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PROGRESS AND POTENTIAL Two-dimensional (2D) materials are the ideal platforms to investigate and
manipulate polaritons, which arise from the coupling between light and quasiparticle excitations within the
materials—phonons, magnons, plasmons, or excitons. Among these phonon polaritons (PhPs), which are hy-
bridized modes formed through the interaction between photons and polar optical phonons, are particularly
exciting because of their applications in subdiffractional optical sensing, infrared waveguides, modulators
and detectors, optoelectronic and photonic circuit elements, nanoscale thermal management, and energy
conversion. In this study, we investigate the thickness dependence of PhPs in an emerging 2D material,
v-InSe. We employ tilt angle-dependent resonant Raman spectroscopy to measure surface PhPs in mechan-
ically exfoliated y-InSe flakes with thicknesses ranging from 10 nm to 1.2 pm, exfoliated onto SiO, and sap-
phire substrates. We observe a pronounced thickness-dependent dispersion of a polar transverse optical
PhP mode, with a maximal slope near 100-nm thickness. Moreover, differences in the polariton dispersion
on SiO, and sapphire show a distinct dependence on the dielectric environment. The polariton dispersions
align with calculations that model the flakes as Fabry-Perot cavities supporting confined PhPs. Our findings
advance our understanding of light-matter interactions in y-InSe and highlight the potential for their use in
nanophotonic devices.

SUMMARY

Two-dimensional (2D) materials are promising platforms for phonon polaritons (PhPs)—hybrid modes arising
from photon-phonon interactions—that enable subwavelength light confinement and optoelectronic func-
tionalities. y-indium selenide (y-InSe), an emerging 2D semiconductor with thickness-dependent optoelec-
tronic properties, offers a unique system to explore confined surface phonon polaritons (SPhPs). Here,
we employ tilt angle-dependent resonant Raman spectroscopy to measure SPhPs in y-InSe flakes with
thicknesses from 10 nm to 1.2 pm, exfoliated on SiO, and sapphire substrates. We observe a pronounced
thickness-dependent dispersion of the polar A;(TO) phonon mode, with a maximal slope near 100-nm thick-
ness, corresponding to the inverse absorption coefficient. Moreover, differences in the polariton dispersion
on SiO, and sapphire show a dependence on the dielectric environment. The dispersions align with calcula-
tions modeling the flakes as Fabry-Perot cavities supporting confined SPhPs. These findings advance our
understanding of light-matter interactions in y-InSe and highlight the potential for their use in nanophotonic
devices.
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INTRODUCTION

Polaritons are quasiparticles formed through the interaction be-
tween light and polar solid-state excitations such as magnons,
plasmons, excitons, or phonons.' Due to the strong light-matter
coupling, they inherit properties from both matter and light, ex-
hibiting both large optical non-linearities and fast propagation
through the medium in which they are produced.? Plasmon
and exciton polaritons have attracted significant attention owing
to their potential applications in subdiffractional imaging, elec-
tro-optical modulation, lasing, and polaritonic computation.®>”’
Nevertheless, plasmon polariton-based applications are limited
by Ohmic losses, restricted confinement, lack of tunability, and
limited compatibility with complementary metal-oxide-semicon-
ductor (CMOS) integration, motivating the search for alternative
polariton-based platforms.®*°

One alternative is the phonon polariton (PhP), which is the hy-
bridized mode formed through the interaction between the elec-
tromagnetic oscillation of photons and the atomic vibrations of a
polar optical phonon."'~'2 For most materials, these oscilla-
tions occur in the mid-infrared (IR) and terahertz wavelength re-
gion, enabling subdiffractional confinement of light. Additionally,
PhPs can propagate over distances that are orders of magnitude
longer than the typical mean free paths of phonons at the same
frequency. The generation, manipulation, and detection of PhPs
contribute to various technological applications such as subdif-
fractional optical sensing, IR waveguides, modulators and de-
tectors, optoelectronic and photonic circuit elements, nanoscale
thermal management, and energy conversion.® %4

Recently, two-dimensional (2D) materials have garnered sig-
nificant attention for hosting PhPs, as their strong anisotropy
and atomically smooth surfaces can lead to confined, coherent
hyperbolic PhPs with high momenta and directional propaga-
tion."™'® Moreover, the properties of these materials can be
controlled by external fields, tuned by varying thickness and
environment (such as substrate choice and patterning),
and further engineered by stacking different 2D materials in
heterostructures for hybrid polaritonics.? The confinement of
electromagnetic energy by PhPs is, therefore, highly promising
for new forms of control over the dynamics of light-matter
interactions, making 2D materials the ideal platforms to study
these effects.> '8

PhPs have been observed in 2D materials such as hBN, MoOs,
and their heterostructures, as well as in graphene/black phos-
phorus heterostructures.®?'>° The reduced dimensionality in
this class of materials often results in polar phonons that can
interact strongly with IR excitation.*>***> In these systems,
PhPs are typically measured using scanning near-field optical
microscopy, where nanoscale optical near-field enhancement
at the probe tips can excite the PhPs. Alternatively, PhPs can
be launched into the material from patterned antennae or parti-
cles on the sample surface and imaged using the scanning
probe.?® While these methods provide unprecedented spatially
resolved images of surface PhPs (SPhPs), they are complex
and time-consuming measurements, often requiring specialized
instrumentation and training.

A different and much simpler technique for measuring
the dispersion of PhPs is Raman spectroscopy.”’?® The
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measurements can be conducted simply by tuning the angle of
the incident and scattered light directions with respect to the
sample, thus allowing the scattering momentum to vary along
some crystallographic axis of interest. Specifically, the strong
dispersion of SPhP energies along the sample surface can be
measured by tilting the angle away from normal incidence in
the typical backscattering measurement geometry. PhPs have
been measured using Raman scattering for thin films and
crystals of various polar materials like GaP, GaN, LilOg,
and GaAs.?’ ' Despite the numerous studies of PhPs in polar
semiconductors, relatively few measurements of PhPs in 2D
semiconductors have been demonstrated.** Furthermore, to
our knowledge, the thickness dependence of the PhP dispersion
across a wide range of thicknesses from the free space wave-
length of light down to a few atomic layers in these 2D systems
has not yet been fully explored.

Here, we focus on 2D y-indium selenide (y-InSe), which has at-
tracted considerable interest for its potential in high-perfor-
mance optical and electronic devices.*® This interest is driven
by its room temperature electron mobility exceeding silicon at
equivalent thicknesses, a direct band gap persisting above few
layer thicknesses, layer-tunable band structure, and remarkably
strong optical responses.®® ¢ Investigations of optical excita-
tions in thin films and heterostructures of InSe reveal intriguing
physics such as flat bands,*® ultrafast charge, and energy trans-
fer.*® Additionally, thickness-dependent optical responses have
been observed in 10- to 1,000-nm-thick exfoliated flakes,*'
which are outside the regime where quantum confinement in-
duces significant changes in the electronic band structure.

In this work, we demonstrate the existence of highly confined,
propagating SPhP modes in exfoliated y-InSe flakes (with
thicknesses ranging from 10 to 1,200 nm) through tilt angle-
dependent, backscattered, resonant Raman spectroscopy. We
observe a strong dispersion of a polar transverse optical
A4(TO) mode around 185 cm™', indicative of deep subwave-
length confinement of light in InSe. The observed dispersion de-
pends not only on the sample thickness but also on the dielectric
environment, as shown by differences between InSe flakes exfo-
liated on SiO, and sapphire substrates. Furthermore, we develop
a model that captures both the SPhP dispersion and the relative
spectral weight of surface and volume PhP modes as a function
of thickness in the backscattering geometry. This work expands
the library of surface polariton host materials and paves the way
for future Raman spectroscopic studies of polariton physics in a
wide range of materials.

RESULTS

y-InSe belongs to the R3m space group, with two chemical for-
mulas per primitive rhombohedral unit cell.*>** The normal
vibrational modes at the Brillouin zone center are given by
4A; + 4E, out of which 1A; and 1E mode are acoustic modes
and the other 3A; and 3E modes are both Raman- and IR-active
optical modes.”® Density functional theory (DFT) calculations
reveal the atomic displacements of the 2 polar optical phonon
modes, which are shown schematically in Figure 1A, and corre-
sponding movies of the A{(TO) vibration is provided in the
supplemental information (Video S1). The calculated phonon
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Figure 1. Optical characterization of bulk y-InSe
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(A) Atomic displacements of the A; and E optical phonon modes in y-InSe, viewed along the a-b plane. The direction of propagation (green arrow) of the mode

determines its LO or TO character.

(B) Calculated absorption coefficient a, with the arrow pointing to the laser excitation used at 514.5 nm or 2.41 eV.

(C) Experimental polarized resonance Raman spectra from bulk y-InSe and calculated spectra for parallel and crossed polarizations, z(xx

)Z (red) and z(xy)Z (blue),

respectively. Here, z is perpendicular to the layer stacking axis. The inset shows the selection rule-forbidden A4(TO) and E(LO) modes that appear only due to

resonant Raman scattering.

dispersion of bulk y-InSe is plotted in Figure S1. Both DFT calcu-
lations and group theory reveal that the A; mode oscillates along
the c axis, while the E mode oscillates in the ab plane (Figure 1A).
By definition, the longitudinal optical [A¢(LO)] phonons can be
launched only by matching the scattering momentum k, parallel
to their oscillation direction along the ab plane. On the other
hand, with the scattering momentum parallel to the c axis, we
expect to measure only E(TO) phonons.**~4°

The calculated optical absorption coefficient is presented in
Figure 1B. While the band gap of bulk y-InSe is around 1.25 eV
(located at the T" point), resonance Raman spectra can be ob-
tained by using a laser excitation matching the higher energy
E’ excitonic transition around 2.4 eV, indicated by the arrow in
Figure 1B.**%%47 This is also shown in the calculated electronic
band structure and the density of states (Figure S2) where a sad-
dle point in the valence band results in a van Hove singularity in
the density of states.*® The resonant excitation enables the mea-
surement of all four E and A; symmetry LO and TO modes. This
can be seen in the resonance Raman spectrum (Figure 1C),
which shows linearly polarized Raman spectra collected at
room temperature with 2.41 eV (514.5 nm) excitation from a
bulk y-InSe single crystal. The E and A; symmetries of the LO
and TO modes are revealed in the co- and cross-polarized
spectra, denoted in Porto notation as z(xx)z and z(xy)z, respec-
tively. Here, x,y and z are the Cartesian axes in the laboratory

frame. z and Z are the directions of the incident and scattered
light perpendicular to the layer stacking axis, respectively, and
the laser polarization is in-plane along the x and y directions.
We focus on the frequency region between 170 and 220 cm ™"
where the 4 observed peaks correspond to the E and A; LO
and TO modes (inset in Figure 1C). We note that even with the
2.41 eV resonance excitation, two of the peaks exhibit weak in-
tensities. However, based on the comparison with previously
published data,***>°°° we assign the 4 polar Raman modes
in bulk y-InSe at 176, 186, 199, and 203 cm'as E(TO), A{(TO),
A+4(LO), and E(LO), respectively. As mentioned above, the
A4(TO) and E(LO) are forbidden by the typical selection rules in
the backscattering geometry, (k || c). However, they can be
observed under resonant excitation.** Plotted in Figure 1C are
the DFT-calculated spectra, which overall reproduce the shape
of the experimentally measured spectra. The slight difference
between the experimental and calculated frequencies can be
attributed to the selected pseudopotential in DFT, which often
leads to optical phonon frequency differences of up to
20 cm~ " between DFT calculations and experimental value.®’
Considering that the scattering momenta of the LO and TO
modes are either parallel or perpendicular to the ¢ axis, the disper-
sions of the modes away from the Brillouin zone center can be
measured by changing the incidence angle of the excitation laser.
Conversely, the same can be achieved by tilting the sample with
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Figure 2. Tilt angle-dependent Raman

spectra
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(A) Left: View of the cross-section at the sample,
showing two interfaces surrounding a y-InSe flake
with thickness a.

Right: Schematic of Raman backscattering
experiment with sample tilt angle 6.

(B) Resonance Raman spectra collected at
various angles between 0° and 40° from a
108-nm-thick InSe flake. The arrows indicate the
SPhP.

(C) Frequencies of the 4 polar modes as a function
of tilt angle. The standard deviations obtained
from curve fitting are shown by the shaded areas.
The A4(TO) mode frequency exhibits a clear

dispersion with increasing tilt angle.

108 nm

40°

30°

!

'

¢ 200 —
'

'

20°

'

Intensity (a.u.)
3
|

Frequency (cm

E (LO)

vector is approximately 1/100 of the size
of the Brillouin zone of y-InSe, approxi-
mately at the I' point (k = 0),°% as well as
much greater than the wavevector of
a photon at the phonon frequency
(~10° em™").2” Thus, we expect bulk
phonon modes to show negligible disper-
sion as a function of tilt angle.

The tilt angle-dependent (from 0° to
40°) resonance Raman spectra in the fre-
quency range 150-260 cm™ " from a 108
nm-thick mechanically exfoliated y-InSe
flake are shown in Figure 2B. Of the 4 po-
lar phonon modes, the A4(TO) mode at
184 cm™"' (indicated by the arrows in
Figure 2B) exhibits a clear blueshift by
~10 cm™" in frequency with increasing
tilt angle up to 40°. However, the E(TO),
A+4(LO) and E(LO) modes around 178,
199 and 208 cm™’, respectively, exhibit

A, (LO)

A, (TO)

negligible change in frequency with the

Tt T TrT T
160 180 200 220 240 0 10

Raman shift (cm-1)

respect to the incident laser excitation (normal in a backscattering
geometry). To perform these measurements, we fabricated a
fixture to manually tilt samples up to 45° from normal incidence.
Figure 2A shows the schematic of our measurement configura-
tion. The momentum transfer equation for light scattering is given
by g = k; — ks, where q is the scattered phonon wavevector, and k;
and k; are the wavevectors of the incident and scattered photons,
respectively. For a backscattering configuration, gma.x ~ 2k;. By
tilting the sample, the component of g along the sample surface
iS q|| = GmaxSind. It is through this component of the momentum
transfer that we are able to probe SPhPs propagating along the
InSe layers. Given the momentum of the 514.5 nm photon and
the maximum tilt angle in our experiment of 45°, we get gmax
~ 1x10°% cm~". At this momentum transfer, the measured wave-
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Tilt angle (°)

increasing tilt angle. The blueshift of the
A4(TO) can be seen more clearly in
Figure 2C, in which the frequencies (ob-
tained by Lorentzian peak fitting) of the
4 polar modes are plotted as a function
of tilt angle.

We note that our observation of tilt angle-dependent Raman
peak frequency in InSe is similar to previous observations of
highly dispersing PhPs in GaSe.®>*® The invariance of the
E(TO) and A4(LO) mode frequencies with increasing tilt angle is
consistent with bulk or volume optical phonon modes, where
the frequencies are approximately constant due to the parabolic
dispersion near the I" point. Meanwhile, the forbidden mode with
a propagation direction along the layer surface [A{(TO)] shows a
strong dispersion with increasing tilt angle, indicating that it is
a SPhP.

To investigate the thickness dependence of the PhPs in
7-InSe, we measured resonance Raman spectra as a function
of tilt angle from 14 mechanically exfoliated flakes with thick-
nesses ranging from 10 to 1,200 nm. Figure S3 shows a
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representative atomic force microscope (AFM) image and the
corresponding height profile of a 46 nm-thick exfoliated flake.
All flakes exhibit dispersions of the PhP [A{(TO) mode] with
respect to the tilt angle, which are plotted in Figure 3A for exfo-
liated flakes on Si/SiO, (300-nm-thick oxide). The figure shows
that the dispersion (slope of the PhP frequency vs. tilt angle) in-
creases with thickness from 10 nm up to a maximum value for
108 nm-thick InSe. Beyond 108 nm, the dispersion again de-
creases for thicker flakes up to the highest measured thickness
(1,200 nm). The thickness dependence of the PhP dispersion is
shown in the inset in Figure 3B, going up from 0.03 cm~'/degree
for 10 nm-thick InSe to 0.2 cm™'/degree for the 108-nm-thick
flake. This results in a blueshift of ~10 cm ™" at the highest wave-
vector (tilt angle) measured.

Considering that an exfoliated InSe flake forms an optical cav-
ity with two different boundaries (air and substrate), we decided
to measure tilt angle-dependent Raman spectra from exfoliated
flakes on a different substrate, effectively changing one of the
boundary conditions. For these measurements, we chose sin-
gle-side polished single-crystal C-plane sapphire and collected
a limited set of data from 5 exfoliated y-InSe flakes with thick-
nesses ranging from 45 to 110 nm. Similar to the flakes on Si/
SiO,, we observed evidence for a PhP involving the A4(TO)
mode. However, the dispersions of the PhPs are weaker than
those observed for flakes with similar thicknesses on Si/SiO,.
This can be seen clearly in Figure 3B where the dispersions are
very similar and do not exhibit a strong thickness dependence.
Moreover, the lower slopes of the PhP dispersions for the flakes
on sapphire compared to Si/SiO, can be seen in the inset in
Figure 3B (blue data points). This observation indicates the
strong dependency of the PhP on the boundaries of the y-InSe
cavity, further pointing to the surface nature of this PhP.

The LO-TO frequencies of a phonon span the Reststrahlen
band, characterized as a region of spectral range in which the
real part of the dielectric function is negative. ' It is within this re-
gion that we can find polaritons confined to a planar surface. To
understand the thickness dependence of the SPhPs in y-InSe
flakes on different dielectric substrates, we solved Maxwell’s
equation for polariton modes of a finite-thickness slab, sur-
rounded by air and a dielectric (details of the calculations are

PhP wavevector (x1 o* cm_1)

included in Note S1). The result of our calculation for a 108
nm-thick y-InSe flake on 300 nm SiO, is shown in Figure 4A.
The finite boundaries of the InSe flake form a Fabry-Perot cavity,
quantizing the PhP modes into several transverse magnetic (TM)
branches. Our calculations show that the electromagnetic field
distribution in the transverse electric (TE) polariton modes
leads to much lower excitation efficiency than in the TM
mode. Plotting the electric field intensity of the polariton states
near 4 x 10* cm™ in Figures 4B and 4C (indicated by the dashed
arrows in Figure 4A), the most dispersive branch is shown to
have a highly localized electric field profile at the interface be-
tween y-InSe and the dielectric substrate (e > 1), thus confirming
the PhP measured in our study as a SPhP.

We find that for increasing thicknesses, the most dispersive
branch corresponding to the A4(TO) SPhP has an increasing
effective slope (Figure 4D). In other words, the TM PhP mode
in question has a remarkably high velocity along the surface in
the bulk limit, closer to the light line. As the thickness decreases,
the confinement effect can be seen by the substantially lower ve-
locity. That is, for a fixed energy, the SPhP excited in InSe has a
lower group velocity and smaller wavelengths for thinner films,
more tightly confining the field in all three dimensions. As large
confinement factors are beneficial for enhancing electro- and
acousto-optical transduction, y-InSe may be a promising mate-
rial for applications including next-generation communication,
sensing, and subdiffractional imaging. Furthermore, we expect
that these trends should continue to lower thicknesses; howev-
er, InSe is known to undergo gradual band structure changes
due to quantum confinement at ultralow thicknesses
(<10 nm).*® The thickness-dependent band structure may then
change the resonance condition, obscuring the observation of
SPhPs in InSe flakes below 10 nm, using a 514.5-nm laser
excitation.

Our calculations are also consistent with the experimental ob-
servations presented in Figure 3C, where the dispersion of the
A+(TO) mode (approximated by a linear slope) increases with
film thickness; however, this trend continues only until the
dispersion seems to peak just above 100 nm. The discrepancy
can be understood qualitatively by noting that the absorption co-
efficient of InSe for 514.5-nm excitation is ~5.4x10* cm™'
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Figure 4. Calculated phonon polariton dispersions of y-InSe flakes on SiO,

(A) The calculated PhP dispersion as a function of propagating wavevector parallel to the layers, k, for a y-InSe flake of thickness a = 108 nm on SiO,, with € = 3.9.
The LO and TO frequencies from a previous bulk measurement are marked by solid blue dots.*”

(B and C) The electric field strength as a function of position along the thickness of the 108 nm flake for two different dispersive TM modes at k ~ 4*1 0*cm~"'.The

three distinct regions from left to right are SiO,, y-InSe, and air.

(D) The strongest dispersing TM PhP (first branch) for several thicknesses (1200, 183, 108, 54, 20, and 10 nm) is shown. The dashed arrow indicates the decrease

in dispersion with confinement (decreasing thickness).

(E) The corresponding scattering efficiency, 7, for the same flakes for the first branch shown in (D).

according to our calculations (Figure 1B). This implies that the
laser penetration depth (1/a) is ~# 185 nm according to our sin-
gle-particle DFT calculations. Therefore, backscattering from
flakes with thicknesses greater than 1/a should not allow the
excitation of the highly dispersive polariton located primarily at
the y-InSe-SiO, interface. We introduce a coupling efficiency
parameter between the SPhP mode and the incident laser to
model this effect. Such a parameter, 5, is proportional to the
Raman scattering intensity and defined as:

7, ee=a/|F,(z)[°dz
I IFy(@) ‘Zdz

n = (Equation 1)

where F is the strength of the electromagnetic field (see
supplemental information), and 2a is the thickness of InSe. A
penetration length / = 125 nm was chosen to match the slope
change at the critical thickness, as shown in the inset of
Figure 3B. Note that excitonic effects are expected to increase
the absorption coefficient a calculated within the single-particle

6 Matter & Light 7, 100014, May 21, 2026

picture. Moreover, the incident light does not excite a polariton
directly; instead, through the Raman scattering process, the
laser-excited electronic state decays into another intermediate
state by exciting a polariton. The excited and intermediate states
are real in our resonance Raman experiment. These states are
near the E} excitonic transition ~2.41 eV and play a major role
in allowing the observation of the SPhPs. The contribution of
the E} exciton to the Raman cross-section of the measured
SPhP (i.e., exciton-phonon coupling) is still unexplored, and is
beyond the scope of this work.

Figure 4E shows the corresponding 7 of the first (most disper-
sive) polariton branch for different thicknesses. Even though the
thickest sample can host the highest dispersive SPhP mode, its
coupling to the laser excitation effectively drops to zero due to
the lower absorption coefficient of y-InSe at 514.5 nm at that
thickness. Simulations demonstrate a crossover of around
108 nm, a value similar to the absorption penetration length /,
such that 5 drops significantly at thicknesses larger than /. Our
simulation result enables us to explain the sharp change of the
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slope shown in Figure 3B—because another TM polariton
branch with nearly flat dispersion starts to dominate the Raman
scattering signal as the corresponding 5 value for the flat band is
an order of magnitude larger (Figure S4).

To conclude, we measured resonance Raman spectra from
mechanically exfoliated flakes of y-InSe on Si/SiO, and sapphire
substrates. By tilting the samples with respect to the normally
incident Raman laser in the backscattering configuration, we
probed the dispersion of a SPhP mode up to a wavevector of
9.3x10* cm~'. This dispersion occurs due to the formation
of surface-confined PhPs within the double Reststrahlen bands
of an E(LO) and A4(TO) phonon mode. The magnitude of the
dispersion strongly depends on the flake thickness, as well as
the dielectric constant of the substrate. We modeled the polari-
ton dispersion, which showed that the SPhPs are tightly confined
within the InSe layers, bound on either side by the dielectric sub-
strate and air. Furthermore, we introduced a parameter that cap-
tures the coupling efficiency of the SPhP mode, which showed
that the coupling efficiency is maximized for a thickness of
y-InSe around 100 nm, in agreement with our experimental ob-
servations. Overall, our study shows the presence of thick-
ness-dependent confined SPhPs in y-InSe and expands the
range of potential applications in this exciting technologically
relevant 2D material.

METHODS

Single crystal growth and exfoliation

y-InSe single crystals were grown by the vertical Bridgman
method, using a polycrystalline charge of 1.04:0.96 In:Se stoichi-
ometry. Structural characterization and detailed growth parame-
ters of the crystals are reported elsewhere.*” For Raman mea-
surements, InSe flakes were mechanically exfoliated onto
SiO./Si (with a 280 nm thermal oxide) and sapphire substrates.

Raman scattering measurements

Room temperature Raman spectra were collected with a Re-
nishaw inVia Raman microscope. The spectra were collected
in the backscattering configuration by exciting bulk and exfoli-
ated y-InSe flakes on Si/SiO, and sapphire substrates. Near-
resonance (non-resonance) Raman spectra were collected
with 514.5 (633) nm excitation by focusing the laser through a
50x objective lens onto the exfoliated flakes. For all measure-
ments, the laser power was kept at under 1 mW to avoid heating
from the laser, and typical spectral collection times were 3—
5 min, with 10-30 s exposure times and multiple acquisitions.
The tilt angle-dependent measurements were collected with
the help of a custom fixture fabricated by attaching the substrate
on to a manual rotation mount (Thorlabs Inc.). Spectra were
collected by manually tilting the substrate with respect to the
laser every 5° up to 45°.

First-principles calculations

The electronic structures and phonon dispersion of bulk y-InSe
were calculated using DFT and density functional perturbation
theory (DFPT) with the Quantum ESPRESSO package,®**
respectively. The unit cell of y-InSe has a layered rhombohedral
crystal structure (space group of R3m) that consists of three
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Se-In-In-Se layers in ABC stacking order. For optimizing struc-
ture, all atomic positions and lattice vectors were optimized by
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method®’
with convergence criteria for force and stress set to 1.0x10~*
Ry/a.u. and 0.005 GPa, respectively. The optimized lattice con-
stants area = b = 4.014 Aand ¢ = 25.204 A, which are consistent
with experimental data (2 = b = 4.002 A and ¢ = 24.961 A).>° A
cut-off energy of 120 Ry (1.63 keV) was selected for the plane-
wave basis. Here, we adopted In.pz-hgh.UPF and Se.pz-
hgh.UPF®° for the pseudopotential files of the In and Se atoms,
respectively. The k-grid of 8x8x2 and q-grid of 4x4x2 were
used for the electronic structure and phonon dispersion calcula-
tions, respectively.

To calculate the optical absorption coefficient of y-InSe, the
epsilon.x code in Quantum ESPRESSO was used with indepen-
dent particle approximation,®” in which a large k-grid of
30x30x8 was used to calculate the non-self-consistent field to
achieve convergence in the absorption coefficient.

To calculate the first-order resonance Raman spectra, we
used the QERaman code.”’ In the QERaman code, the first-or-
der resonance Raman spectra were calculated by the third-order
time-dependent perturbation theory,*® in which a dense k-grid of
20x20x4 was used to evaluate the electron-photon and elec-
tron-phonon matrix elements based on the convergence test.
The broadening factor of the resonance condition, which is
related to lifetime of the photoexcited carrier, was selected to
be 0.02 eV based on the fitting data from the experimental
spectra.
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