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Large disparity between optical and fundamental band gaps in layered In,Se;
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In,Se; is a semiconductor material that can be stabilized in different crystal structures (at least one 3D and
several 2D layered structures have been reported) with diverse electrical and optical properties. This feature
has plagued its characterization over the years, with reported band gaps varying in an unacceptable range of
1 eV. Using first-principles calculations based on density functional theory and the HSEO06 hybrid functional,
we investigate the structural and electronic properties of four layered phases of In,Se;, addressing their
relative stability and the nature of their fundamental band gaps, i.e., direct versus indirect. Our results show
large disparities between fundamental and optical gaps. The absorption coefficients are found to be as high
as those in direct-gap III-V semiconductors. The band alignment with respect to conventional semiconductors
indicate a tendency to n-type conductivity, explaining recent experimental observations.
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I. INTRODUCTION

Chalcogenides form a large family of 2D layered materials
with diverse electronic and optical properties, that includes
metals [1], semiconductors [2,3], and topological insulators
[4]. As typical of 2D layered materials, their electronic and
optical properties strongly depend on the number of layers,
the layer stacking sequence, and how the atoms are arranged
within each layer [5]. In,Ses is a distinguished member of this
family of compounds. It has been investigated for many tech-
nological applications, including solar cells [6], photodetec-
tors [7-10], and phase-change memory devices [11,12]. Ex-
traordinary photoresponse in 2D In;Ses; nanosheets has been
observed [9,13], with key figures of merit exceeding those
of graphene and other 2D materials based photodetectors;
the reported photoconductive response extends into ultravio-
let, visible, and near-infrared spectral regions. In,Ses-based
phase-change memories have been demonstrated, exploring
transitions between different polytypes with diverse electrical
properties [11,12]. More recently, ferroelectric ordering in
2D In,Ses has also been predicted [14], creating prospects
of room-temperature ferroelectricity with reversible sponta-
neous electric polarization in both out-of-plane and in-plane
orientations. All these properties and potential applications
are affected by or depend on the polymorphism of In,Se;. The
ease of stabilizing In,Se; in different crystal structures with
diverse electronic and optical properties can be detrimental
to photodetectors, yet it may be desirable for phase-memory
devices where the involved structures must display disparate
electrical properties.

Although In,Se; has been studied for many years, the
reports on crystal structure are rather confusing and even
contradictory in many cases [15-17], with remarkable dis-
agreements on atomic positions within the layers and layer
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stacking sequence. At least four phases have been reported
(o, B, v, and §), with one of them being a 3D phase (labeled
y) and the others identified as layered phases. The layered
structures are composed of five atomic layer Se-In-Se-In-
Se sets, with strong covalent bonds within each quintuple
layer and van der Waals interactions connecting neighboring
quintuple layers. Among the layered phases of In;Ses, o, and
B, shown in Figs. 1(a) and 1(b), are the most prominent, with
areported « — f transition temperature of 473 K [18].

The reported values for the band gap of layered In,Ses,
either from optical absorption spectra [19-22] or calculated
using first-principles methods based on the density functional
theory [23,24], vary from 0.55 eV to 1.5 eV, and the nature
of the gap, i.e., direct or indirect, has often been overlooked.
Here we perform hybrid functional calculations for the elec-
tronic and optical properties of four layered structures of
In,Se; (including the o and B structures shown in Fig. 1),
paying special attention to the disparity between optical and
fundamental band gaps. We compare the stability of the
different phases through their formation enthalpies, calculate
the real and imaginary parts of the dielectric functions, and
determine optical absorption coefficients. We find that the
layered structures all have indirect band gaps, with the lowest
band gap of 0.32 eV and the highest of 1.28 eV. The calculated
optical transition matrix elements reveal that the optical gap
is significantly different from the fundamental band gap for
two of the structures and that the onset of optical absorption
all occur at energies higher than 1 eV. We also compute the
band alignment between the different phases and find that the
position of the conduction-band minimum (CBM) is relatively
low with respect to the vacuum level, indicating a tendency for
n-type conductivity for all the layered In,Ses structures.

II. COMPUTATIONAL APPROACH

The calculations are based on the density functional theory
[25,26] and the screened hybrid functional of Heyd-Scuseria-
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FIG. 1. Ball & stick model of the crystal structures of layered In,Se; considered in the present work: (a) a-In,Ses, (b) B-In,Ses, (c)
o’-In,Se;, and (d) §-In,Se;. The space groups and the stacking within each quintuple layer are indicated. For «, 8, and &’-In, Ses, the hexagonal
unit cells containing three formula units are displayed. For é-In,Ses, the hexagonal cell shown is the primitive cell and contains two formula

units.

Ernzerhof (HSEOQ6) [27,28] as implemented in the VASP code
[29,30]. The interactions between the valence electrons and
the ions are described using projector augmented wave (PAW)
potentials [31,32]. To improve the description of the weak
interaction between the quintuple layers of In,Ses, we adopted
a van der Waals (vdW) correction according to the DFT-D2
method of Grimme [33]. The structures were optimized using
a cutoff of 320 eV for the plane wave basis set, until forces on
the atoms were lower than 0.005 eV/A. The Brillouin zone
was sampled using a I"-centered 6 x 6 x 6 mesh of k points
for the primitive cells.

The structures of In,Se; in Figs. 1(a)—1(c) can be described
by rhombohedral primitive cells containing one formula unit,
while the structure in Fig. 1(d) is described by a hexagonal
primitive cell with one formula units. These primitive cells
are shown in Fig. 2. For the rhombohedral primitive cells we
chose the following lattice vectors [34]:

ar=b',d,a);
a, = (d',b,ad); (1)
a3 =(d',d,b),

where the three vectors have the same length a = +/2a’? + b2
and form an angle @ defined by 6 = arccos [(a”? + 2a'b’)/a?].
In practice, the lattice parameters of the layered structures
of In,Se; are often reported using conventional hexagonal
unit cells. Our choice of lattice vectors for the rhombohedral
primitive cells makes it easy to express the lattice parameters
of the hexagonal unit cells, apex and cpex in terms of a and
0 above. The lattice vectors of the hexagonal unit cells,
containing three formula units, are given by:

Qhex = a~/2(1 — cos6)
Chex = a+/3(1 + 2cos ). 2)

The dielectric function along the in-plane anex direction
(€nex.) and out-of-plane cpex direction (ehex, 1 ) are written as:

Ehex,|| = €diag — €nondiag
Ehex, L = Ediag + 28nondiag» 3
where €nondiag and &4;a¢ are the diagonal and nondiagonal ele-

ments of the dielectric tensor obtained using the rhombohedral

(a) a-In,Se; (b) B-In,Se; (c) a™-In,Se; (d) 6-In,Se,

Brillouin zone
Hexagonal
primitive cell

Brillouin zone
Rhombohedral primitive cell

FIG. 2. Rhombohedral primitive cells for (a) o, (b) 8, and (c)
a’-In,Ses, and the hexagonal primitive cell for (d) §-In,Se;. The
Brillouin zones are shown at the bottom, along the k paths used to
plot the band structures.
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primitive cells with the lattice vectors given by Eq. (1) [34].
The electronic band structures and dielectric functions were
calculated using the HSEO6 hybrid functional. The calculation
of the optical transition matrix elements and the dielectric
functions within the PAW method is described in Ref. [35].
Test calculations using the GW method [36,37] give band gaps
that are systematically higher by only 0.1 eV. Contributions
from excitons and phonon-assisted optical transitions to the
absorption coefficient are expected to be relatively small and
were not included in the present work.

III. RESULTS AND DISCUSSION

A. Structure and stability of layered In,Se;

The crystal structures of layered In,Se; are composed of
sets of quintuple layers, Se-In-Se-In-Se, with each atomic
layer containing only one elemental species arranged in a
triangular lattice. Within the quintuple layers, the atoms form
strong covalent/ionic bonds, while the interactions between
neighboring quintuple layers are weak and of the van der
Waals type. The crystal structures in Fig. 1 differ in the
stacking within the quintuple layer and interquintuple layers.
The most studied phases of layered In,Se; are the « and 8
shown in Figs. 1(a) and 1(b). In the «-In,Se; structure, space
group R3m, the Se-In-Se-In-Se atomic layers are stacked in
the ABBCA sequence, where one of the In is fourfold coor-
dinated in a tetrahedral environment, and the other is sixfold
coordinated in an octahedral environment. In the §-In,Ses,
space group R3m, both In atoms are sixfold coordinated in oc-
tahedral environments. In a variant of the a-In,Ses structure,
here labeled o', space group R3m, the Se-In-Se-In-Se atomic
layers are stacked in the ABBAC sequence, where one of the
In is fourfold coordinated, and the other is sixfold coordinated,
as shown in Fig. 1(c). The §-In,Ses structure, space group
P3m,, is a variant of the B-In,Ses, differing only in the
stacking of the quintuple layers. While in S-In,Ses, each
period along the out-of-plane direction (chex axis) contains
three quintuple layers [Fig. 1(b)], in §-In,Ses, each period
along cpex axis contains only one quintuple layer, as shown
in Fig. 2(d).

The calculated lattice parameters of «, 8, &', and §-In,Se3,
using both HSE06 and HSEO6 with van der Waals correction
(HSE06+4-vdW) are listed in Table I. HSEO6 leads to a good
agreement between theoretical and experimental results for
in-plane lattice parameters ap.x, however, the error in the
out-of-plane lattice parameter cpex exceeds 8.8% compared
to the experimental value for the o structure. HSE064-vdW
improves the description of cpex, reducing the error to less than
3.0%.

The calculated formation enthalpies A Hy are also listed in
Table I. AH is defined as:

AHy = E(InxSe3) — 2E o (In) — 3E(Se), 4)

where E(In;Se;) are the total energies per formula unit of
In,Ses in the different crystal structures, Eq(In) and E(Se)
are the total energies per atom of In and Se bulk phases.
Using HSE06+vdW, we find that a-In,Se; has the lowest
formation enthalpy (—3.109 eV), followed by o', 8, and
8-In,Ses. The calculated formation enthalpy of «-In,Se; is
in good agreement with available experimental data [38]. We

TABLE 1. Calculated lattice parameters, dpex and chex, and for-
mation enthalpy AH/ for layered phases of In,Se; using HSE06 and
HSEO06+vdW. Previous experimental and theoretical results, with
references in square brackets, are also listed for comparison.

ahex (A) Chex (A) AHy(eV)

a—In2S63
HSE06 4.066 30.368 —3.982
HSE06+vdW 3.973 28.752 —3.109
Expt. 4.00 28.80 [17] —2.858 [38]

4.05 28.77 [15]
Previous calc. 3.93 27.9 [23]
,B—InZSe3
HSE06 3.978 29.890 —3.737
HSE+vdW 3.904 27.671 -3.071
Expt. 4.025 28.762 [39]

4.05 29.41 [15]
Previous calc. 4.00 29.04 [23]
8—1112563
HSE06 3.978 10.195 —3.732
HSE06+vdW 3.902 9.322 —3.042
Expt. 4.01 9.64 [16]
o'-In, Se;
HSE06 4.003 30.279 —3.975
HSE06+vdW 3.975 28.785 —3.103

note that vdW corrections systematically increase formation
enthalpies by about 0.8 eV for the different phases of layered
InZSe3.

B. Electronic structure of layered In,Se;

The calculated band structures of «, 8, ', and §-In,Ses,
using the primitive cells and including the effects of spin-orbit
coupling (SOC), are shown in Fig. 3. The path includes all the
high symmetry k points in the irreducible part of the Brillouin
zone. The four layered phases of In,Se; display fundamental
indirect band gaps, with highly dispersive conduction bands
(small effective electron masses) derived from In s orbitals,
and much less dispersive valence bands derived mostly from
Se p orbitals.

For «-In,Ses, the valence-band maximum (VBM) occurs
along the I'-L direction, while the CBM is located at I", with
an indirect band gap of 1.27 eV. The indirect gap from Z to
I is only 0.005 eV higher, while the direct band gap at I is
1.32eV.

For B-In;Ses, the VBM occurs along the I'-X direction,
while the CBM is located at the L point, with a fundamental
indirect band gap of 0.46 eV. The conduction-band edge at I"
is 1.22 eV higher than at L, and the valence-band edge at I" is
0.08 eV lower than the VBM along I'-X, so that the direct gap
atis 1.76 eV.

a’-In,Se; has very similar lattice parameters, formation
enthalpy, and band structure as «-In,Se;. The fundamental
indirect band gap of «’-In,Se; is 1.28 eV, i.e., only 0.01 eV
higher than that of o-In,Se;. The VBM occurs at the Z point
and the CBM at I'.

Finally, §-In,Ses has a small band gap of only 0.32 eV, with
the VBM along the I'-K direction and the CBM at the M point
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FIG. 3. Electronic band structure of «, 8, ’, and §-In,Se; using the primitive cells, and including effects of spin-orbit coupling (SOC).

The valence-band maximum (VBM) is set to 0 eV.

in the hexagonal Brillouin zone [Fig. 2(d)]. The direct gap at
I'is 1.84 eV.

Previous results of first-principles calculations for the band
gap of In,Se; vary in a wide range [23,24]. The few reported
band structures for bulk In,Se; are nevertheless incomplete
for the following reasons. First, the calculations were per-
formed using the hexagonal unit cells, instead of the primitive
cells. This may prevent a proper analysis of the direct versus
indirect nature of the band gap since the Brillouin zone of the
hexagonal unit cell is folded into that of the rhombohedral
primitive cell. A direct gap in the Brillouin zone of the hexag-
onal cell may well involve distinct k points in the Brillouin
zone of the primitive rhombohedral cell. Second, and more
worrisome, the calculations for the hexagonal unit cells do not
include all high-symmetry k points in the irreducible part of
the Brillouin zone; they only include k paths in the in-plane
direction passing through the I" point. In fact, our calculations
for the band structure of 8-In,Se; using the hexagonal unit
cell show that while the VBM occurs at the I'-K direction,
the CBM occurs at the L point, i.e., not located in k paths

in the in-plane direction passing through the I" point [see the
Brillouin zone in Fig. 2(d) for reference].

Based on full-potential linearized augmented plane-wave
and local orbital (FPLAPW+lo) basis method and the mod-
ified Becke Johnson (mBJ) meta-GGA, an indirect band gap
of 0.55 eV and a direct band gap at I of 1.5 eV were reported
for B-In,Se; [24]. The authors argued that the calculated
band gap was underestimated due to the DFT-GGA band-
gap problem. However, the Becke Johnson (mBJ) meta-GGA
approximation was designed to overcome this problem, giving
band gaps in close agreement with experimental values. DFT-
GGA calculations for o and B-In,Ses resulted in indirect
band gaps of 0.49 eV and 0.21 eV, while using the GW
method, gaps of 1.25 eV and 0.7 eV were obtained [23].
However, the authors calculated the band structures using the
hexagonal unit cells and only considered in-plane k paths
passing through the I" point.

We also calculated the optical transition matrix elements
between valence and conduction-band states for the four
layered structures of In,Ses. For the o and «' structures, we
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FIG. 4. Imaginary and real parts of frequency dependent dielectric function, ¢; and ¢,, for the layered phases of In,Ses. The calculated
absorption coefficients are shown at the lower panels. The insets use logarithmic scale. The blue lines correspond to light polarization in the
out-of-plane direction (L, along the ¢4 axis), the purple lines correspond to light polarization in the in-plane direction (||, along the ayex axis),

of the hexagonal cells of In,Se;.

find the lowest energy transition at I" to be allowed and only
slightly higher in energy than the fundamental indirect band
gap.

For B-In,Se;, the minimum direct gap occurs at L, how-
ever, the corresponding transition matrix element, calculated
as described in Ref. [35], is zero (forbidden transition). The
matrix elements associated with optical transitions from the
highest valence band to the lowest conduction band in the
vicinity of the L point are negligibly small and do not con-
tribute to the absorption coefficient, so that the optical gap
is associated with transitions from the second valence band
to the conduction band at L. For §-In,Ses, the optical gap is
associated with a transition from the highest valence band and
lowest conduction band at M.

These results show a large disparity between the funda-
mental and the optical gaps in the case of 8 and §-In,Ses.
In B-In,Ses, this disparity originates from the inversion sym-
metry of the crystal structure, making the lowest energy direct
transition dipole forbidden. In §-In,Ses, there is no inversion
symmetry, and the disparity between the fundamental and
optical gaps is attributed to the large difference between the
indirect and direct band gaps.

C. Dielectric functions and absorption coefficients
of layered In,Se;

The optical properties of layered In,Ses; are discussed
based on the real and imaginary parts of the dielectric ma-
trix, absorption coefficient, and the optical transition matrix

elements. To determine the optical band gap from the di-
electric functions and the derived absorption coefficient we
employed the tetrahedral method for the integration over the
Brillouin zone, with a small Lorentzian broadening parameter
of 0.001 eV. The calculations for the dielectric function were
carried out for the rhombohedral primitive cells for «, g,
and §8-In,Se; and then converted to the hexagonal directions
according to Eq. (3).

The real and imaginary parts of the dielectric function are
shown in Fig. 4. Due to the hexagonal layered structure, we
expect the dielectric function to be anisotropic, with nonzero
components only in the out-of-plane (L) and in the in-plane
(|D directions.

For «, B, and o’-In;Ses, the real part of the dielectric
tensor at zero energy (or frequency), is higher in the in-
plane than in the out-of-plane direction, i.e., &° > ¢7°. This
is expected since the electronic screening is stronger in the
in-plane directions than in the out-of-plane direction due to
the layered nature of the crystal structure. For the § phase, we
find £3° ~ £}, likely due to the alignment of the Se atoms
connecting two neighboring quintuple layers, that favors the
overlap of Se p orbitals across the quintuple layers, and the
smaller distance between the quintuple layers.

The absorption coefficients were determined from the real
and imaginary parts of the dielectric matrix and are shown at
the lower panels in Fig. 4. For all the structures investigated,
the amplitude of absorption coefficients are rather large for
above band-gap excitations, i.e., exceeding 10% cm™!, which
are of the same order of magnitude as those in direct gap
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FIG. 5. Band alignment between «, 8, &’ and §-In,Se; and band
edge positions with respect to vacuum level. The position of the band
edges of CdSe and Si with respect to vacuum level, extracted HSE
calculations from Ref. [48], are also shown for comparison.

II-V semiconductors [40]. The optical absorption coefficients
start increasing only at energies higher than 1 eV. Note that
the optical band gap of o and «'-In,Se; are similar to the
fundamental band gap, because the small difference between
the VBM and the valence band edge at the I"point. In contrast,
the optical band gap of 1.27 eV for §-In,Ses and 1.11 eV for
8-In,Ses are much higher than the fundamental indirect gaps
of 0.46 eV and 0.32 eV, respectively.

Optical absorption measurements of « and 8-In,Se; single
crystals, where the § form was obtained by heating «-In,Ses
crystals above 473 K in a furnace, revealed optical band
gaps of 1.36 eV and 1.31 eV, respectively [41]. Optical
transmission measurements in o-In, Se; films, deposited using
thermal evaporation on glass substrates, indicated an indirect
fundamental band gap slightly below the optical band gap
of 1.37 eV [18]. Layered In,Se; samples grown by vapor
phase technique [17] have shown an onset in the absorption
spectrum at 1.26 eV, with an estimated fundamental indirect
gap of about 1.1 eV. The authors proposed a structure com-
posed of quintuple layers with an unlikely truncated wurtzite
crystal arrangement within each quintuple layer, where one
Se atom at the boundary is onefold coordinated. We believe
these results actually refer to @-In,Se; based on the reported
lattice parameters. Films of o-In,Se; fabricated by ion-beam
sputtering at 312 K from single crystals showed a band gap
of 1.58 eV, determined from transmittance spectra [22]. More
recently, a band gap of 1.46 eV for ¢-In,Se; and 1.38 eV for
B-In;Se; were determined using photocurrent spectroscopy
[42]. The authors noted that the 8-In,Ses films (~86 nm) were
highly electrically conductive as a metal. All these results
indicate optical band gaps above 1 eV, in agreement with our
calculations.

Our calculations also offer some insights on the electronic
structure of (In,Bi;_,),Ses; even though we did not carry
out explicit calculations for this system. Recent experiments
have proposed that adding In to Bi,Ses increases the band
gap and reduces the Fermi level which is resonant in the
conduction band of Bi,Ses;, leading to a transition from a
doped topological insulator to a trivial insulator with band gap
over 1 eV [43]. However, it is unclear if the conduction-band
edge in the (In, Bi;_, ),Se; alloy is pushed up or if the ARPES
measurements do not capture the k range where the band

edges occur [43—45]. From our results, it is unlikely that al-
loying B-In,Ses (band gap of 0.46 eV) with BiySes (0.22 eV)
[46] would lead to fundamental band gaps larger than
1 eV as previously proposed [43].

D. Band alignments

Finally, we calculate the band alignment between the dif-
ferent structures of layered In,Ses. For 8-In,Se; and 6-In, Ses,
we construct slabs with nine quintuple layers and determine
the averaged electrostatic potential of the middle quintuple
layer with respect to the potential in the vacuum region of
the slab. Then we take the VBM of bulk with respect to the
averaged electrostatic potential in the bulk cell, which we
equate to the averaged electrostatic potential in the middle of
the slab, obtaining the VBM with respect to the vacuum level
in each case.

In the case of o and «’-In,Ses, care should be taken to
avoid charge transfer between the two interfaces in the slab
due to the spontaneous polarization along the out-of-plane
direction [14]. To overcome this problem, we build slabs
for B-In,Ses; using the calculated equilibrium volumes of
a-In,Ses and «’-In,Ses. Assuming that the averaged electro-
static potential only depends on the volume, we can equate
the potential in the slab of (strained) B-In,Ses to that of «
or ¢’-In,Se; and then proceed to obtain the VBM of « and
a’-In,Se; with respect to vacuum.

The results of band alignments are shown in Fig. 5 and are
compared to the values of the VBM and CBM for CdSe and Si
from the literature [47,48]. We note that the CBM of layered
In,Se; are lower than that of CdSe or Si, and lower than the
standard hydrogen electrode potential (i.e., ~ — 4.5 eV below
the vacuum level [49]), implying that all the layered phases of
In,Ses will have a tendency for n-type conductivity. This is
specially the case of 8-In,Se; and 8-In,Ses. This explains the
recent measurements of photocurrent spectroscopy [42] where
B-In,Ses was reported to behave as a metal. It is also likely
that the band gap of 1.38 eV determined from the onset in
the photocurrent spectrum is larger than the calculated optical
gap of 1.27 eV in the present work due to the high density of
electrons in the conduction band in the experiment, leading to
a blueshift due to the Moss-Burstein effect. Finally, the VBM
of the layered In,Se; phases are almost aligned with that of
CdSe, since they are derived mostly from Se 5 p orbitals.

IV. SUMMARY

We report on the electronic structure and optical properties
of layered In,Se; using the HSEO6 hybrid functional with
vdW corrections. We find that the fundamental band gaps
are indirect, and the optical gaps are all larger than 1 eV. In
the case of B8-In,Ses, which shares the same crystal structure
of Bi,Ses, the fundamental band gap is only 0.46 eV, while
the optical gap is 1.27 eV. The small fundamental band gap
of B-In,Ses is not expected to lead to alloys of In,Se; and
BiySe; with gaps much larger than the gaps of the parent
compounds as suggested in the literature. The calculated
absorption coefficient are found to exceed 10® cm~! and the
onsets of optical absorption are overall in good agreement
with experimental observations.
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