, constituent. On the
contrary, we found the common LCM can well explain the LB mode
frequencies of InSe/MoTe, vdWHs and the deduced LB mode fre-
quency of bulk InSe agrees well with that calculated by density func-
tional theory (DFT). This was attributed to the stronger out-of-plane
intralayer In-In bonding as revealed by the higher frequency of the
A’ (1) mode than that of the E”(1) mode. Our finding not only pro-
vides an approach for accurately determining the thickness of InSe but
also helps to understand the interlayer coupling properties of other
2DMs with weak intralayer bonding.

We first characterized the general vibration properties of both
few-layer and bulk InSe. The ¢-InSe crystal has a hexagonal layered
structure and each layer consists of four atomic layers arranged in the
sequence of Se-In-In-Se, as illustrated in Fig. 1(a). Few-layer &-InSe
flakes were exfoliated onto SiO,/Si substrate, whose thickness was
determined by atomic force microscopy and crystal phase was verified
by high-resolution transmission electron microscopy (see Fig. SI in
the supplementary material). Since monolayer and bulk ¢-InSe retain a
point group of Dsy,, the corresponding representation of phonons at I'
point are I'yiono = 24] + 2A5 + 2E' 4+ 2E” and I'pux = 4A| + 4A)
+4E' + 4E", respectively.”'”'° The atomic displacement of each intra-
layer mode in monolayer InSe is illustrated in Fig. 1(b). Figure 1(c)
shows the Raman spectra of 5-layer (5L), 8-layer (8L), and bulk InSe
with an excitation energy (E) of 2.33 eV. All the intralayer modes are
observed, including E”(1) at ~40cm ™', A} (1) at ~115cm™", E'(1)
TO/E"(2) at ~178cm™', A%(1) TO at ~196cm™ ', A%(1) LO at
~199cm ™', and A (2) at ~227 cm ™.
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The A%(1) LO/TO modes can only be observed in few-layer InSe,
indicating its reduced symmetry. Apart from the intralayer modes, the
low-frequency interlayer modes below 20 cm ™' can also be observed,
which is consistent with the previous reports.'”'® It is noteworthy that
the frequency of the E”(1) mode is merely 40 cm ™', which is compa-
rable to that of interlayer modes in certain 2DMs, such as the LB
mode in 2L-MoS,."* The E”(1) mode originates from the in-plane rel-
ative motion between the top and bottom Se-In diatomic layers within
the monolayer InSe. Its low frequency suggests weak in-plane In-In
bonding in InSe. This is also supported by the degenerate frequencies
of the E”(2) and E'(1) TO modes at 178 cm ™", since the difference
between their atomic displacements is the direction of relative motion
of the top and bottom Se-In diatomic layers. Additionally, the E”(1)
mode of multilayer InSe exhibits a frequency splitting, i.e., Davydov
splitting, as shown in the inset to Fig. 1(c).

To investigate the influence of weak in-plane intralayer In-In
bonding on the interlayer mode frequency of InSe, we redirected our
focus toward the interlayer modes below 20 cm™'. Raman spectra of
5L-InSe with four excitation energies (E.) are depicted in Fig. 1(d).
When E (2.54€V) is close to the B exciton energy of 5L-InSe
(~2.50eV),” the photo-excited carriers result in a background near the
Rayleigh line and obscures the low-frequency Raman signal of interest.
Thus, Ex =2.33eV was selected to avoid such background and get
better signal-to-noise of the interlayer modes because the B exciton
energy of 1-10L InSe decreases from ~2.90 to ~2.45eV.”"” Polarized
Raman spectroscopy in Fig. 1(e) was used to assign the observed inter-
layer modes. Based on the symmetry analysis, the S modes of InSe can
be detected in both parallel-polarization (VV) and cross-polarization
(HV) configurations, while the LB modes can only be detected in the
VV configuration® (see Sec. IV in the supplementary material for
detail). All the observed modes below 20 cm™"' were identified as S
modes, and they exhibit substantial intensity variations at different
positions (see Fig. S2 in the supplementary material) as also reported
in }J—InSe,18 which indicates different stacking sequences of InSe flakes
at different positions, similar to the case of GaSe flakes.”’ However,
the unchanged frequency of each S mode at different positions (see
Fig. S2 in the supplementary material) indicates the same strength of
in-plane interlayer coupling within InSe flakes with different stack-
ing sequences.
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FIG. 1. (a) Schematic structure of &-InSe, with both the top and side views. (b) Atomic displacements of the intralayer modes of InSe. (c) Raman spectra of few-layer and bulk
InSe. The blue box highlights the interlayer modes of InSe. Inset: the mode splitting of the £”(1) mode of 8L-InSe. (d) Raman spectra of 5L-InSe with four different Ec. (€)
Polarized Raman spectra of 4L-, 7L-, and 9L-InSe under VV (thick lines)/HV (thin lines) configurations.
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We continue to analyze the layer-number dependent S mode fre-
quencies of InSe to estimate the strength of in-plane interlayer cou-
pling. The frequencies of interlayer modes can be explained by the
LCM,'""? and the eigenfrequencies of the S modes in NL-InSe can be
expressed as' "'

CO(SN,N,J‘) = a)(Sbulk) sin <%), (1)
where @ (Spuk) is the S mode frequency of bulk InSe and
j=1,2,...,N — 1, and Sy denotes the S mode with the highest fre-
quency. The in-plane interlayer constant (xl) in InSe is given by
@(Spux) = /ol /m2c2p, where ¢ =3 x 10°m -s72 is the speed of
light, u = 4.53 x 10 %kg - m™2 is the mass per unit area of monolayer
InSe, and @ (Spuy) is 189 cm ™" in Fig. 1(d). The ol is calculated to be
1.44 X 10N - m~>.

The frequencies of both S modes and E”(1) modes of 2-10L InSe
in Fig. 2(a) are summarized in Fig. 2(b) along with the corresponding
calculated S mode frequencies based on Eq. (1). The schematic diagram
of the LCM for multilayer InSe is illustrated in the inset to Fig. 2(b).
Unexpectedly, Fig. 2(b) shows that the LCM-based results overestimate
the S mode frequencies for 2-10L InSe. Previous reports suggested that
the next-nearest-neighbor interaction and substrate-material interaction
may lead to frequency discrepancies from LCM."”'**" However, the
next-nearest-neighbor interaction will not change the Sy;; frequency but
will increase the calculated Sy, frequency,”” which is not consistent
with the present experimental results. In addition, the substrate-material
interaction can be easily excluded since the S mode frequency of sup-
ported and suspended InSe are almost the same (see Fig. S3 in the
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FIG. 2. (a) Low-frequency Raman spectra of 2-10L InSe. (b) Experimental frequen-
cies of S modes, E”(1) modes (dots), and calculated frequencies of S modes by
LCM (circles). Inset: schematic diagram of LCM for InSe. (c) Experimental frequen-
cies of S modes, E”(1) modes (dots), and the corresponding calculated frequen-
cies by MLCM (circles). Inset: schematic diagram of MLCM for InSe.
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supplementary material). The LCM assumes that each layer of 2DMs is
a rigid entity because the strength of interlayer chemical bonding is
much larger than the van der Waals force. This assumption may be
invalid due to the weak in-plane In-In bonding in InSe and, thus, will
lead to discrepancy between the experimental S mode frequencies and
the corresponding ones based on the LCM. Therefore, we improved the
LCM to treat the monolayer InSe as two rigid In-Se diatomic sublayers,
which is denoted as the modified LCM (MLCM). In this model, both
the in-plane interlayer interaction and intralayer interaction between
adjacent sublayers are considered. The mass per unit area of In-Se sub-
layer is iy = u/2 =2.27 x 10 °kg - m~2. The in-plane interlayer
force constant between InSe layers is cxﬂm and the in-plane intralayer
force constant between In-Se sublayers is aﬂm. The S mode frequency
of NL-InSe can be calculated by solving a linear homogeneous
equation:"’

Dll', (2)

2 _
;] Muy; = e DY

where j = 1,2, ..., (2N — 1), and u; is the phonon eigenvector of the
jth mode with frequency ;. M is the (2N x 2N) diagonal mass
matrix and D is the (2N x 2N) tridiagonal force constant matrix. ;
is arranged in sequence according to the frequency, where w; has the
lowest frequency. Therefore, the frequency of the (N — 1) S modes in
NL InSe are @y, @5,..., wy-1, and the other ; are the frequencies of
N Davydov components of intralayer E”(1) in NL InSe.

The MLCM for few-layer InSe is illustrated in the inset to Fig.
2(c). The corresponding calculated frequencies of the S modes and
Davydov components of E”(1) mode are depicted in Fig. 2(c) along
with the experimental data. The calculated S mode frequencies for
4-10L InSe agree with the experimental data, and the parameters ocﬂm

and ol are fitted to be 1.48 x 10" and 6.00 x 10!°N - m~3, respec-
tively. The calculated frequencies of the Davydov components of E”(1)
also match the experimental ones. Indeed, the in-plane intralayer In-In
bonding is about four times larger than the in-plane interlayer coupling,
in contrast to the case of the common 2DMs like MoS, and MoTe,,
whose intralayer force constants are 1-2 orders of magnitude larger
than the interlayer force constants.'>”* Therefore, such weak in-plane
interlayer In-In bonding has a non-negligible impact on the S mode fre-
quencies. For 2L- and 3L-InSe, the experimental frequencies of the S
modes are significantly lower than the calculated ones, manifesting
smaller o, in 2L- and 3L-InSe. Since the strength of interlayer interac-
tion is directly related to the interlayer distance and the interlayer charge
distribution, we calculated the interlayer distance and differential charge
density for 2-5L and bulk InSe by DFT (see Sec. I in the supplementary
material for detail), as shown in Figs. 3(a) and 3(b), respectively. The
interlayer distance slightly decreases with the increasing layer number.
However, 2 and 3L show less charge accumulation and depletion than
other layers, which indicates weaker interlayer interaction.

The atomic displacements of A (1) mode are similar to that of
E”(1) mode but along the out-of-plane direction, which may influence
the frequencies of LB modes. However, since all the out-of-plane intra-
layer modes have higher frequencies than that of E” (1) mode, the out-
of-plane In-In bonding strength (o}, ) should be much larger than
that (o) of LB interlayer coupling, unlike the case of oc!lmm for in-
plane In-In bonding. To reveal whether the out-of-plane In-In bond-
ing has an impact on the LB mode frequencies of InSe, we estimated
o, and o>, from the corresponding MLCM. Since no LB modes

intra inter
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FIG. 3. (a) Interlayer distance of 2-5L and bulk InSe. (b) Interlayer differential
charge den;sitg of 2-5L and bulk InSe. The isosurface value is set to be 1 x 10~
electrons -A™*. The charge accumulation and depletion layers are marked in yellow
and cyan.

can be clearly observed in Fig. 2(a), we fabricated InSe/MoTe, vdWHs
to access the information of LB modes of InSe, as the case for graphene
and hBN.'"” The interfacial coupling allows the LB modes of InSe/
MoTe, vdWHs to couple with the electronic states in MoTe, constitu-
ent and, thus, enables these LB modes to be observed.’ Figure 4(a)
depicts the Raman spectra of 3L-MoTe,, 8L-InSe, and 8L-InSe/3L-
MoTe, with Ex = 2.33 eV. The inset shows the optical image of the
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FIG. 4. (a) Raman spectra of 3L-MoTe,, 8L-InSe, and 8L-InSe/3L-MoTe, with
Eex = 2.33 eV. The dots indicate the LB modes of vdWHs. Inset: The optical image
of 8L-InSe/3L-MoTe, (vdWH). Scale bar: 20 um. (b) Raman spectra (circles) and
Lorentz fitting (solid lines) of the LB modes in nL-InSe/3L-MoTe, with different n. (c)
The frequencies of LB modes from Raman measurements (exp., dots) and calcula-
tion based on LCM (circles).
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corresponding vdWH. The high-frequency modes of the vdWH
beyond 100 cm ™" come from the intralayer modes of InSe and MoTe,
constituents. The emergent low-frequency modes labeled as dots in
Fig. 4(c) are assigned as the LB modes in vdWHs. The lattice mis-
match between InSe (4.05A) and MoTe, (3.57 A) is 11.9%, which
makes it difficult to form Moiré structures. As a result, we did not dis-
cuss the angle dependence of the S and LB modes of vdWHs. One can
distinguish the S and LB modes of the vdWHs by polarized Raman
measurements since they have different symmetries and the LB mode
can be revealed in VV-HV Raman spectra.23 Therefore, the VV-HV
Raman spectra of 3L-MoTe, and nL-InSe/3L-MoTe, in Fig. 4(b)
depicts the evolution of the LB modes of nL-InSe/3L-MoTe, vdWHs.
According to the LB mode frequencies of nL-InSe/3L-MoTe,
vdWHs, we used the LCM to extract the LB force constants of InSe
[¢t(InSe)] and the interfacial LB force constants of vdWHs
[t (InSe/MoTe;)]. The inset to Fig. 4(c) depicts the schematic diagram
of the LCM for InSe/MoTe, vdWHs. Based on the corresponding LB
force constants of o (MoTe;) = 7.8 x 10N - m~> and mass per area
of (MoTe,) = 5.32 x 10 °kg - m~3,'>** the calculated results are
ot (InSe) = 4.40 x 10N - m~ and o' (InSe/MoTe,) = 2.68 x 10Y
N - m 3. Figure 4(c) shows the experimental and calculated frequencies
of LB modes for the mL-InSe/3L-MoTe, vdWHs (results for other InSe/
MoTe, vdWHs can be found in Sec. V of the supplementary material).
The experimental frequencies match well with the calculated ones.
According to the extracted o-(InSe), the LB mode frequency of bulk
InSe is (LBpui) = /ot (InSe)/m2c2u = 33.0 cm™', which agrees
well with the theoretical one (32.8 cm™!) calculated by DFT. This mani-
fests that the out-of-plane In-In bonding has little impact on the LB
modes of InSe. To further prove this point, we also utilize the MLCM to
fit the force constant of out-of-plane In-In bonding (¢ ) with

intra

(A} (1)) = 115 and o (LBpyk) = 32.8 cm™ . o, = 4.35 x 10
and o, = 5.10 x 10®N - m~ are obtained. The former is one mag-
nitude smaller than the latter, similar to the case of common 2DMs.
Thus, it is precise enough for the LCM to deal with evolution of the LB
mode frequency of multilayer InSe with layer number.

In conclusion, we investigated the influence of weak intralayer
bonding on the interlayer modes of ¢-InSe. The weak in-plane In-In
bonding makes the in-plane intralayer force constants between adjacent
In atomic layers of InSe comparable with the in-plane interlayer force
constant. We reveal that this weak intralayer bonding should be consid-
ered to accurately explain the frequencies of the S modes. In contrast,
the case is quite different for LB modes since the force constant of out-
of-plane intralayer In-In bonding is one order of magnitude larger than
the out-of-plane interlayer force constant. Our findings shed light on
the interlayer coupling properties of InSe and reveal that weak intralayer
interaction may lead to frequency discrepancies in the LCM for describ-
ing interlayer modes of 2DMs, such as Bi,Ses, Bi;Tes, and MnBi,Te,, in
which the intralayer modes below 50 cm ™ were observed.'**"**

See the supplementary material for the experimental methods,
characterization of few-layer InSe sample, extended data for S mode
properties in few-layer InSe, symmetry analysis of interlayer Raman
modes in few-layer InSe and InSe/MoTe, vdWHs, and extended data
for analysis of LB modes in vdWHs.
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