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The electronic band structure of the semiconducting 3 and y polytypes of InSe is calculated from first
principles, with spin-orbit effects included. The two polytypes differ by the lateral stacking arrangement
of four-atomic-plane building blocks, composed of Se-In-In-Se planes. These building blocks are ter-
minated by Se lone-pair orbitals, which form the electronic states at the valence-band maximum. There
is very little bonding between these four-atomic-plane units, and so the band structures of the ¥ and 8
polytypes are nearly identical, being related simply by zone folding. We find that both materials have
direct band gaps (which occur at the " and Z points in the Brillouin zone for the 3 and y polytypes, re-
spectively), and that there is a large dipole matrix element (i.e., a strong oscillator strength) between the
valence maximum and conduction minimum states. These materials are thus potentially significant for
light emitting and absorbing devices. In order to study the optical absorption at energies above the band
gap, the imaginary part of the dielectric function €,() is calculated for @ <12 eV. The effective masses
are also calculated: the out-of-plane masses are extremely light, and are equal in magnitude at the
valence maximum and conduction minimum states (m$=m?} ~0.03m,), while the in-plane masses are
light for the electrons (mfj =0.1m,) and heavy for the holes (mfj =3m;). The “anomalous” mass charac-
ter (m; <m) is explained in terms of intralayer bonding and the lack of lateral bonding between the Se
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lone-pair orbitals that consitute the valence maximum states.

I. INTRODUCTION

InSe is a layered compound having complex layers in
which atomic layers of Se, In, In, and Se are bound to-
gether by covalent bonds with some ionic character.
Each atomic plane is a (111) plane in a conventional
zinc-blende structure. These complex layers are them-
selves bound to one another by weak Van der Waals in-
teractions with a so-called Van der Waals gap between
layers. There are four possible stacking arrangements of
the complex layers leading to four polytypes designated
B, €, v, and 8. Only three of these polytypes (B,¢,7 ) have
been observed for InSe. They correspond to the three
ways of stacking successive layers: the first corresponds
to a rotation by 7 around an axis perpendicular to the
plane of the layer followed by a translation parallel to the
axis of rotation (the 8 polytype); the other two ways cor-
respond to a translation where the horizontal com-
ponents are —(a;=+a,)/3 in one case (€ polytype) and
(a;+a,;)/3 in the other (y polytype), where the a’s are
the basis vectors of a hexagonal lattice. We have studied
two of those polytypes: the 3 polytype which has a hex-
agonal crystal lattice with two complex layers (eight
atoms) per unit cell and the y polytype with a rhombic or
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trigonal crystal lattice containing only one complex layer
(four atoms) in the unit cell. Figure 1 shows the stacking
of three of those layers in the case of the ¥ polytype of
InSe. Beyond its intrinsic attraction as a two-
dimensional material, InSe is known to have promising
technical applications, e.g., it is a very good candidate for
the cathode material in solid-state batteries.”> Not
surprisingly, in the last 20 years, many investigations
have been done on InSe as well as the similar semicon-
ducting III-VI layer compounds GaS and GaSe.! The
first band structure for this family of materials was calcu-
lated for GaSe,’ using an empirical pseudopotential
method. A calculation for B-InSe within a tight-binding
model has been carried out in a two-dimensional approxi-
mation.* Extensions to the three-dimensional case have
been developed using an empirical pseudopotential
method’ and a tight-binding method.%” Including the
spin-orbit interaction in the tight-binding calculation® has
a non-negligible effect on the InSe band structure.
Empirical pseudopotential calculations for e-InSe are also
available,® but without spin-orbit interaction. Although
many of the experimental results that have been obtained
are for y-InSe, all of these calculations mentioned previ-
ously were done for the 8 and € polytypes. We calculat-
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FIG. 1. Perspective view of three layers of y-InSe. The
primitive unit cell extends over one layer and is rhombohedral
(2 In and 2 Se atoms). Alternatively, a hexagonal unit cell ex-
tending over three layers can be considered. Within a layer one
recognizes the pyramidal p> coordination of Se atoms and the
tetrahedral sp® coordination of In atoms. The fundamental
crystal parameters are a =4 A, c=24.95 A (includes three lay-
ers as in the figure), dy, 1, =2.80 A,andd Inse=2.64 A.

ed, in a previous paper,1 the band structure of y-InSe us-
ing a tight-binding method. However, a first-principles
calculation involving y-InSe was not done until 1988 by
Kunc and Zeyher.!® They studied the diffusion path of
Li in y-InSe by means of total-energy calculations; no
electronic band structure was presented. Here they fo-
cused on the y polytype, because this is the one currently
grown by the Bridgeman method.! In the past there has
been some confusion as to whether the experimentally
grown InSe was of the 3 or ¥ polytype. The difference in
total energy between the various polytypes is so small
that one practically always finds a high density of stack-
ing faults in a given sample. To compare with previous
calculations, we studied both y- and B-InSe. The ab ini-
tio method we used is based on the density-functional
theory (DFT);!! the plane-wave pseudopotential
method'>!® and the local-density approximation (LDA)
(Ref. 14) to DFT were used here. A development of the
local-density functional theory used in the present work
is described in Sec. II. The electronic band structure of
both - and y-InSe are presented in Sec. III. We find
that these materials are direct-gap semiconductors with
very light masses of both electrons and holes normal to
the layers, their out-of-plane effective mass being
m¥ =~0.03 in units of free-electron mass. These results
are compared with a previous calculation we have done'
using a tight-binding method based on a procedure by
Doni et al.” called the overlap-reduced semiempirical
tight-binding method. Section IV describes some optical
properties we calculated: the density of states (DOS), the
joint density of states [J,,(€)], and the imaginary part of
the dielectric function €,(w). Concluding remarks are
made in Sec. V.
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II. COMPUTATIONAL METHOD

Our calculations were performed using local-density
functional theory!! and the ab initio pseudopotential
method. We employed the nonlocal norm-conserving
ionic pseudopotentials of Kerker, '3 for In and Se.

The wave functions were expanded in plane waves with
kinetic energy up to 20 Ry. To test convergence with
respect to the basis set size we calculated the gap at three
different points in the Brillouin zone (at ', B, and Z for
v-InSe and at T, M, and A4 for B-InSe; see Sec. III) at
different cutoff energies. The values of these gaps at a
25-Ry cutoff differ from those at the 20-Ry cutoff by less
than 1072 eV and are considered accurate enough for our
band-structure calculations. The method of special k
points!® was used to perform the integrations in k space
over the first Brillouin zone; ten and four k points in the
reduced Brillouin zone were used for y- and -InSe, re-
spectively. Broyden’s technique'® was used to achieve
self-consistency. The self-consistent iterations were con-
tinued until the maximum difference between the input
and output potentials reached 10* Ry. In a first-
principles LDA calculation, the exchange-correlation en-
ergy is not an adjustable function; it is locally defined to
be the exchange-correlation energy of a homogeneous
electron gas. The function which is now widely accepted
as the most accurate is the energy calculated numerically
for a large range of densities by Ceperley and Alder'* us-
ing Monte Carlo techniques. An analytic fit to these re-
sults by Perdew and Zunger!” is used in our calculations.
Once self-consistency is attained we calculate the total
energy using the expressions given in Thm, Zunger, and
Cohen. 2

Scalar relativistic effects were included in the pseudo-
potentials, and spin-orbit effects were included perturba-
tively (using the self-consistent potential and charge den-
sity from the scalar calculation) in a first-principles
manner. !® The spin-orbit effects on the band structure of
InSe are shown to be non-negligible.

III. THE ELECTRONIC STRUCTURE

The electronic band structure of y-InSe (neglecting
spin-orbit effects) is shown in Fig. 2 for the high-
symmetry directions in the first Brillouin zone (BZ). The
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FIG. 2. Electronic band structure of y-InSe.
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notation for the high-symmetry points is that of Slater'”
for the trigonal system with space group C3,. The funda-
mental gap is direct and occurs at Z, i.e., at the BZ edge
going in a direction perpendicular to the layers. Its cal-
culated value is 0.34 eV; as is well known, LDA calcula-
tions consistently underestimate the value of the gaps; the
“scissors operator” was used to shift rigidly the conduc-
tion bands so that the fundamental gap is set equal to
1.35 eV, an experimentally determined value.?® Figure 3
shows the electronic band structure of B-InSe (without
spin-orbit effects) for several high-symmetry directions in
the first Brillouin zone. The crystal lattice for this poly-
type is hexagonal with space group D§,, and we followed
the same notation as in our previous paper' for the high-
symmetry points in the reciprocal space. Use was once
again made of the ‘“‘scissors operator” to rigidly shift the
conduction bands in order to have the fundamental gap
set to 1.35 eV. The difference between the ¥ and 3 poly-
types is due to a different relative orientation between
stacking layers in the two polytypes. Since the interac-
tion between layers is weak (due to Van der Waals
forces), we expect the two polytypes to have a very simi-
lar electronic structure, in agreement with the previous
work of le Toullec et al.?! This is shown in Fig. 4: S-
InSe, having two four-atomic-plane layers per unit cell,
has nearly identical energy bands as y-InSe, having one
four-atomic-phase layer per unit cell and hence a nearly
twice as big BZ (it would be exactly twice if the stackings
of layers were exactly the same in both cases). Folding
the bands halfway along I'Z (in the direction of layer
stacking) for y-InSe gives very nearly the band structure
for B-InSe, the small differences being due to the weak in-
terlayer coupling. The effects of including the spin-orbit
interactions in our band structure of y-InSe are shown in
Fig. 5. Comparison with the non-spin-orbit band struc-
ture of Fig. 4 shows that the nondegenerate (discounting
spin) valence maximum and conduction minimum states
at Z are not affected by the spin-orbit interaction, while
the doubly degenerate second and third valence bands at
Z are each split by about 0.3 eV. There are also the two
top valence bands that are split at I".

The present results for y-InSe are in disagreement with
our previous tight-binding calculations,! where the
minimum gap was also direct, but at the center of the BZ
at I'. The discrepancy arises from using in the calcula-
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FIG. 3. Electronic band structure of S-InSe.
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FIG. 4. Folding of the bands along k, in going from the y to
the S polytype.

tion of the tight-binding parameters for y-InSe a set of
parameters taken from a calculation for S-InSe and then
adjusting them in a way such that the minimum of the
gap at I' agrees with experimental optical-absorption
data;? this shows the error inherent in tight-binding cal-
culations when parameters for the atomic orbital over-
laps are transferred from one polytype to another. Com-
paring the B-InSe band structure with previous work, "’
it can be noted that there is a relatively good agreement
between the calculations, except for the nature of the gap;
the present calculation gives a direct gap at I', whereas
previously! we had an indirect gap between I' and M that
was somewhat smaller than the direct gap at I'.

Figure 6 shows the total valence charge density for y-
InSe. It can be observed that there is no bonding be-
tween layers. The charge densities for the bottom con-
duction and top valence bands are shown in Fig. 7 for a
plane containing the sequence Se-In-In-Se of atoms and
extending from one layer to half of the second layer im-
mediately above. Atoms and intralayer bonding direc-
tions are indicated. The asymmetry between the top and
bottom Se atoms in a layer is due to the atomic structure
(see Fig. 1; the interlayer environment for atom 4 is
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FIG. 5. Band structure of y-InSe with spin-orbit effects in-
cluded.
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FIG. 6. Calculated valence charge density of y-InSe with
spin-orbit effects included. The straight lines joining pairs of
atoms are a guide for the eye. The atom positions are represent-
ed by filled circles in the case of Se and filled squares in the case
of In. The numbers indicate the relative charge density.

different from the one for atom 3). Figure 7(b) for the
valence-band maximum shows a nonbonding lone-pair p,
orbital on Se and a o bonding orbital between In-In. Fig-
ure 7(a) for the conduction-band minimum shows anti-
bonding orbitals for In and Se atoms.

The effective electron and hole masses for y-InSe were

(a) - TOP VALENCE BAND AT Z
7271

FIG. 7. Wave functions squared for y-InSe; filled circles
represent Se atoms and filled squares In atoms: (a) Wave func-
tion for the lowest conduction band at Z. (b) Wave function for
the top valence band at Z.
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determined from its electronic structure by fitting a pa-
rabola to E (k,) at eight very close neighboring k points
and by finding the second derivative of this parabola.
This was done for various different orthogonal directions,
from which a reciprocal effective-mass tensor, con-
veniently interpreted on the basis of the k-p perturbation

theory for a nondegenerate level E, ,?* was built:
1 _, 1| _9E
m ;B o ﬁz akaakB
o B 1 P_fz‘ﬁ_f”*lﬂ_ 0
my m (2) j#n k()) ko)

the positive and negative signs refer to the conduction
and valence bands, respectively, # denotes Planck’s con-
stant, m the free-electron mass, k£, and & e the Cartesian
components of vector k, and p.; and pB jn the Cartesian
components of the momentum matrix elements between
the states n and j. By diagonalizing this tensor we calcu-
lated the effective masses along its principal axes; two
axes are in the plane of the layers and the third axis is
along the z axis. Table I gives the electron and hole
effective masses parallel to the layers and in a direction
normal to the plane of the layers at ky,=Z, the gap
minimum for y-InSe. Due to the absence of bonding be-
tween layers (as seen in Fig. 6), it might be expected that
the masses in a direction perpendicular to the layers
would be extremely large. However, Table I shows other-
wise: the masses parallel to the layers are larger than the
ones normal to the masses. This anomalous anisotropy in
the masses has been studied previously for GaSe, a simi-
lar layered compound.*?* Schliiter’ introduced an
artificial potential barrier in his empirical pseudopoten-
tial calculations to reduce the interlayer interaction and
so increase the anisotropy of the masses. This anomalous
behavior is a consequence of the fact that the layers
themselves have an internal structure. Figure 7(b) shows
clearly a strong In-In bonding within a layer along the z
axis. Figure 7(a) shows some antibonding between adja-
cent In atoms. These strong intralayer interactions lead
to light out-of-plane masses for both the electrons and
holes of m | =0.03m,. The lateral in-plane interactions
are smaller for the states at the valence maximum and
conduction minimum at Z: Figure 7(b) shows the
valence maximum state to be mainly Se p, lone-pair non-
bonding orbitals, with partial In-In o, bonding. The
angular-momentum decomposition shows that the wave
function corresponding to the top valence band is com-
posed essentially of Se p, orbitals (70%) and In p, orbitals
(30%): [in the case of the bottom conduction band, the

TABLE I. Electron and hole masses (in units of the free-
electron mass) at the gap minimum for y-InSe; m || means paral-
lel to the layers and m | means perpendicular to the layers.

k=Z Electron Hole Reduced
m|| 0.12 3.1 0.12
ml 0.03 0.03 0.015
L/ 0.25 0.01
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angular-momentum decomposition shows the wave func-
tion to be composed of Se s orbitals (37.5%), Se p, orbit-
als (25%), and In s orbitals (37.5%)]. The lack of lateral
(xy) bonding in the top valence state leads to a large in-
plane hole mass m =3.1m,. The ratio m,/m is 0.25
for electrons and 0.01 for holes. The m,/m <1 charac-
ter is thus not “anomalous” at all: such behavior should
only be expected in monolayer planar structures, not pla-
nar structures like InSe where the layers are composed of
four-atomic-plane units. The calculated masses are ex-
pected to be smaller than the real masses; this is a conse-
quence of the fact that the density-functional theory un-
derestimates the energy gap in semiconducting phases
and, from k-p theory [Eq. (1)], the masses as well.>* The
experimental value for the direct exciton reduced mass is
0.12m, (Ref. 5) and we obtain 0.06m,, a factor of 2
smaller, consistent with the fact that LDA strongly un-
derestimates the value of the gap. This should not, how-
ever, affect the above description of the gross features of
m, and m.

IV. OPTICAL PROPERTIES

In order to calculate the optical properties of the crys-
tal, we considered its density of states, as well as its joint
density of states and complex dielectric function €,(w).
Figure 8 shows the density of states of y-InSe, defined as
the number of states per unit energy inside a unit cell:

3
DOS(e)= fBZg—]zau—snk) , @)

where (g, is the volume of the first Brillouin zone and
€, are the one-electron energies. Our sampling of the k
points in the Brillouin zone is similar to a procedure by
Lehmann and Taut,?® where the Brillouin zone is divided
into small tetrahedra, in which the integrand of the DOS
integral is interpolated linearly, making possible the cal-
culation of the integrals analytically. In these calcula-
tions the irreducible segment of the Brillouin zone was

v — InSe

T T T

DENSITY OF STATES [1/(q_ eV)]

0 L 1 h 1 L 1

-20

-15

-10

-5

0

5

10

15

20

14 139

filled with 128 small tetrahedra. To account phenomeno-
logically for the experimental line resolution, our results
were convoluted with a Gaussian of width 0.2 eV. The
calculations were done for the ¥ polytype only, since they
are less computer time consuming and since the
difference between the ¥ and f3 phases is small. As was
said before, LDA calculations underestimate the energy
gap; to correct this underestimate we have introduced a
rigid shift of the conduction band that brings the optical
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FIG. 8. Density of states for y-InSe. The maximum of the
valence band is at £ =0. The fact that the density of states is
not zero in the gap is due to the Gaussian broadening of 0 =0.2
eV with which the original data were convoluted.
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FIG. 9. Imaginary part of the dielectric function (solid line)
and joint density of states (dashed line) for y-InSe. (a) Polariza-
tion along x. (b) Polarization along y. (c) Polarization along z.
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gap to 1.35 eV, the experimental value.?® Apart from
this energy gap, there can also be observed a gap between
=~ —7.0 and —12.5 eV separating the deep Se 4s orbitals
from the other Se 4p and In 5s, 5p orbitals.’

A detailed numerical calculation of the joint density of
states J_, or the complex dielectric function € requires the
knowledge of e(k) over the whole Brillouin zone. The
joint density of states is

f ——8 [e—Ae,, (k)] , 3)
BZ

where Asw(k) is the vertical transition energy between a
conduction and a valence state (i.e., at same k), and the
imaginary part of the dielectric function is (neglecting ex-
citonic effects)

)= |PE(k)|%8[w,,(kK)—w], 4

- ﬁmoa) < Jpz (2

where e is the electron charge, P (v[e -plc ), and e, is
the unit vector in the dlrectlon ,u The imaginary part of
the dielectric function and the joint density of states for
the x, y, and z directions are plotted in Figs. 9(a), 9(b),
and 9(c), respectively. The energy range goes from 0 eV
at the top of the valence band to 19 eV. For light polar-
ization parallel to the x direction, €,(w) starts far above
the band gap at 2.5 eV, in excellent agreement with the
experimental results of Kuroda, Munakata, and Nishi-
na, 2% for the absorption coefficient when light is polarized
parallel to the layers; the main peaks are around 4.8, 5.6,
and 7.2 eV. These peaks are also salient in the y direc-
tion, but we see a small contribution at the gap edge.
From our calculation of the oscillator strength, the peak
at 2.5 eV arises from the transition from the flatband just
below the gap (see Fig. 4) to the first conduction band.
We obtained this result without any fitting, apart from
the already explained “scissors operator” to adjust the
LDA gap to the true experimental gap. The second flat-
band below the gap has no oscillator strength; the second
peak in the absorption coefficient of Kuroda, Munakata,
and Nishina,?¢ at 2.9 eV comes from the degenerate first
flatband below the gap when spin-orbit effects are includ-
ed in the calculations; Fig. 5 shows a splitting of 0.3 eV,
and both of the split flatbands have a strong oscillator
strength value. We calculated |P),|2/2m to be 3.0 eV,
whereas the value established by Kuroda, Munakata, and
Nishina is 3.9 eV; this difference might be due to their
fitting of a theoretical curve to their experimental results.
When the polarization is in the z direction, €,(®) is much
richer in structures; the main peaks are around 1.8, 2.9,
4.2, 4.9, 6.1, 6.5, 7.5, and 9.5 eV. The existence of struc-
ture in €;(w) at the band edge, and its near absence in
6;(w) and €4(w), can be understood from Fig. 6, where
the wave functions at the edge of the gap are plotted; for
both the valence and the conduction bands they have a
distinctly z-axis character. In the dielectric function ex-
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pression [Eq. (3)] there is a partial derivative operator in-
side the matrix element involving a valence state and a
conduction state. If the wave functions consist of p, or-
bitals of Se and In atoms, the matrix element will become
zero when the partial derivative is 9/0x or 9/dy. As we
stated previously in Sec. III, the angular-momentum
decomposition of the top valence band consists entirely of
p, orbitals of both In and Se. The oscillator strengths be-
tween the top valence and bottom conduction bands were
also calculated and were found to be zero between these
two bands for light polarization in the x and y directions.
The calculated value for | P} |?/2m is 2.11 eV. Thereis a
large matrix element of d/9z with respect to the bottom
conduction state and the top valence state. In summary,
the strong P} oscillator strength is the origin of the
difference at the band edge between €5(w) and €3(w),
€)(w) or J,,. The fact that at higher energies €, decreases
as opposed to the J,’s is due to the w? factor in the
denominator of Eq. (3).

V. CONCLUSION

We believe this to be the first ab initio local-density
functional calculation of the electronic structure of y-
InSe and B-InSe. It can be said that these two layered
compounds are essentially the same with respect to their
electronic properties; given that the interlayer interac-
tions are of the weak Van der Waals type, the relative ar-
rangement of the layers does not affect the electronic
structure very much. Relativistic effects were included
for y-InSe by accounting for the spin-orbit interaction;
the effects are more important close to the band gap at
the center of the Brillouin zone T, a splitting of the two
top valence bands being the most salient feature. Howev-
er, at the minimum of the gap at Z, there are no effects,
the splitting of the bands occurring below the top valence
band. Because of the uniaxial anisotropy of InSe,
different effective masses parallel and perpendicular to
the z axis are expected. However, due to the strong in-
traplanar interactions within a single four-atomic-plane
layer, the out-of-plane masses for both electrons and
holes are lighter than their in-plane counterparts. This
explains the “anomalous” behavior cited earlier.>? Op-
tical properties were discussed in Sec. IV by the study of
the density of states, joint density of states, and the imag-
inary part of the dielectric function. Optical properties
for y-InSe were studied by calculating the density of
states, the joint density of states, and the imaginary part
of the dielectric function. The xy versus z anisotropy in
the dielectric function is evident in the very low intensity
of €,(w) close to the gap when the polarization is along
the x or y directions, as opposed to the high intensity just
above the gap for a polarization along the z axis. As dis-
cussed in the preceding section, this is due to the p, char-
acter of the two wave functions delimiting the gap.
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