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Evidence of direct electronic band gap in two-dimensional van der Waals indium selenide crystals

Hugo Henck,1 Debora Pierucci,2 Jihene Zribi,1 Federico Bisti,2 Evangelos Papalazarou,3 Jean-Christophe Girard,1

Julien Chaste,1 François Bertran,4 Patrick Le Fèvre,4 Fausto Sirotti,5 Luca Perfetti,6 Christine Giorgetti,6

Abhay Shukla,7 Julien E. Rault,4 and Abdelkarim Ouerghi1
1Centre de Nanosciences et de Nanotechnologies, Centre National de la Recherche Scientifique, Université Paris-Sud,

Université Paris-Saclay, C2N-Marcoussis, 91460 Marcoussis, France
2CELLS-ALBA Synchrotron Radiation Facility, Carrer de la Llum 2-26, 08290 Cerdanyola del Valles, Barcelona, Spain

3Laboratoire de Physique des Solides, Centre National de la Recherche Scientifique, Université Paris-Saclay,
Université Paris-Sud, 91405 Orsay, France

4Synchrotron-SOLEIL, Saint-Aubin, BP48, F91192 Gif sur Yvette Cedex, France
5Laboratoire de Physique de la Matière Condensée, Ecole Polytechnique, Centre National de la Recherche Scientifique,

Université Paris Saclay, 91128 Palaiseau Cedex, France
6Laboratoire des Solides Irradiés, Ecole Polytechnique, Centre National de la Recherche Scientifique, CEA,

Université Paris-Saclay, 91128 Palaiseau Cedex, France
7Institut de Minéralogie de Physique des Matériaux et de Cosmochimie, Sorbonne Universités, UPMC Université Paris 06, UMR Centre
National de la Recherche Scientifique 7590, Muséum National d’Histoire Naturelle, IRD UMR 206, 4 Place Jussieu, 75005 Paris, France

(Received 12 December 2018; published 25 March 2019)

Metal monochalcogenide compounds offer a large variety of electronic properties depending on chemical
composition, number of layers, and stacking order. Among them, the InSe has attracted much attention due to
the promise of outstanding electronic properties, attractive quantum physics, and high photoresponse. Precise
experimental determination of the electronic structure of InSe is sorely needed for better understanding of
potential properties and device applications. Here, combining scanning tunneling spectroscopy (STS) and
two-photon photoemission spectroscopy, we demonstrate that InSe exhibits a direct band gap of about 1.25 eV
located at the � point of the Brillouin zone. STS measurements underline the presence of a finite and almost
constant density of states (DOS) near the conduction-band minimum. This particular DOS is generated by
a poorly dispersive nature of the top valence band, as shown by angle-resolved photoemission spectroscopy
(ARPES) investigation. In fact, a hole effective mass of about m∗/m0 = −0.95 (�K direction) was measured.
Moreover, using ARPES measurements a spin-orbit splitting of the deeper-lying bands of about 0.35 eV was
evidenced. These findings allow a deeper understanding of the InSe electronic properties underlying the potential
of III-VI semiconductors for electronic and photonic technologies.
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I. INTRODUCTION

Metal (M) monochalcogenide (X) III-VI compounds (MX),
such as InSe, GaSe, GaS, and GaTe, have emerged as promis-
ing two-dimensional (2D) semiconductors [1–6]. Their crystal
structure consists of covalently bound “X-M-M-X” sheets,
stacked vertically through van der Waals (vdW) interaction
[7–9]. The electronic band structure of many 2D vdW ma-
terials changes as the thickness is reduced down to a few
layers [10]. One well-known example is the indirect to direct
gap transition that occurs at monolayer (ML) thickness of
Mo and W transition-metal dichalcogenides (TMDs) [11]. To
date, a wide variety of 2D vdW crystals such as TMDs and
hexagonal boron nitride (hBN) have been investigated and
exploited as single crystals or in combination with graphene
to create functional devices [12–15].

At odds with the dichalcogenide (MX2) compounds, MX
compounds (e.g., GaSe and InSe) are direct-band-gap semi-
conductors in the bulk (2.1 and 1.2 eV) but they evolve to be
indirect band gap when thinned down to few layers [16–18].
Being optically active in the infrared or visible range is a sig-
nificant advantage for 2D materials since graphene (gapless)

and hexagonal boron nitride (>5 eV) are not very practical for
optoelectronic applications. The indirect-band-gap transition
has not deterred the successful use of few-ML GaSe and InSe
as fast photodetectors [19–22]. This kind of indirect-band-gap
transition is also a subject of unusual physics, where a near flat
valence band pinches down at the � point (“Mexican hat”)
and creates a Van Hove singularity close to the valence-band
maximum (VBM) [23]. This peculiar density-of-states (DOS)
singularity could lead to interesting effects such as tunable
magnetism depending on the doping of the single layer or
other instabilities [24,25]. Some recent works highlight the
potential applications of InSe and related III-VI 2D materials
in optoelectronics [4,18]. Tamalampudi et al. [26] showed
that devices based on few-layer InSe obtained by mechanical
exfoliation can be used as photosensors with high photore-
sponsivity. Additionally, electroluminescence was observed
in the vertically stacked InSe/GaSe heterojunction based on
the mechanical exfoliation method of 2D vdW materials [27].
Moreover, such a heterojunction of layered semiconductors
where the top and the bottom of the valence band are located
close to the � point can be very useful in the building of
finely tuned artificial semiconductors [28]. In terms of an
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FIG. 1. (a) A schematic diagram of the side view and top view of the hexagonal structure of InSe (the gray spheres refer to indium atoms
and the yellow spheres refer to the selenium atoms). (b) Typical STM image (10 × 10 nm) of InSe (VTip = 1.3 eV, It = 400 pA, T = 4 K).
(c) STS dI/dV spectra, taken along the white path in figure (b), showing the electronic band gap of InSe. (d) The characteristic micro-Raman
spectrum of ε-InSe crystal. (e, f) High-resolution XPS of InSe at hn = 600 eV: (e) In 3d and (f) Se 3d .

electrical transport device, it was recently showed that in a
InSe field effect transistor (FET) capped with hBN operating
at room temperature the carrier mobility can be improved up
to ∼103 cm2/(Vs), getting close to the high Hall mobility
value of the InSe bulk, which is also well above that of the
TMDs [1]. These high-quality devices have also aided the
realization of gate-controlled quantum dots in the Coulomb
blockade regime with few-layer InSe [29].

Although optical and transport studies of MX have made
rapid progress, the intrinsic electronic structure is still not
precisely understood with many open questions. For exam-
ple, do MX semiconductors have a direct band gap at the
� points? Fortunately, angle-resolved photoemission spec-
troscopy (ARPES), scanning tunneling microscopy (STM),
and scanning tunneling spectroscopy (STS) have the potential
to answer these questions. We report here a detailed experi-
mental study of InSe electronic band structure. ARPES was
used to investigate the InSe band structure and the position
of the valence-band maximum relative to the Fermi level.
This information coupled with the two-photon photoemission
spectroscopy (2PPE) and STS measurements gives the band
offsets and the electronic band gap in our crystal. Comple-
mentary micro-Raman spectroscopy analysis was conducted
to study the structural properties of the crystal, exploring
the vibration frequencies of phonons corresponding to the
characteristic vibrational modes of InSe.

II. RESULTS AND DISCUSSION

Similarly to GaSe, InSe is a layered crystal with strong
covalent in-plane interatomic bonding and weaker vdW in-
terplane bonding. A single layer (ML) of InSe consists of

four hexagonally arranged atoms linked via covalent bonds
in the sequence Se-In-In-Se, with thickness of about 0.8 nm
[5] [Fig. 1(a)]. In bulk, these individual InSe layers are held
together by vdW forces [30]. Here, high-quality InSe single
crystals were synthesized by the flux method [31–33]. In
order to study the structural and electronic properties of our
sample, we carried out STM and STS measurements at a low
temperature of 4.2 K. An atomic lattice image, as shown in
Fig. 1(b), can be observed on the InSe sample. The Fourier
transform (FT) of the STM images is shown in the inset of
Fig. 1(b): the surface exhibits clearly one-ordered structures
with the (1 × 1) symmetry of the InSe. From the FT, it is
possible to measure the spatial periodicity of a = 0.40 nm
in the InSe sample. The resolved differential conductance
(dI/dV) spectroscopy versus bias voltage spectra, proportional
to the local density of states, measured in different positions
of the InSe sample is shown in Fig. 1(c). The VBM is
located at 0.96 ± 0.05 eV below the Fermi level (i.e., zero
bias on the dI/dV spectra), and the conduction-band minimum
(CBM) is located at 0.29 ± 0.03 eV above the Fermi level,
thereby yielding an intrinsic electron quasiparticle band gap
of Eg = 1.25 ± 0.08 eV. The uncertainty in Eg is the result
of the lateral position variations. The relative position of EF

with respect to the band edges reveals n-type doping for our
samples which can be attributed to intrinsic point defects such
as vacancies and/or lattice antisites, responsible for n doping
in other 2D materials [34–36].

In order to probe the chemical and structural properties
of synthetic InSe single crystal, micro-Raman and high-
resolution x-ray photoemission spectroscopy (HR-XPS) in-
vestigations were performed on the same sample. The InSe
micro-Raman spectrum measured at room temperature is re-
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FIG. 2. (a) High-resolution map of the electronic band structure of InSe crystals collected at hν = 60 eV and T = 50 K along the K�MK
direction where the Fermi level is located at the zero of the binding energy (top) and comparison between the experimental and the theoretical
band structure of InSe in white-blue color scale showing the evolution of the band structure from kz = 0 to π /c (bottom). (b) Isoenergy contours
along the �KM plane.

ported in Fig. 1(d). We can distinguish from this spectrum the
typical vibrational modes reported previously for bulk InSe
[37–39] in nonresonant conditions (laser excitation 532 nm):
the peaks at 114.3, 177.8, and 226.9 cm−1 corresponding,
respectively, to the vibrational modes A1

1g, E1
2g, and A2

1g

[4,6,38,40]. A small peak at around 200 cm−1 is also present,
a signature of the ε polytype [41–43]. HR-XPS measurements
were carried out on the InSe crystals at the Cassiopée beam-
line of the synchrotron Soleil (France) at 50 K. The overview
spectrum on a wide energy range (hv = 600 eV) (see Fig. S1
of Supplemental Material [44]) shows the only presence
of the In (In 3d and In 4d) and Se (Se 3s, Se 3p, and Se
3d) peaks, without any signal related to oxygen or carbon,
underlying the absence of contaminations. High-resolution
spectra for In (In 3d and In 4d) and Se (Se 3d) are also
recorded at 600 eV [see Figs. 1(e), S2 of Supplemental Ma-
terial [44], and 1(f), respectively). The different components
of the spectra were decomposed by a curve fitting procedure
(see Sec. I of Supplemental Material [44]). The experimental
data are displayed in dots and the blue solid lines represent
the envelope of the fitted components. The In 3d spectrum
presents two peaks at a binding energy of 445.3 and 452.8 eV,
which can be attributed to the In 3d5/2 and In 3d3/2 [spin-orbit
(SO) splitting of 7.5 eV, with the expected 3d3/2 : 3d5/2 ratio
of 0.66]. Similarly, two components are also present for the
Se 3d peak, corresponding to the Se 3d5/2 and 3d3/2 at 54.7
and 55.5 eV, respectively, with a SO splitting of 0.8 eV and
the expected 3d3/2 : 3d5/2 ratio of 0.66. No other components
are detected in the spectra related to oxidized InSe (i.e., Se-O
around 59 eV) [6,45–47]. The obtained binding-energy values
are in agreement with previously reported ones obtained for
a single-crystal InSe (n-type doping) [45,48]. Moreover, a
quantitative analysis, obtained using the intensity of the In
4d and Se 3d peaks (scaled by the specific photoemission

cross section; see Sec. IV of Supplemental Material [44])
[49–52], shows a In:Se ratio of about 1.01, confirming the
monochalcogenide phase of the crystal [53].

More insight into the InSe electronic structure was ob-
tained using ARPES combined with density functional theory
(DFT) calculations (for more details see Sec. V of Supple-
mental Material [44]). In Fig. 2(a) top panel, we report the
InSe bulk band-structure projection on the surface Brillouin
zone (BZ) [see inset of Fig. 2(a) top panel] along the K�MK ,
as explored by using a photon energy of 60 eV. The topmost
part of the valence band is characterized by a down-dispersing
paraboloid centered at the �̄ point. The VBM is located at
−1.05 ± 0.05 eV, in agreement with the STS measurements.
As shown by theoretical calculations [54], this paraboloid has
a pz-like symmetry (out-of-plane orbital), which differentiates
from the px- and py-like symmetries (in-plane orbitals) lo-
cated at higher distance from the Fermi level (about −2.5 eV).
The spin-orbit interaction induces an energy splitting of these
two latter bands of �SO = 0.35 eV (see Fig. S3 of Supplemen-
tal Material [44]) [54,55]. Such splitting is of relevance for
the higher-energy photoluminescence transitions [56,57]. The
large uncertainty of the kz vector, due to the low photon energy
(60 eV) [58], spreads the paraboloid contours to low binding
energy [see also Figs. 3(d)–3(f) for the K� direction explored
by using the different photon energies]. This effect is more
pronounced around �̄ than K̄ or M̄, due to the lower band
dispersion along kz of the states around the latter points than
�̄. In Fig. 2(a) bottom panel, the calculated band structure is
superimposed on the experimental data. The excellent agree-
ment confirms we are probing the band structure of the bulk
ε-InSe. In white-blue color scale, the evolution of the band
structure from kz = 0 to π/c is highlighted. From the projec-
tion of the bulk valence band on the surface Brillouin zone
(�K direction) of Fig. 2(a) the effective mass of the hole
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FIG. 3. Photon energy scan (from 58.5 to 88.5 eV): (a) band dispersion along �A, (b) band dispersion along KH, and (c) isoenergy contour
along the �AK plane. The theoretical calculations are represented by white dashed lines. Electronic band structure of InSe along the (�K)
high-symmetry direction collected at different photon energies (hν = 66, 73.5, and 87 eV) and T = 50 K. Following Fig. 3(c), the reported
photon energies are the ones passing, respectively, through the A point and two � points.

close to the �̄ point is calculated. The experimental dispersion
has been fitted with a parabolic model E (k) = E0 + h̄2

2m∗ k2

where m∗ is the effective electron mass and h̄ is the reduced
Planck constant. We found that the hole effective mass at the
�̄ point is about m∗/m0 = −0.95 ± 0.05. One can notice that
this mass is close to m0, which implies that the InSe band is
poorly dispersive. This feature leads to the appearance of a
very sharp DOS near the top of the valence band of InSe as
observed by STS.

The isoenergy contours in the �KM plane [Fig. 2(b)]
confirm the presence of states only around the �̄ point. They
show an in-plane isotropic extension of the paraboloid at least
until −1.8 eV, reaching a hexagonal shape once approaching
the corners of the Brillouin zone at lower binding energy.
The in-plane orbitals, instead, establish a star-shaped contour
following the surface symmetry. In Figs. 3(a) and 3(b) the
out-of-plane direction is explored by a photon energy scan
(from 58.5 to 88.5 eV), giving access to the kz vector (the
used inner potential is 19 eV). The band dispersion along �A
[Fig. 3(a)] shows a broad parabola around � points for the
topmost part of the valence band (mostly visible around kz =
4.5 Å

−1
) and almost nondispersing features around −2.5 eV

(red arrow). These observations are in excellent agreement
with the theoretical calculations (white dashed lines in Fig. 3),
confirming also the previous assignment of an out-of-plane
pz-like orbital for the topmost part of the valence band and
in-plane px- and py-like orbitals at around −2.5 eV. An
additional intensity modulation, following the perpendicular
periodicity of the crystal, is also recognizable in the broad

band centered at −5.0 eV, suggesting an out-of-plane or-
bital character for this band. The band dispersion along KH
[Fig. 3(b)] is instead showing almost nondispersing features
as expected from calculation (white dashed lines), reflecting
the in-plane two-dimentional character of the bands around
K and H points. To complete the investigation we also show
the isoenergy contour in the �AK plane [Fig. 3(c)] near the
valence-band maximum. This contour confirms the location
of the VBM around the � points; in fact, almost no signal is
present in other places of the BZ. For the photon energies of
hν = 66, 73.5, 79.5, and 87 eV we are passing through two
A points and two � points. The corresponding band structures
for these photon energies are reported in Figs. 3(d)–3(g). The
topmost part of the valence band near the first A point (at
66 eV) shows a reduced signal at the center of kx in favor
of an increase on the sides. The signal almost vanishes for
the � point at 73.5 eV. This reduced signal intensity for the
� point in the middle of the explored kz range (around kz =
4.8 Å

−1
), as recognizable also in Figs. 3(a) and 3(c), is due to

dipole selection rules in the photoemission process. As in the
case of graphite, this signal modulation is following a double
periodicity along kz (4π/c, instead of 2π/c). Therefore, this
effect can be attributed to the constructive and destructive
interference of pz orbitals between the layers of the unit cell
[59]. Therefore, it can be considered as a signature of three-
dimensionality for the band structure, but also as an indication
of good quality for the investigated crystal. The second A
point at 79.5 eV is also characterized by reduced intensity,
but a small signal is present at the topmost part of the valence
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FIG. 4. 2PPE image acquired along the �K direction using
6.24-eV probe and 1.56-eV pump photon energy. An electronic band
gap of 1.25 eV at the �̄ point was measured. Red arrows show the
VBM and CBM obtained from an energy dispersion curve around
�̄. Note that the photoelectron intensity at energy larger than −0.8
has been multiplied by a large factor in order to equalize on the same
color scale the signal of the VBM and CBM.

band. Due to the fact that this signal is not dispersing in the
k space (either along kx or along kz), it can be related to the
presence of crystal defects. Finally, the � point explored with
the highest photon energy (87 eV) shows a reduced spread
of the paraboloid contours to low binding energy, due to the
reduced uncertainty on the kz vector [58].

A complete picture of the electronic structure of the InSe
crystal is obtained using 2PPE spectroscopy, giving access
to the unoccupied state. We used a Ti:sapphire laser system
delivering 6-μJ pulses with a repetition rate of 250 kHz. The
system was photoexcited using the fundamental beam, ω =
1.56 eV (pump), and probed using the 4ω pulse of 6.24 eV.
Figures 4(a) and 4(b) show a 2PPE image acquired along the
�K direction at a pump-probe delay of 4 µs to 1 ps. The

system displays long electron dynamics, maintaining a large
electronic density around +0.1 eV for more than 4 µs. In the
image we can observe that the CBM in InSe crystals is located
at the � point, as the VBM. A single-particle electronic band
gap of Eg = ECBM − EVBM = 1.25 ± 0.04 eV was measured
[Fig. 4(b)], in agreement with the STS spectra. This result
suggests that InSe has a direct electronic band gap at the �

point. Accordingly, pump-probe dynamics performed in this
system have shown a dispersion of unoccupied states with the
CBM in the center of the Brillouin zone [32].

III. CONCLUSIONS

In summary, we have presented an exhaustive study of
the electronic band structure of the InSe crystal combining
spectroscopic tools and theoretical investigation (DFT). The
joint analysis of the DOS using STS and of the band structure
using 2PPE indicates that the InSe crystal presents a direct
quasiparticle band gap of about 1.25 eV located at the � point
of the BZ. ARPES spectra reveal that the spin-orbit interaction
lifts band degeneracies in the deeper-lying valence band, caus-
ing a splitting of about 0.35 eV. These properties hold greats
potential for a wide range of applications of vdW heterostruc-
tures based on layered InSe, ranging from thermoelectric
applications to nanoelectronic and optoelectronic ones.
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