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Monolayer indium selenide: an indirect
bandgap material exhibits efficient
brightening of dark excitons
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Atomically thin indium selenide (InSe) exhibits a sombrero-like valence band, leading to distinctive
excitonic behaviors. It is known that the indirect band gap of atomically thin InSe leads to a weak
emission from the lowest-energy excitonic state (A peak). However, the A peak emission ofmonolayer
(ML) InSe was observed to be either absent or very weak, rendering the nature of its excitonic states
largely unknown. Intriguingly, we demonstrate that ML InSe exhibits pronounced PL emission
because of the efficient brightening of the momentum-indirect dark excitons. The mechanism is
attributed to acoustic phonon-assisted radiative recombination facilitated by strong exciton-acoustic
phonon coupling and extended wavefunction in momentum space. Systematic analysis of layer-,
power-, and temperature-dependent PL demonstrates that a carrier localization model can account
for the asymmetric line shape of the lowest-energy excitonic emission for atomically thin InSe. Our
work reveals that atomically thin InSe is a promising platform for manipulating the tightly bound dark
excitons in two-dimensional semiconductor-based optoelectronic devices.

Tightly bound excitons in two-dimensional (2D) semiconductors ascribed
to the reduced dielectric screening of Coulomb interactions have attracted
intensive attention from the fundamental exciton science to emerging
photonic and optoelectronic applications1–5. Bright excitons exhibit great
oscillator strengths, but their ultrashort radiative lifetimes on the sub-
picosecond timescale hinder potential optoelectronic and catalytic appli-
cations that require a long exciton lifetime. In contrast, dark excitons, such
as spatial- and momentum-indirect excitons, have a higher population
density and a longer lifetime of approximate nanoseconds; nevertheless,
these excitons are optically inaccessible due to their weak coupling to light.
Therefore, exploring mechanisms that can effectively brighten the dark
exciton is crucial for extending the functionality of indirect gap materials6,7.

Layered III–VI post-transition metal chalcogenides are semi-
conductors with distinctive optical properties, including a strong layer-
dependence of the optical band gap8–11, broad spectral response12–14, indirect
band structures10,15,16, and strong photoresponsivity17,18. The band edge of

atomically thin indium selenide (InSe) is considered indirect, owing to a
weak inversion of the hole dispersion of the maximum-energy valence
band10,15,16,19,20. Figure. 1a shows the electronic band structure of monolayer
(ML) InSe calculated by employingGWapproximation to thequasi-particle
energy. The topmost valence band (v1) has a sombrero-like band edge10,15,16,
in contrast to the lower valence bands with parabolic dispersions and band
maxima at the Γ point. Next, we focus on two bright excitons and a
momentum-indirect dark exciton: A and B excitons are bright excitons,
consisting of electrons at the lowest conduction band (c1) and holes at the v1
and second-to-topmost valence band (v2), respectively. The sombrero-like
valence band leads to a most energetic-favorable and highly degenerated
momentum-indirect dark excitons at the van-Hove singularity around the Γ
point (marked as dark excitons in Fig. 1a), leading to intriguing optical
properties in ML InSe19. In particular, experimental demonstrations of A
exciton luminescence of ML InSe are still under debate, as recent works
reported either undetectable8,9,15 or very weak signals10,21. Therefore,
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investigating the luminescent properties of ML InSe and understanding the
excitonic behavior of the indirect excitons is essential.

In this work, we investigate the excitonic properties of atomically
thin InSe by employing photoluminescence (PL) spectroscopy. We
observe robust PL emission originating from amomentum-indirect dark
exciton in a high-quality hexagonal boron nitride (h-BN)-encapsulated
ML InSe at T ¼ 36 K, despite that an indirect band structure typically
leads to weak luminescence. Additionally, we detect an apparent
asymmetric PL line shape in the lowest-energy emission for atomically
thin InSe at cryogenic temperatures, suggesting that the long-lived dark
excitons undergo carrier localization. By analyzing the PL emission with
a carrier localization model, the energy of the A peak of ML InSe can be
extracted as 2.58 eV, consistent with the excitation energy of the A
exciton in our calculation.

Results and discussion
The γ-phase InSe crystals are grownby theBridgmanmethod22.We employ
h-BN flakes to encapsulate the atomically thin InSe to ensure high sample
quality. The InSe and h-BN flakes are mechanically exfoliated and stacked
using the dry transfer method23 in a nitrogen environment. An inert
environment for exfoliation and stacking is essential for maintaining the
crystalline quality, especially for atomically thin InSe24,25. Figure. 1b shows a
schematic of an h-BN-encapsulated InSe and an optical micrograph of a
typical h-BN-encapsulated InSe sample in upper and lower panels,
respectively. The details of sample preparation and atomic forcemicroscopy
topography of the InSe sample are provided in Supplementary Note 1. The
crystalline quality of h-BN-encapsulated ML and bilayer (BL) InSe is
characterized by Raman spectroscopy, as shown in Fig. 1c. Notably, we
observe four intrinsic Raman peaks from both ML and BL InSe at 116.1
cm�1, 178.3 cm�1, 199.4 cm�1, and 227.1 cm�1, corresponding to A0

1 1ð Þ,

E00 2ð Þ,A00
2 1ð Þ, andA0

1 2ð Þ vibrationalmodes26,27, respectively, confirming their
high crystalline quality.

To study the PL emission of ML InSe, we employ a cavity-stabilized
diode laser at 3.05 eV as the excitation light source (SupplementaryNote 1).
Figure 1d shows the spectra of the lowest energy PL emission of h-BN-
encapsulated InSe from ML to 18 L at T ¼ 36 K. The PL energies corre-
sponding to the lowest-energy emissions, denoted as A peaks, are in good
agreement with previous reports for bulk and few-layer InSe9,28. The layer
dependence of the A peaks significantly blueshift with decreasing thickness
due to the quantum confinement effect8–10,21,29. Intriguingly, we observe the
pronounced A peak of ML InSe. Moreover, in addition to A peaks, we
observe distinct PL emissions from B excitons at higher energy regimes,
denoted hereafter as B peaks, down to BL InSe (Supplementary Note 2),
highlighting the ultrawide spectral response from 1.3 eV to 2.9 eV of InSe
fromML tobulk. Figure 1e summarizes thePLenergiesof theAandBpeaks
for atomically thin and bulk InSe, as well as calculated excitation energies of
A excitons for ML, BL, and bulk InSe. The calculation detail of the
absorption spectra is described inSupplementaryNote 3.The energies of the
A peaks for ML, BL, and bulk InSe coincide well with the calculated tran-
sition energies, strongly substantiating the assignment of the A peak of
ML InSe.

Figure 1d further reveals the layer dependence of the PL intensities:ML
and BL InSe manifest pronounced PL of A peak, and the PL intensity
generally decreaseswith the increasingnumberof layers.Due to the in-plane
mirror symmetry of InSe, the A transition from in-plane photoexcitation
associated with the s to the pz orbitals is prohibited. However, spin-orbit
coupling (SOC) can mix the px; py and pz orbitals, enabling A exciton to
couple to in-plane polarized light30. This SOC strength increases with
decreasing thickness, rendering a maximum effect in ML InSe30. It is noted
that in our measurement setup with the objective lens in the out-of-plane

Fig. 1 | Band structures and photoluminescence spectra of atomically thin InSe.
a Electronic band structure ofML InSe with the transition of bright A and B excitons
and momentum-indirect dark exciton denoted. b Upper panel: Schematic of h-BN
encapsulated ML InSe. Lower panel: Optical micrograph of a typical h-BN encap-
sulatedML InSe sample. The area of ML InSe is outlined by a white dashed line. The

scale bar is 10 µm. c Raman spectra of the ML and BL InSe. d PL spectra of the A
peaks of InSe from ML to 18 L. e Extracted PL peak energies of the A and B peaks
along with the theoretically calculated excitation energies of the A excitons of ML,
BL, and bulk InSe.
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direction, the in-plane polarized light is effectively collected from the
samples, facilitating the detection of A peak emission from ML InSe.

The PL of indirect transition governed by phonon-assisted processes is
typically weak. The pronounced luminescence from A peak of ML InSe
suggests the strong exciton-phonon coupling that efficiently brightens the
dark exciton. Figure 2a, b plot the T-dependent PL spectra for ML and BL
InSe, respectively. The observed PL peak continuously evolves fromT ¼ 36
K up to higher T, indicating that same type of exciton is involved. Figure 2c,
d show the T dependence of the integral intensity of A peak of ML and BL
InSe, respectively, revealing amonotonic increasewith decreasingT. SuchT
dependence has been reported for the indirect PL emission in the studies of
other 2D semiconductors31,32. At T ¼ 36 K, absorbing LA phonons in ML
InSe can efficiently upconvert the dark excitons to the bright A exciton state
because of matching momentum and energy. However, phonons can also
lead to non-radiative recombination, competing with the radiative pro-
cesses. Our results suggest that the non-radiative recombination becomes
dominant at higherT range, resulting in suppression of thePL intensitywith
increasing T.

In Figure. 2e, we compare the normalized PL spectra of the A peak of
ML InSewith the excitationpowers of 1W/cm2 and300W/cm2.ThePL line
shape is almost identical over an excitation power range of more than two
orders of magnitude. In addition, we observe no additional emission at the

low energy side, which can be associated with other mechanisms, such as
biexcitonic recombination, secondary radiative recombination, and defect-
bound excitonic states33,34. ML InSe exhibits a small blueshift, which can be
attributed to state filling of the photoexcited carriers35–37.We plot the power
dependence of the PL intensities of theApeaks ofML andBL InSe in Fig. 2f.
The PL intensities of bothMLandBL InSe can bewell-described by a power
law of the exponent of 0.96 and 1.02.We thus can rule out that the observed
PL emission of ML and BL InSe is due to defect-bound excitons or biexci-
tons because they exhibit a sublinear33 or superlinear power law34,38,
respectively.

Next, we discuss the spectral line shape of PL emission and its indi-
cation of the excitonic properties of the atomically thin InSe. Figure 3a plots
thenormalizedPL spectra from theApeaksofML to18 L InSe to emphasize
the evolution of line shapes. A peak ofML to 10 L InSe exhibits asymmetric
line shapes with low-energy tails and steep high-energy shoulders. In con-
trast, the A peak of 18 L and B peaks (detailed in SupplementaryNote 2) are
symmetric. To analyze these asymmetric line shapes of the A peaks, we
employ a carrier localization model39, as depicted in Fig. 3b, c. This model
accounts for a spatial fluctuating potential, leading to a randomdistribution
of surface potential energy. This potential fluctuation in the conduction and
valence bands causes spatial variations in exciton energy. We consider two
competing processes of exciton dynamics: (1) carrier localization, where

Fig. 2 | Excitonic properties of atomically thin InSe. a, b The normalized PL
spectra of ML and BL InSe at different temperatures. The PL spectra are shifted
vertically for clarity. c, d The temperature dependence of PL intensity of A peak of
ML and BL InSe. eNormalized PL spectra of ML InSe taken at 1W/cm2 and 300W/

cm2. f Excitation power dependence of PL intensities of the A peaks of ML and BL
InSe. The black line shows the linear power law fittings, yielding exponents αML and
αBL to be very close to unity for ML and BL InSe.
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photoexcited electrons and holes migrate to local energy minima (char-
acteristic time ~ τC) and (2) exciton radiative recombination (radiative
recombination time ~ τR). Here, all other decay paths of photoexcited
electrons and holes are assumed to be negligible.

Quantitatively, in the carrier localization model, the PL line shape can
be described by the following equation39:

IðEÞ ¼ y0 þ I0ðEÞexp
�τR
2τC

erfc
Eexc � Effiffiffi

2
p

σE

� �� �� �
ð1Þ

whereEexc is the excitonpeak energy, σE is the average potentialfluctuations
energy, and I0 Eð Þ is the exciton population function.We approximate I0 Eð Þ
by aVoigt function40,41, which consists of the contributions of homogeneous
(wL) and inhomogeneous broadening (wG) with Lorentzian and Gaussian
forms, respectively. The Voigt function can be written as

I0ðEÞ ¼ A
2ln2

π3=2
wL

w2
G

Z 1

�1

e�t2

ffiffiffiffiffiffiffiffiffiffiffi
ln2 wL

wG

q� �2
þ

ffiffiffiffiffiffiffiffiffi
4ln2

p x�xc
wG

� t
� �2 dt ð2Þ

where xc is the peak center. There are 5 free parameters in the Voigt-based
carrier localizationmodel, including Eexc, σE ,wL,wG, and τR=τC . As shown
in Fig. 3d, the PL spectra of the A peaks for ML and BL InSe are well-fitted,
validating the carrier localization model to account for the asymmetric PL
line shape.

Figure 3e shows the fitting results of PL spectra of ML InSe along with
the corresponding Voigt and error functions in log scale. Without carrier
localization (τC≫τR, the excitonic PL emission exhibits typically symmetric
line shape. However, for atomically thin InSe, the excitonic ground state is
momentum-indirect, leading to amuch longer radiative lifetime than bright
excitons with a direct band gap. For ML InSe, the dark excitons are char-
acterized by a long radiative recombination lifetime; τR is estimated to be on
the order of 10 ns (SupplementaryNote 4). Also, previous time-resolved PL
measurements had shown a long radiative lifetime of 8 ns for few-layer
InSe28, suggesting that τR may significantly greater than τC . Under such
conditions, the carrier localization effect takes place: Higher energy excitons
migrate to lower energy sites before direct recombination, leading to sup-
pressed exciton recombination at the high-energy side, as illustrated in
Fig. 3b, c. The energy redistribution is observable through the PL line shape,
providing valuable insights into the excitonic behavior in atomically thin

Fig. 3 | PL line shape analysis of atomically thin InSe and carrier
localizationmodel. aNormalized PL spectra of theApeaks of InSe fromML to 18 L.
b Schematic of the carrier localization model when the carrier localization time is
smaller than the recombination time. c PL spectra of the A peaks of ML and BL InSe

are fitted by the carrier localization model. d Asymmetric PL line shape of ML InSe
and various functions employed for fitting. e A schematic diagram depicts the
presence of potentialfluctuations-induced energy redistribution and the asymmetric
line shape.
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InSe layers. Significantly, our fitting results of the asymmetric PL emission
support the long τR of the momentum-indirect dark excitons in atomically
thin InSe.

We note that the carrier localizationmodel is not exclusive to excitons
but is equally applicable to other quasiparticles, for instance trions and
biexcitons, in 2D semiconductors that exhibit a similar interplay of different
recombination processes. This is particularly relevant in atomically thin 2D
materials, where the potential fluctuations in the atomic layers are greatly
susceptible to extrinsic effect due to a weak dielectric screening and a sub-
stantial surface-to-volume ratio. Nonetheless, it is noted that the carrier
localization effect becomes negligible when τR is substantially shorter than
τC . For excitons with short τR, such as bright excitons, and 2D materials
with uniform potential energy and thus long τC , the carrier localization
model become no longer applicable.

To assess the role of phonons participating in the luminescence, we
extract the PL peak energy forML and BL InSe as a function of temperature
(T) using carrier localizationmodel, as shown in Fig. 4a.While the PL peak
positions of both ML and BL InSe show a monotonically decreasing trend,
ML InSe manifests a stronger T dependence compared with BL InSe. The
sample temperature is calibrated to quantitatively access the phonon effect
(SupplementaryNote 5). TheT-dependent PLpeak energy can be described
by O’Donnell-Chen model42–44:

EG Tð Þ ¼ EG 0ð Þ � SEph coth
Eph

2kBT

� �
� 1

	 

ð3Þ

whereEG 0ð Þ represents theoptical bandgapatT ¼ 0 K,S is adimensionless
constant associated with the strength of exciton-phonon coupling, and Eph
is the average phonon energy. The ML and BL InSe data are well described
by this equation, yielding S= 14 and S = 3 and Eph = 23.5meV and
23.1meV for ML and BL InSe, respectively. Figure 4b plots the S values for
ML, BL, 3 L, and 18 L InSe; The fitting parameters are summarized in
Supplementary Note 6. Our results show a distinct enhancement of S as the
thickness of InSe decreases, with a significantly large S for ML InSe. The
large exciton-phonon coupling strength of ML InSe can be attributed to
strong scattering of hole inML InSe by longitudinal acoustic (LA) phonons
at the sombrero-like valence band maximum, in contrast to much weaker
LA scattering for BL and bulk InSe45. Moreover, electrons in ML InSe is
subjected to large scattering from the longitudinal optical (LO) phonons,
compared with the one in bulk InSe45, further enhancing the exciton-
phonon coupling. In addition, strong electron-phonon coupling inML InSe
has also been attributed to a large deformation potential resulting from
heavy holes46 or a combination of strong piezoelectric properties and a lack
of inversion symmetry47.

The phonon-assisted brightening of the indirect dark excitons is fur-
ther examined by considering the exciton band structure in ML InSe. We
calculate the exciton dispersion of ML InSe, and the two lowest-energy
bands associated with bright A excitons are shown in Fig. 4c. The first band
exhibits an energy minimum at Qmin 0.2 Å

−1, originating from the weakly
inverted, topmost valence band, as shown in Fig. 1a. The weakly inverted
valence band is attributed to the vanishing momentum matrix element
between the topmost valence band and the lowest conduction band from

Fig. 4 | Strong exciton-phonon coupling and brightening of the indirect excitons
ofML InSe. aTemperature dependence of the PL peak energies of theA peaks ofML
and BL InSe. The solid curves are fitted by O’Donnell-Chen model as described in
Eq. (3). b Extracted exciton-phonon coupling strengths of ML, BL, 3 L, and 18 L

InSe, showing an enhancement trend with a decreasing layer number and strong
exciton-phonon coupling forML InSe. c Exciton dispersion ofML InSe showing the
two low excitonic bands associated with the A exciton atQ ¼ 0. d Envelope function
of the A exciton of ML InSe in momentum space.
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k � p theory48. The dark exciton at the lowest energy, denoted as the kmaxΓ
exciton, consists of the hole located at the kmax and the electron at the Γ
valley. From the exciton dispersion, the corresponding activation energy
(εact) is defined as the energy difference between the optically active state at
Q ¼ 0 and the Qmin exciton state. ML InSe exhibits a very small εact of
8meV, which is easily susceptible to excitation, leading to highly probable
phonon-assisted emission. For a tightly bound exciton in real space with a

tiny Bohr radius, its exciton distribution greatly extends in momentum
space49, which can enhance exciton-phonon coupling. To be quantitative,
we calculate theA exciton envelop function ofML InSe, as shown in Fig. 4d.
The exciton envelope function ranges well beyond k 0.15 Å-1 from the Γ
point, signifying a large overlap with the lowest-energy bands of bright A
excitons at Q ¼ 0, facilitating efficient phonon-assisted radiative recombi-
nation. It is noted that the aforementioned strong exciton-phonon coupling
ofML InSe favors ahot phononeffect50–52.Moreover, fromthe calculatedLA
phonon of ML InSe, a dispersion of approximately 7meV with k 0.3 Å-1

along theΓ-Kdirection45,52,53 canprovide theneeded energy andmomentum
to activate themomentum-indirect kmaxΓ exciton through acoustic phonon
absorption.

Finally, we discuss the carrier localization effects in InSe with different
number of layers. Figure 5a compares the τR=τC of the A peak fromML to
4 L InSe. All the τR=τC for the A peaks are larger than unity, substantiating
the dominance of carrier localization in the relaxation path τC < τR (Sup-
plementary Note 7). Moreover, the τR=τC increases with decreasing
thickness up to τR=τC 14 for ML InSe. The inset of Fig. 5a shows the
extracted average potential fluctuations energy (σE) of ML to 4 L InSe,
revealing that σE increases with decreasing layer number. Because of
reduced screening in thinner 2D materials, the larger σE may be associated
with the shorter τC of thinner InSe, which can account for the layer number
dependence of the τR=τC . We note that the σE ofML InSe is approximately
100meV, which is comparable to the dielectric disorder resulting from
variation in thedielectric screeningof h-BNand scatteredpolymer residue54.

The dominance of carrier localization effects on A peak is due to the
long lifetime. Figure 5b shows the PL spectra of theA andBpeaks for the 3 L
InSe sample.Asdiscussed above, the asymmetric line shapeof theApeaksof
3 L InSe suggests that carrier localization dominates the recombination
path. We found that the PL of the B peaks of 3 L InSe exhibits much less
asymmetry,which can also bewell-fittedwith the carrier localizationmodel.
Figure 5c compares the layer dependence of τR=τC for the A and B peaks of
2–4 L InSe, signifying that the τR=τC of the A peaks is larger than that of the
B peaks. It is noted that τC for the A and B peaks of the same InSe sample
should be similar because the localization time is determined by the mag-
nitude of the potentialfluctuation and is insensitive to the band structure. In
other words, τR becomes the determining factor to govern the value of
τR=τC in theA andBpeaks. Because theApeak PL emission arises from the
momentum-indirect exciton that exhibits a much longer lifetime, it can be
inferred that A peak exhibits a larger τR=τC as shown in Fig. 5a, leading to
different extents of asymmetry for the A and B peaks as shown in Fig. 5b.

In Fig. 5c, we further compare the observed τR=τC values with those of
other material systems to which the carrier localization model is
applied39,55–57. Generally, when τC < τR is valid and carrier localization is the
dominant relaxation path, the carriermigration is relatively fast, signifying a
high diffusion coefficient. For InSe, the relatively large diffusion coefficient
(~10 cm2/s) and high carrier mobility58 thus favor the carrier localization
effect. We found that the A peaks of ML and BL InSe exhibit much higher
τR=τC than quantum wells composed of compound semiconductors39,55–57,
suggesting the distinct properties of the potential fluctuation and carrier
recombination associated with the tightly bound indirect excitons of 2D
semiconductors.

In addition to the carrier localization model, we note that the virtual
phonon relaxation process32 with multiple phonon scattering cannot be
completely excluded to explain the asymmetric PL line shape. However, the
carrier localization model with the Voigt function for exciton population is
found to comprehensively account for the extended layer-, temperature-,
and power-dependent PL spectra of atomically thin InSe, hence justifies our
choice of the fitting model.

In conclusion, the PL of high-quality, h-BN-encapsulated InSe sam-
ples, ranging from ML to bulk, is systematically measured and analyzed.
Notably, we observe strong PL emission from the A peak of ML InSe,
although its band structure suggests a dark exciton. The brightening of the
momentum-indirect exciton of ML InSe can be attributed to the phonon-
assisted process facilitated by the strong exciton-phonon coupling and the

Fig. 5 | Comparison of the A and B peaks of atomically thin InSe and the carrier
localization model. a Extracted τR=τC from ML to 4 L InSe at T = 36 K. Inset: the
extracted average potential fluctuations energies of atomically thin InSe fromML to
4 L. b PL spectra of the A and B peaks of 3 L InSe and the fitting curves by the carrier
localization model. c Comparison of the τR=τC extracted from the A and B peaks of
atomically thin InSe from BL to 4 L and other quantum wells composed of com-
pound semiconductors.
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extendedwave function inmomentum space. Furthermore, atomically thin
InSe exhibits an apparent asymmetric PL for A peaks, which can be well
accounted for by the carrier localization model with spatial potential fluc-
tuation.Wedemonstrate the distinct excitonic behaviors, including a strong
exciton-phononcoupling, a long exciton lifetime, anda large binding energy
coexisting in the ML III-VI metal chalcogenides. In the context of the
emerging interest in the excitonic physics of 2D semiconductors, our results
pave the way for developing dark-exciton-mediated energy harvesting,
quantum catalysts, and optoelectronics.

Methods
Sample fabrication
Bottom h-BN flakes were mechanically exfoliated on 300 nm SiO2/n-Si
substrates. The polymer residue from the tape was removed by annealing in
a furnace at 500 °C in Ar/O2 mixed gas. The InSe flakes were mechanically
exfoliated on a PDMS gel film in a glovebox in a nitrogen environment and
then transferred to the bottom h-BN through the dry transfer method. To
complete the structure, h-BN flakes on PDMS were transferred onto the
InSe/h-BN stacking with careful alignment to ensure encapsulation.

Optical spectroscopy measurements
The samples weremounted in a Janis (ST-500) cryostatmaintained at a high
vacuum (5× 10�6 Torr). The photoexcitationwas performedwith a custom-
built cavity-stabilized diode laser with a wavelength of 407 nm. We employ
fused-silica optics to reduce the residual luminescence fromglassy optics.We
employed a 50x objective lens (NA: 0.5) to focus the laser to a spot size of
approximately ~1 μmon the sample and to collect the PL signal under back-
scattering geometry. The collected signal was directed to a Horiba iHR
550 spectrometer and then dispersedwith reflective grating (150 lines/mmor
600 lines/mm for PL; 1800 lines/mm for Raman spectroscopy) and detected
by the liquid-nitrogen cooled charge-coupled device of Horiba Symphony II
detection system. An additional 537 nm longpass filter was added to the
collectionpathduring themeasurementof thebulkAtransitionPL toprevent
signal mixing from the B transition overtone. The Raman spectroscopy is
performed with a diode-pumped solid-state laser with an energy of 2.33 eV.

Data availability
All data supporting the findings of this study are included in the paper and
its Supplementary Information files. The corresponding author can also
provide additional data upon reasonable request.
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