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Van der Waals (vdW) materials exhibit optical anisotropy due to the fundamental difference between
in-plane (IP) covalent bonds and out-of-plane (OP) vdW bonds. In particular, InSe, a vdW material,

provides an excellent platform for studying the optical properties of anisotropic excitons. We measure
the energy difference between excitons with IP and OP dipole responses in InSe to be 0.4 meV. Under
photoexcitation with femtosecond pulses, the photocarriers screen the excitons and can increase the
energy difference between IP and OP optical responses to as much as 8 meV. This energy difference

results from the varying screening lengths along the IP and OP directions. The change in energy
difference persists for over 100 ps at 77 K, but recovers much faster, within 100 ps, at room
temperature. The dependence of carrier density on the anisotropic screening of excitons has also been

investigated.

Anisotropic excitons offer great potential for manipulating light-matter
interactions in two-dimensional (2D) optoelectronic and photonic appli-
cations. Their formation is influenced by their optical transition dipole
moments, which are governed by optical selection rules"” and electronic
properties under various symmetry operations™, leading to different exci-
ton oscillator strengths. Hence, excitons can exhibit different optical
responses depending on the in-plane (IP), out-of-plane (OP), and mixed
orientations of optical polarizations™*. Most devices, based on 2D or van
der Waals (vdW) materials such as transition metal dichalcogenides
(TMDs)*", rely on materials with IP dipole orientation, which can easily
interact with light at normal incidence and promote directional outcoupling
of radiation**"”. However, in emerging applications such as optical
communications'™", plasmonic nanocavities'*'’, and radially polarized
sources'’, the presence of OP dipole orientation, which requires the polar-
ization of light in the IP direction, is crucial for efficient control of light-
matter interactions.

Recently, indium selenide (InSe), a type of vdW III-VI chalcogenide,
has attracted increasing attention due to its strong luminescence from
excitons with OP dipole orientation®'*"**'. In addition, it demonstrates high
carrier mobility of ~10°cm’/V-s at room temperature (RT)”, showing
promising potential for applications in electronic, nanophotonic and
optoelectronic  devices, such as field-effect  transistors™ ™,
photodetectors™*°, nanocavity"”, and mechanical and gas sensors™”’. The
OP dipole orientation in InSe arises from the transition between the lowest

25,26

conduction band (CB), primarily dominated by the s orbital of the In atom,
and the highest valence (VB), mainly dominated by the p, orbital of the Se
atom'**, However, the IP dipole orientation also mixes with this transition
near the band edge due to spin-orbit coupling (SOC)°. Experimentally, the
bandgap luminescence dominated by OP dipole orientation has been
confirmed by luminescence enhancement in the ridge and bent regions of
InSe'**"**, Exciton emission of InSe in the plasmonic nanocavity can also be
significantly enhanced through effective exciton-plasmon interaction in the
z-direction'®. The relative contributions of IP and OP dipole orientations to
exciton luminescence have been quantitatively determined by analyzing the
far-field intensity distribution of polarization-resolved photoluminescence
(PL) using a high-NA objective lens’. Consequently, InSe provides an
excellent platform for studying the optical properties of anisotropic excitons.

Previous work reported the anisotropic responses of exciton lumi-
nescence intensity in InSe; however, anisotropy in energy was not observed.
In this study, we utilize obliquely incident and polarization-resolved light to
investigate the IP and OP optical features of InSe. The energy difference
between IP and OP optical responses from excitons in InSe was experi-
mentally resolved to be ~0.4 meV. The theoretical results indicate that the
contributions of excitons with IP and OP responses originate from different
k-points and split states. Under photoexcitation by femtosecond pulses, the
energy difference of IP and OP optical responses can increase to as much as
8 meV. The time-resolved energy difference could last over 100 psat 77 K. A
similar energy difference was also observed at RT, but became
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indistinguishable after 100 ps. The peaks of time-integrating exciton PL for
IP and OP polarizations are not identical either. The difference in peak
energy between IP and OP polarizations increases with increasing laser
power (or carrier density). The anisotropic responses in energy result from
differences in the screening effects of photocarriers on excitons along the IP
and OP directions. Anisotropic screening of excitons in InSe was observed
because the fundamental difference between IP covalent and OP vdW
bonds in vdW materials leads to optical anisotropy in dielectric
constants™”.

Results

Electronic and optical properties of y-InSe

The properties of p-InSe were theoretically investigated using first-
principles methods, including many-body effects. Details of the calcu-
lation information are provided in the Methods section. y-InSe consists
of a stacking sequence of three layers along the OP (or z) direction, as
shown in Fig. 1a. Figure 1b presents the theoretical absorption spectra
calculated using the GW and GW plus Bethe-Salpeter-equation (GW-
BSE) approaches, with the polar angle of polarization varying between 0°
(IP, along the x axis) and 90° (OP, along the z-axis). The absorption with
OP polarization is the strongest and decreases as the polar angle sweeps
from 90° to 0° (the IP direction). The first absorption peak for 0° occurs
at 1.2800 eV, representing the lowest energy of IP excitonic states, while
the peak for 90° appears at 1.2796 eV, representing the lowest energy of
OP excitonic states. The two responses for different polarizations (IP
and OP) are nearly degenerate within the current theoretical framework.
However, the absorption of light with OP polarization is significantly
stronger than with IP polarization, meaning that the absorption features
for angles between 90° to 0° are dominated by the characteristics of OP
absorption.

Transmission measurements were performed at an obliquely incident
angle of ~22° to obtain the absorption spectra of y-InSe flakes. A polarizer
was used for light source with either S- or P-polarization. The experimental
configuration is detailed in the Methods section. In Fig. 1c, the absorption
peaks for P-polarized and S-polarized light at 5K are 1.3378 eV and
1.3374 €V, respectively. The P-polarized spectra are assumed to pre-
dominantly reflect OP exciton absorption features. Consequently, this
indicates that the OP excitonic energy is 0.4 meV higher than the IP exci-
tonic energy. The energy difference (AE) between the two excitonic peaks is
independent of the temperature (Supplementary Fig. 1). The inset of Fig. 1c
highlights the excited states (1 = 2) of the excitons. The binding energies of
exciton for the IP response R, p and OP response R, op Were experi-
mentally determined to be 15.1 meV and 14.5 meV, respectively, based on
the ground state (n=1) and excited state (n=2) of the direct exciton
series’".

Figure 1d illustrates the dominant electron states contributing to
absorption near the band edges around the high symmetry point T in the
Brillouin zone (BZ). The band splitting due to SOC occurs only along the IP
direction (T — H,)*. The lowest CB and the highest VB each split into two
bands, namely, the lower ¢, and the higher ¢, for the CB, and the higher v,
and the lower v, for the VB. The GW-calculated bandgap is 1.2910 eV. The
calculated R, 1p and R, op, derived from the difference between the
bandgap and the lowest exciton energy, are 11.0meV and 11.4 meV,
respectively. These calculated results align well with the experimental data
within the margin of uncertainty. Notably, the difference between the IP and
OP excitonic states arises only when SOC is included in the calculations. To
further explore the origin of the OP and 1P exc1ton1c states, the intensities of
the exciton envelope functions {AIP | and |AOP | are plotted in Fig. le, f,
respectively. Here, the subscripts v and ¢ denote the valence and CBs. The
exciton envelope function describes the eigenvector of the BSE Hamilton in
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Fig. 1 | Electronic and optical properties of y-InSe. a Crystal structure of y-InSe.
The solid line shows the primitive unit cell. b Polarization-dependent absorption

spectra. The angle represents the polar angle of the polarization with respect to the
atomic plane of the structure. ¢ Experimental absorption spectra at ~5 K. The inset

highhghts the excitonic peaks for # = 2. d Band structure near the band edges. e and
f ‘A | and |A0P| represent the distribution of envelope functions contributing to
the lowest excitonic peaks for IP (0°) and OP (90°) polarization in (b), respectively.
The center of 2D map is at (0, 0, 0.377 A™"), the T point.
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Fig. 2 | TR spectra of InSe at 77 K probed with (a) (b) AR/l Fé
different polarizations. The carrier density is - - (107°)
1.43x10'7 cm ™. Pseudocolor 2D map of reflectivity 'é_ :’n_: 71
changes as a function of energy and time with a S- > > 45
and b P-polarized probe. The gray dashed lines % % 0.0
indicate time zero. ¢ S- and d P-polarized reflectivity 2 3 89
change spectra at delay times of 1 ps, 5 ps, 10 ps, and £ £
50 ps. The dots represent the experimental data, = [= -179
while the solid lines show the fitting results. 1
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the basis of Bloch wavefunctions, specifically v;, v,, ¢;, ¢, as shown in
Fig. 1d, ink-space. The four [AF |  functions responsible for the OP excitonic
peak at 1.2796 eV in Fig. 1b show isotropic distributions in BZ, whereas the
four |AY ‘2 functions for the IP peak at 1.2800 eV are anisotropic around the
T point. This indicates that the contributions of excitons with IP and OP
responses originate from different k-points and split states.

Ultrafast dynamics of IP and OP optical transitions at low
temperature

Oblique transient reflection (TR) spectroscopy was employed to investigate
the ultrafast exciton dynamics in y-InSe. The sample temperature was
cooled to 77 K, corresponding to a thermal energy of 6.6 meV, which is
lower than the exciton binding energy. The energy of P-polarized pump
beam was fixed at 3.1 eV, while the broadband probe beam, either S- or P-
polarized, was used for the measurements. Details of the experimental setup
are provided in the Methods section. Figure 2a, b present pseudocolor 2D
maps showing the AR/R spectra at different time delays for S- and
P-polarized probes, respectively. Notably, the AR/R signal for the
P-polarized probe is ~3.5 times stronger than that of the S-polarized probe.
It is important to note that all experimental conditions were identical for
both measurements, except for the half-wave plate, which was rotated to
adjust the probe polarization. The higher sensitivity observed for the
P-polarized probe is attributed to the greater absorption in OP polarization.
In both 2D maps, the AR/R signal exhibits a significant shift from positive
values (red) to negative values (blue) around the resonant transition energy.
The energy at which AR/R =0 (white) corresponds approximately to the
resonant energy.

Figure 2¢, d display the spectral responses for the different polarized
probes at 1 ps, 5 ps, 10 ps, and 50 ps, extracted from Fig. 2a, b, respectively.
To quantitatively analyze the time evolution of the resonant energy, these
responses were fitted using a photoreflectance model™. This model accounts
for the real part of the dielectric function, which exhibits a first-derivative
Lorentzian line shape,

AR ) -2
o =Fe {Agw (E — Eon+ ir) } :

¢y

where A is the amplitude, E,, is the optical gap, I' is the broadening
parameter, and ¢ is the phase of line shape, accounting for the effects of
nonuniform fields and optical interference. The solid lines in Fig. 2c, d

represent the fitting results. The complete fitting results in pseudocolor 2D
maps are provided in Supplementary Fig. 3.

The retrieved optical gaps for S-polarization (IP), denoted as Ejp, are
represented by blue triangles in Fig. 3a. Ejp increases from 1.3035 eV at 1 ps
to 1.3051 eV at 7 ps, before decreasing to 1.3019 eV within 50 ps, showing a
total variation of 3.2 meV. A similar trend is observed for the optical gaps for
P-polarization (OP), Eyp, shown by red triangles. Ep rises from 1.3113 eV
at 1ps to 1.3131 eV at 7 ps, and then decrease to 1.3091 eV within 50 ps,
with a variation of 4 meV. Notably, E,, remains 6 ~ 8 meV higher than E;,
throughout the 150 ps time window. Additionally, both E;, and Ep are
13 ~24meV lower than the exciton energies for IP and OP responses,
1.3262 eV and 1.3266 €V, respectively, as determined from the absorption
spectra at 77 K (Supplementary Fig. 1).

Figure 3c illustrates the physical picture of exciton dynamics following
photoexcitation in InSe. In the equilibrium state before time zero, Ep and
Ep are the exciton energies, which are R, ;, and R,, op lower than the CB
edge, respectively. After the excitation by pump light, the optical gaps Ep
and E;, are primarily influenced by three effects: the reduction of exciton
binding energy, bandgap renormalization (BGR), and phase-space filling
(PSF) effects. The reduction in exciton binding energy results from the
dynamic screening of the Coulomb interaction caused by finite quasiparticle
densities, which weakens the electron-hole attraction® . BGR occurs due
to photo-induced screening of Coulomb repulsion, leading to a decrease in
the bandgap™™*'. PSF arises when high carrier densities fill available quan-
tum states, causing Pauli blocking and a blue shift of the optical
transition’>”*. As shown in Fig. 3c, BGR occurs immediately upon the
presence of photocarriers, resulting in a redshift of the bandgap. Meanwhile,
the varying reductions in exciton binding energies for IP and OP responses
stem from the anisotropic screening of Coulomb interactions, leading to
distinct IP and OP optical transitions with an energy difference AE. These
effects cause a redshift of 13~24 meV in the optical gaps E;p and Ep. Within
1 ps after photoexcitation, carriers rapidly exchange energy through carrier-
carrier scattering, during which the carrier temperature significantly exceeds
the lattice temperature. The temporal variation in energies (3 ~4 meV)
between 1 and 30 ps, as shown in Fig. 3a, is attributed to the PSF effects of
excitons. After 1 ps, the thermal energy of the carriers decreases to below the
exciton binding energy, resulting in efficient formation of excess excitons
around the band edge”. As the newly formed excitons sequentially fill
higher excitonic states, Eqp and Ejp increase from 1 to 7 ps. Subsequently,
the relaxation of excitons to lower excitonic states become more dominant
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Fig. 3 | Exciton dynamics in InSe. a Optical gap (a

~

(b)

energies and b broadening parameters extracted 1.315

from the fits as a function of time delay for S- and
P-polarized probes. ¢ Schematic of exciton dynamics
in InSe. R, p and R, p are exciton binding ener-
gies of the IP and OP responses, respectively. The
purple arrow indicates pump excitation, while the
blue and red arrows, labeled E;p and Ep, represent
the optical gaps for the S- and P- polarized probes,
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than the formation of new excitons in higher energy states, leading to a
decrease in Egp and Epp from 7 to 30 ps. We also observed that the
broadening parameter I' in Eq. (1) for both S- and P-polarizations increases
from 1 to 30 ps, as shown in Fig. 3b. Exciton-exciton interactions cause
spectral broadening due to enhanced scattering and dephasing processes as
the number of excitons increases during this duration. After 30 ps, the
optical gap slowly approaches the excitonic energies in equilibrium states on
the order of nanosecond scales as the density of photoexcited carriers and
excitons decreases.

Dependence of carrier density on anisotropic screening of
excitons

The anisotropic reduction of exciton binding energies, due to the screening of
photocarriers, was also observed in polarization-resolved PL with the geometry
of oblique incidence. InSe samples at 77 K were excited using a 532 nm
continuous-wave laser beam with P-polarization. Under the same

experimental conditions, a polarizer was rotated to record the PL spectra for
both S- and P-polarizations. Figure 4a shows the normalized PL spectra,
revealing that the peak of the S-polarized PL is 3.6 meV lower than that of the
P-polarized PL, attributed to the different screening energies of excitons for IP
and OP responses. The S- and P-polarized PL spectra for different carrier
density were presented in Supplementary Figs. 4 and 5. The peak energies of
the PL spectra are plotted as solid dots and triangles in Fig. 4b for carrier density
ranging from 10'€ to 107 cm ™. Additionally, the optical gaps at 50 ps from the
pump-probe (PP) data (from Fig. 3a with a carrier density of 1.43 X 10" cm™,
and Supplementary Fig, 7a with a carrier density of 2.86 X 107 cm ™) are also
shown in the same figure. Both the energies for S- and P-polarizations decrease
with increasing carrier density. Figure 4c reveals the energy difference in Fig. 4b
(AE = Eqp — Epp) as a function of carrier density.

As previously discussed, the variation of optical gap (or PL peak
energy) is influenced by BGR, PSF, and exciton binding energy, all of which
depend on carrier density. However, only the reduction in exciton binding
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energy due to anisotropic screening accounts for AE in Fig. 4c for S- and
P-polarized measurements. The carrier dependence of AE can be attributed
to the varying screening effects caused by different dielectric constants of
InSe along the IP and OP directions. However, it is still challenging to
investigate anisotropic screening effect by using an analytical model or first-
principles calculations. Here, we consider homogeneous screening of exci-
tons in two distinct media and calculate the energy difference. The reduction
in exciton binding energy is associated with screened Coulomb interactions,
which can be described by the Yukawa potential. Approximating the
Yukawa potential with the Hulthén potential, the ground-state exciton
binding energy under screening can be expressed as ref. 44:

2.
E = (1 —ay/A) Ry, 1f/\52a07 )
0, if A, <a,

where q, is the exciton Bohr radius, R, is the exciton binding energy
without screening, and A is the screening length, which is given by

refs. 44,45:
€. Op
A =/ 20 (3)
$ 2e2 ON

Here, ¢, is the relative dielectric constant, ¢, is the vacuum permittivity, y is
the chemical potential, e is the charge of an electron. In the classical high-
temperature limit, particles follow a Boltzmann distribution, reducing Eq.
(3) to the Debye-Hiickel screening length, where oy /9N is approximated to
be ky T/N***. As the carrier density N increases from zero, the term a, /A,
in Eq. (2) increases from zero, leading to a reduction in exciton binding
energy. When a, /A, reaches 1 (or A, = a,), N reaches the Mott density
Nyore» at which point E; becomes zero, and the excitons dissociate.

The ¢, of InSe in the IP and OP directions ¢, 1p and ¢, p are 10.2 and
7.6, respectively”. Additionally, €,a, = R, Ryay;, where a;; and Ry; are the
Bohr radius and Rydberg energy of a hydrogen atom, respectively. The
Bohr radii of excitons for IP and OP responses, a,p and a, op, are thus
obtained to be 4.68 nm and 6.53 nm, respectively. Using these constants,
the relative energy (—E,) as a function of carrier density N is calculated
based on Egs. (2) and (3), as shown in Fig. 4d. The screen length A; as a
function of N is shown in Supplementary Fig. 8. The Mott densities for IP
(Nporerp = 3-33% 10" cm ™) and OP (Nyo op = 1.27 %X 108 cm™) are
marked in the figures for reference. Since srbp is smaller than e_1p, the
binding energy of excitons for OP response decreases more rapidly with
increasing N than that for IP response, causing AE to increase. However, as
N approaches the Ny, op» the reduction in exciton binding energy slows,
and AE begins to decrease before N, op is reached. Once N exceeds both
Npiorr.op a0d Nyyo 1ps AE reaches zero. Although we consider the energy
difference of homogenous excitons in varying media with distinct dielectric
constants, which differs from the actual condition of anisotropic excitons in
birefringent materials, this simplified analytical calculation is still capable of
explaining the experimental data in Fig. 4c, where AE first increases and
then decreases with increasing carrier density.

To further quantitatively understand the dependence of carrier density
on energy in Fig. 4b, the effects of BGR, PSF, and exciton binding energy
should all be considered. The energy in the presence of photocarriers can be
expressed as:

EOpt = AEggg + AEpgs + AE, + E, 4)

where AEggg, AEpgr, and AE,, represent the energy shifts due to BGR, PSF,
and exciton screening, respectively. E,, is the exciton energy without pho-
tocarriers. For BGR, AEpip, = —ApqrN'/?, where App is a constant”. For
PSF, we use the Burstein-Moss (BM) band-filling effect”, described by
AEpg: = ApseN?/3, where Ay is another constant. The energy shift due to
exciton screeningis AE,, = R,, — E,. Using the experimentally determined
exciton energies at 77 K and treating Apgr and Apgg as fitting parameters,

the solid lines in Fig. 4b show the fitting results of Eq. (4). The values of Ag 5
for the IP (4.60 %1078 eV-cm) and OP (4.53 % 10~% eV-cm) cases are
nearly identical, confirming that BGR is independent of light polarization.
The Apgg values for both the IP and OP cases are close to zero, indicating that
the PSF effect is negligible. The contributions of the three effects are shown
in Supplementary Fig. 9, where BGR (resulting in a redshift) dominates the
overall behavior. In Fig. 4b, the energy redshifts by up to 23 meV at ~
3% 107 cm™. Given that exciton screening causes a blue shift of up to
~10meV, the maximum redshifted energy due to BGR exceeds 30 meV
under our experimental conditions.

IP and OP optical transitions at RT
Similar measurements were conducted at RT (294 K). As with Fig. 2 at 77 K,
time-resolved AR/R spectra for S- and P-polarized probes at RT are shown
in Supplementary Fig. 10 and were fitted using Eq. (1). Figure 5a shows the
extracted optical gaps Ejp and Ep as a function of time. The energy dif-
ference AE, resulting from the anisotropic screening of excitons, is also
observable at RT. However, it gradually decreases from 8 meV at 1 ps to
1.3 meV at 50 ps, becoming indistinguishable after 100 ps. In contrast, at
77 K, AE remains 6 ~ 8 meV over 100 ps (Fig. 3a). In addition, both E;, and
Eqp at RT decrease from 1 ps to 15 ps, which differs from the behavior at
77 K, where they increase from 1 ps to 7 ps and then decrease until 30 ps.
The temperature-dependent phenomena are attributed to the lifetime of
excitons. At RT, the thermal energy (25.4 meV) exceeds the exciton binding
energy in InSe (~15 meV), unlike at 77 K (6.6 meV). After photoexcitation
at 3.1eV, hot carriers thermalize through carrier-carrier and carrier-
phonon scattering processes. These thermalized carriers cannot efficiently
form additional excitons. Additionally, the originally formed excitons dis-
sociate more easily due to the higher thermal energy and scattering pro-
cesses at RT. As a result, the thermalization and dissociation of excitons
dominate the temporal changes in E;, and Ey, within the first 15 ps. These
processes also contribute to a decrease in the broadening parameter T, as
shown in Fig. 5b*. When AE~0, the dynamics is dominated by free carriers
in the CB and VB, rather than excitons, because the optical gap due to free
carriers is independent of probe polarization.

Figure 5c shows the normalized PL spectra for S- and P-polarization at
RT. The PL spectra should consist of luminescence from the radiative
recombination of excitons and free carriers. The right portions of both
spectra, which primarily result from the recombination of free carriers,
almost overlap. But the difference on the left side, due to anisotropic
screening of excitons, remains distinguishable, even though excitons easily
dissociate at RT. Power-dependent PL spectra are presented in Supple-
mentary Figs. 11 and Fig. 12. Figure 5d shows the dependence of carrier
density on the peak energy of the PL spectra. The optical gap at 50 ps from
Fig. 5a is also included. In contrast to Fig. 4b, which shows a consistent
redshift at 77 K, the energy initially decreases but then increases. Because
BM band-filling effect dominates at RT rather than PSF effect, AEg; in Eq.
(4) is replaced by AEpy = Agy(N*/>*, where Ag,; is a constant, to fit the
data. By treating Ay, and Apy, as fitting parameters, the fitting results are
indicated by the solid lines of Fig. 5d. Individual contributions of AEpqy,
AEg,, and AE,_, are presented in Supplementary Fig. 14. The IP and OP
values of App are 9.98 X 1078 eV-cmand 9.01 X 1078 eV-cm, respectively,
while the values of Ay, for the IP and OP cases are 1.12 X 10713 eV-cm®and
0.97 X 107 eV-cm®. Regarding the screening of excitons, the calculated
Mott densities of IP and OP excitons at RT are both ~3.8 times higher than
those at 77 K. This indicates that the screening effect is reduced at RT.
Therefore, for the same carrier density, AE,, increases by up to ~ 5 meV at
RT, in contrast to ~10 meV at 77 K.

Discussion

We found that the excitons near the bandgap in InSe are not only ani-
sotropic in their oscillation strength but also in their energy. Although the
energy difference between the IP and OP optical responses from excitons
in InSe is small, they originate from different composite electronic states.
Notably, we observed that this energy difference depends on carrier
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Fig. 5 | IP and OP optical transitions at RT. (@) 1.275 (b)
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density, with photocarriers increasing the energy difference by as much as
8 meV. The anisotropic energy responses arise from variations in the
screening effects of photocarriers on excitons along the IP and OP
directions. Since the dielectric constant of InSe in the OP direction is lower
than that in the IP direction, the exciton binding energy decreases more
rapidly in the OP direction before reaching the Mott density. At 77 K, the
energy difference due to anisotropic screening of excitons persists for over
100 ps after the excitation of photocarriers. However, at RT, where the
thermal energy exceeds exciton binding energy, anisotropic screening of
excitons remains observable. It requires a higher carrier density at RT than
at low temperatures to achieve the same reduction in exciton binding
energy. Given that the anisotropic screening of excitons is attributed to the
optical birefringence, this phenomenon should be universal in vdW or 2D
materials.

Methods

First-principles calculations

The density functional theory calculations were performed using the
Quantum Espresso package' with the generalized gradient approximation
to the exchange-correlation functional. The DFT-D3 correction was used to
describe the vdW interaction. The lattice constant was adopted from the
experiment”. An 80 Ry energy cutoff was applied to wavefunctions with a
6% 6 % 6 k-point sampling of the BZ. SOC was included in all the calcula-
tions. The DFT wavefunctions are used as the mean-field starting point for
quasiparticle GW and GW-BSE studies, using the BerkeleyGW package’".
In the construction of the GW self-energy, we adopt the Hybertsen-Louie
generalized plasmon-pole model™ for the frequency dependence in the
inverse dielectric matrix, which was constructed with a 15 Ry cutoff. The
inverse dielectric matrix and the self-energy operator were constructed with
a summation up to 1200 bands. In constructing the BSE Hamiltonian, the
electron-hole matrix elements were initially calculated on a 6 x 6 x 6 coarse
grid, and then interpolated to an effective 120 X 120 X 120 sampling using a
patched-sampling technique that focuses on a small region in the BZ of
interest™.

Crystal growth

To prepare the InSe single crystals, we used 99.999% pure molar mixture of
In (52.4% weight percentage) and Se (47.6%) compounds. The synthesis of
single-crystalline InSe powder was performed in conical quartz ampoules
evacuated to 10~* Pa. Homogenization of the batches and synthesis of the

InSe powder were conducted in a horizontal furnace at 600 °C for 48 h. The
mixed crystals were grown using the vertical Bridgman method. Before
pulling, the ampoules containing the melt were heat-treated at 850 °C for
24 h; when the melt filled the tip of ampoule, the ampoules were lowered
through a temperature gradient of 1 °C at a rate of 0.1 mm/h. The obtained
InSe single crystals were 3 cm long and 1.2 cm in diameter. The as-grown
crystals of excellent optical quality were easy to cleave to obtain crystalline
planes perpendicular to the trigonal ¢ axis. Powder X-ray diffraction
(PXRD) analysis identified the lattice structure as y-phase (R3m), with an
OP lattice constant of ¢=24969nm and hexagonal parameters
a =b=0.4006 nm. Oblique incident SHG measurements further confirmed
the y-phase of the samples™.

Absorption measurements

Transmission spectra were measured using a custom-built setup with a
micron-sized optical spot focused on the InSe flakes on sapphire substrates.
The broadband transmitted light was collected through a multi-mode fiber
coupled to a spectrometer (iHR550, HORIBA), allowing absorption spectra
to be derived using the Beer-Lambert law”. The cryostat was tilted at an
angle of ~22°, with a polarizer placed in front of the sample for S- and
P-polarized measurements.

Ultrafast pump-probe measurements

Ti:sapphire ultrafast laser system was utilized to perform oblique pump-
probe TR spectroscopy. The repetition rate was 80 MHz and the central
energy was ~1.55 eV. The pump beam was frequency-doubled with a beta
barium borate (BBO) crystal, modulated with an acousto-optical modulator
(AOM) at 100kHz, and directed through a motorized delay stage for
controlling the time delay between the pump and probe pulses. A half-wave
plate (10RP02-41, Newport) and a polarizer (10LP-UV, Newport) were
placed in the path to change the polarization of the pump beam. The
supercontinuum probe beam is generated by a photonic crystal fiber (PCF,
SCG-800, Newport). Optical filters (FGL610, Thorlabs, and LP02-785-RE-
25, Semrock) were utilized to block the extra wavelength of the probe beam.
The polarization of the probe beam was adjusted using a half-wave plate
(10RP42-4, Newport) and a polarizer (WP25M-UB, Thorlabs). The pump
and probe beams were recombined collinearly with a dichroic mirror (Di02-
R830-25 x 36, Semrock). The collinear pump/probe beams were focused
onto the samples, using a lens (54-17-29 UV, Special Optics). The radius of
the focused spots was ~13 um. The cryostat with InSe samples was tilted at
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an angle of ~51°. The reflected signal was collimated by a lens (54-18-23 IR,
Special Optics), passed through a monochromator (SpectraPro-2500i,
Acton), and finally sensed by a Photomultiplier (PMT) (R5108, Hama-
matsu). The selected energy of the signal ranged from 1.210 eV to 1.345 eV
at RT and from 1.270 to 1.395¢eV at 77 K. The spectral resolution was
~1nm. The photocurrent signals were demodulated using a lock-in
amplifier (SR844, Stanford Research Systems) to extract the signal AR. This
signal was divided by R, obtained by modulating the probe beam in the
absence of the pump beam. The duration of the cross-correlation of pump/
probe beams was ~1 ps. The imaging system, positioned at the back of the
cryostat, was utilized to precisely locate both the samples and the laser beam.

PL measurements

A cw 532 nm laser (GLK-32200-TS, LASOS) served as the excitation
source. The laser beam passed through a laser line filter (532BPF, IRI-
DIAN) to ensure a clean laser wavelength. Subsequently, a half-wave plate
(WPH10M-532, Thorlabs) and a polarizer (WP25M-VIS, Thorlabs) were
used to adjust the incident polarization. The laser beam was then focused
onto the sample by a lens (54-17-29 UV, Special Optics), producing a
focused spot with a radius of ~4.2 pm. The cryostat with InSe samples was
tilted at an angle of 45°. The reflected light, including the PL, was colli-
mated by another lens (54-18-23 IR, Special Optics) and passed through a
polarizer (WP25M-UB, Thorlabs) and two edge filters (532Edge, IRI-
DIAN, and LP02-532RE-25, Semrock). Finally, a lens (LA4148, Thorlabs)
focused the luminescence light into a multi-mode fiber, coupled to a
spectrometer (iHR550, HORIBA). An imaging system was set at the back
of the cryostat to identify the positions of both the samples and the
laser beam.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The codes that support the findings of this study are available from the
corresponding author upon reasonable request.
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