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Insight into the electronic structure of semiconducting e-GaSe and ¢-InSe
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Metal mono-chalcogenides (MX) have recently been rediscovered as two-dimensional (2D) materials
with electronic properties highly dependent on the number of layers. Although some intriguing
properties appear in the few-layer regime, the carrier mobility of MX compounds increases with the
number of layers, motivating the interest in multi-layered hetero-structures or bulk materials. By
means of angle-resolved photoemission spectroscopy (ARPES) measurements and density functional
theory (DFT) calculations, we compare the electronic band structure of bulk e-GaSe and e-InSe
semiconductors. We focus our attention on the top valence band of the two compounds along
main symmetry directions, discussing the effect of spin-orbit coupling and contributions from post-
transition metal (Ga or In) and Se atoms. Our results show that the top valence band at I'-point
is dominated by Se p. states, while the main effect of Ga or In appears more deeply in binding
energy, at the Brillouin zone corners, and in the conduction band. This findings explain also the
experimental observation of a hole effective mass rather insensitive to the post-transition metal.
Finally, by means of spin-resolved ARPES and surface band structure calculations we describe

Rashba-Bychkov spin splitting of surface states in e-InSe.

I. INTRODUCTION

The electronic properties of layered mono-
chalcogenides (MX, where M stands for the post-
transition metal, and X represents the chalcogen atom),
among them GaSe and InSe, have recently been the focus
of extensive research, mainly devoted to the discovery
of unique properties in the few-layers regime [IH6]. MX
compounds exhibit a direct band gap in the bulk (GaSe
of about 2.0 eV [7] and InSe of about 1.3 eV [§] at
room temperature (RT)), while they acquire an indirect
band gap for few layers. Films of different thickness
exhibit variable width of the band gap, thus they are
optically active in the IR and visible region and are
tested as active components in photodetectors [3], [, [10].
Moreover, vertical van der Waals (vdW) heterostructures
obtained by combining different two-dimensional (2D)
materials have been investigated in order to create novel
functionalities [ITHI5], or to increase the carrier mobility
[8, [16].

The possibility to manipulate vertical vdW het-
erostructures requires a detailed knowledge of single com-
ponents, starting from the bulk counterpart down to a
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single-layer. Through angle-resolved photoemission spec-
troscopy (ARPES) measurements and density functional
theory (DFT) calculations, the present study aims at
clarifying the role of the metal and Se chalcogenides
atoms in the bulk electronic structure of two related MX
compounds, e-GaSe and e-InSe. The single tetra-layer
of each compound consists of four covalently bonded Se-
M-M-Se atoms (M stands for Ga or In), while different
tetra-layers are held together by vdW forces, making the
compounds easily exfoliable. For each MX compound
there are different polytypes (e-MSe, 8-MSe, v-MSe, 0-
MSe)[17, 18], which differ in the symmetry and structure
of the crystal lattice, and present specific physical prop-
erties [19]. The bulk € polytype (Fig.[l] (a)) is made up
by superposition of a pair of tetralayers with AB stack-
ing. It belongs to the P6/m2 non-centrosymmetric space
group (D'3), regardless of the number of layers.

It has been widely shown that both e-GaSe and e-
InSe have band edges located at I" in the bulk structure
[11L[12], while decreasing the number of layers the valence
band maximum (VBM) slightly shifts away from T', cre-
ating a bow-shaped valence band, often called inverted
“Mexican hat” [20]. The band structure in the few-layers
regime has attracted most of the attention as the pecu-
liar shape yields high density of states (DOS) and Van
Hove singularity near the VBM, leading to unconven-
tional correlation effects [2I]. Concerning bulk GaSe and
InSe, it has been shown that spin-orbit interaction of MX



a) GaSe b) GaSe

o
~

. Energy (eV) IS ]

0.0 0.5 10 0.0 0.5

kA
FIG. 1:

side-viewnm}: top-view 634 Y6Y

KA

Energy (eV)

Energy (eV)
s (=}
>

15 \

20 4 = os
°

25 4 s

B
op. p
10 r MoK TA L

Z¢\!

N

T
>

(Color online) Sketch of the e-GaSe crystal structure: (a) side-view; (b) top-view. Experimental band structure,

shown in second derivative, along T-K (c) and T-M (d), taken with photon energy of 45 eV. On the right side of panel (c),
the energy distribution curve extracted from raw data at K-point is reported. (e,f) Calculated orbital-projected bulk band
structure along high-symmetry directions of hexagonal Brillouin zone with weights of Ga (e) and Se (f) orbitals, where sizes of
the circles are proportional to the contribution of the corresponding orbitals.

compounds lifts band degeneracies, causing a splitting of
several hundreds meV just below the VBM, and yielding
measurable differences in high-energy photoluminescence
transition energies [I1] [12].

Since the first days of discovery of these semiconduc-
tors [22], the high carrier mobility and its physical mech-
anism have been the subject of discussion between dif-
ferent authors [23H25]. The understanding of these prop-
erties requires a wide-spectrum information on the elec-
tronic band structure. Our ARPES and DFT study of
e-GaSe and e-InSe sheds light on the atomic contributions
to the conduction and valence band. We show that the
post-transition metal has a key role in tuning the energy
position of the conduction band minimum (CBM) and
the energy width of the band gap, leaving unaffected the
shape of top valence band. Spin-ARPES measurements
of e-InSe show Rashba-Bychkov spin splitting of local-
ized surface states. The description of our results has
involved a carefully comparison with different theoretical
approaches.

II. METHODS

Single crystalline ingots of GaSe and InSe were grown
in double wall ampoules by means of the Bridgman
method starting from a nonstoichiometric melt, contain-
ing an In excess of about 5% [26]. The high quality

of the as-grown ingots, as well as the structural phase
(e polytype) of InSe was proved by using X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM)
and Raman spectroscopy, and reported elsewhere [27].
The XRD characterization of e-GaSe is instead reported
in the Supplemental Material (Fig. S1). Photoemission
measurements were performed on fresh surfaces obtained
by cleavage at RT in ultrahigh-vacuum (UHV) condi-
tions. The high quality of the achieved (111) surfaces
was verified by sharp features in the low-energy elec-
tron diffraction (LEED) pattern, reported in the Sup-
plemental Material (Fig. S2). The ARPES measure-
ments were performed at the VUV Photoemission beam-
line of the Elettra synchrotron, with the sample kept at
18 K, using a Scienta R—4000 hemisferical electron an-
alyzer, which allows parallel acquisition over 30° angu-
lar range. The energy and angular resolution of ARPES
were set to 15 meV and 0.3 degrees, respectively. Spin-
resolved ARPES measurements were performed at the
APE beamline of the Elettra synchrotron by use of a very
low-energy electron diffraction (VLEED)-based spin po-
larimeter [28]. Energy and angular resolution were set to
100 meV and 1.0 degree.

All ARPES spectra have been aligned to the VBM for
an easier comparison with the theoretical band structure.

The density functional theory calculations were per-
formed by using the Vienna Ab initio Simulation
Package (VASP) [29, [30], with core electrons rep-
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FIG. 2: (Color online) (a) Experimental band structure of

e-InSe, shown in second derivative along I'KM, taken with
photon energy of 65 eV. On the right side, the energy distri-
bution curve extracted from raw data at K-point is reported.
(b,c) The same as in Fig. [1] (e,f) but for In and Se orbitals.
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FIG. 3: (Color online) Experimental band structure of e-

GaSe (a) and e-InSe (b), shown in second derivative, taken
along the M-T-M high symmetry axis (photon energy is
40 eV). (c-d) Determination of the hole effective mass through
a parabolic model from the experimental dispersion (red
crosses) extracted from the top band in (a) and (b), respec-

tively.

resented by projector augmented wave (PAW) po-
tentials [31, B2]. For bulk parameters optimiza-
tion the generalized gradient approximation (GGA-
PBE) [33] to the exchange-correlation potential and
DFT-D3 van der Waals correction [34] were ap-
plied. The equilibrium lattice parameters of GaSe(InSe)
a=3.778(4.041)A, ¢=15.943(16.723)A are in fine agree-
ment with experimental data, a=3.757(£0.015)A and
c=15.998(40.032)A for GaSe, as extracted from Fig. S1,
and a=4.005(40.022)A and c=16.672(+0.045)A for InSe
[27]. However, the bulk gaps obtained within GGA-PBE
calculations are much smaller than the experimental val-
ues. They are 0.795 eV for GaSe and 0.315 eV for InSe.
To obtain more accurate bulk band structures, the mod-
ified Becke-Johnson (mBJ) exchange potential [35] B6],
which has been shown to be the most accurate semilocal
potential for band gap calculations was adopted. The
mBJ bulk gaps of 1.801 and 1.087 eV for GaSe and InSe,
respectively, are in satisfactory agreement with the ex-
periments. We also have done the calculations using
HSEO06 screened hybrid functional. [37] The HSE06 bulk
gaps are 1.635 and 1.034 eV for GaSe and InSe, respec-
tively. Spin-orbit interaction (SOI) was included in all
types of calculations.

For surface band structure calculations we use slabs of
56 atomic layers thickness (14 tetra-layers) which were
relaxed within GGA-PBE approach with DFT-D3 van
der Waals correction included. Atoms of two tetra-layers
on both sides of the slab were allowed to relax whereas
the atoms in the internal layers were fixed to their equi-
librium bulk positions.



III. RESULTS AND DISCUSSION

The electronic band structure of e-GaSe and e-InSe was
investigated using ARPES and DFT calculations. Ac-
cording to the hexagonal surface symmetry (Fig. (1| (b)),
an insight in the electronic structure requires the investi-
gation of the band dispersion along two symmetry direc-
tions. In Fig.[1|(c-d) we report the GaSe bulk band struc-
ture projection on the surface Brillouin zone (BZ) along
the I'-K and I'-M directions, taken with photon energy of
45 eV and shown in second derivative. The topmost part
of the valence band is found at T'-point, down-dispersing
along both high-symmetry directions. In Fig. [1] (e-f) we
show the GaSe calculated bands projected on Ga and
Se orbitals, respectively. Our simulation proves that for
a bulk system the VBM is located at I', and both sys-
tems do have a direct band, in agreement with earlier
results [I, 4]. By inspection of theoretical results, we
prove that the top valence band of bulk GaSe has a dom-
inant p, component of both Ga and Se atoms (pink cir-
cles in Fig. [1] (e-)), with about two times higher weight
of Se atoms. Moreover, below about 1 eV from the VBM,
mainly p, and p, components of Se atoms (yellow and
green circles in Fig. [1| (), respectively) are present. Sim-
ilar results are obtained for bulk InSe, as reported in
Fig. [2| (b-¢). Comparing the two compounds, we deduce
that Se p, states are expected to dominate at the VBM,
thus a different group III-metal does not change signif-
icantly the outer occupied states of the semiconductor.
ARPES measurements of e-GaSe reported in Fig. 1(c-d)
and e-InSe in Fig. [2|(a) display similar top valence bands,
supporting the theoretical findings. Moreover, the high-
est bands with dominant p, component exhibit a similar
slop along the I'-K direction, and reach the K-point al-
most flat, due to a reduced and similar length of the
c* reciprocal lattice parameter. Contrarily, lower lying
bands with their maximum at about -1.5 eV at I-point,
which have dominant p, and p, components, as described
by our theoretical calculations (yellow and green circles
in Fig. |1|(f) and Fig. [2|(c)), exhibit a different slope along
I-K. This slope is indeed more pronounced for e-GaSe,
which have a slightly higher (of about 7%) a* reciprocal
lattice parameter with respect to e-InSe.

The bottom of the conduction band, instead, is mainly
due to Ga (In) s states, thus more sensitive to the post-
transition metal. On the other hand, from a closer look
at the color scale of the occupied bands in Fig. [1] (e-f) and
Fig. |2| (b-c), one can see that the p, weight of Ga/In is
prevailing near the corners of BZ, that is at K(H) points.
This predicted difference is clearly seen in Fig. and
Fig. at the K-point, as highlighted by dashed yel-
low lines and energy distribution curves reported on the
corresponding right panels. We point out that, the two
top-most surface projected bands of e-GaSe overlap at
K-point (Fig. ), while they are clearly separated by
about 0.50 eV for e-InSe (Fig. [2h). The agreement with
our simulations along surface symmetry directions, and
specifically at the K-point, is further supported by pro-

jected band structure calculations reported in the Sup-
plemental Material (Fig. S3). Here, at the K-point, the
spin-orbit splitting of the topmost band is almost twice
larger in InSe (71 meV) as compared to GaSe (40 meV).
However, the magnitude of the splitting in both cases is
smaller with respect to k, dispersion of the bands, and
this hampers its detection by photoemission.

We further discuss the comparison between the two
compounds by focussing on the VBM. The parabolic
shape of the VBM close to I' in bulk GaSe and InSe re-
sults from the close proximity of multiple subbands [16],
originating from the interlayer coupling and decreasing
in number in the few-layers regime, up to the unique in-
verted sombrero-like band of a single tetra-layer. These
narrowly spaced subbands are clearly visible in our mea-
surements, due to the high quality of the crystal samples.
In Fig. |3 (a-b) we report the band structure of GaSe and
InSe, respectively, along the M-I'-M high symmetry axis,
where we highlight by white arrows multiple subbands.
From the topmost energy distribution curves we estimate
the corresponding hole effective mass (Fig. [3| (c-d)) ob-
taining values close to m,. for both compounds, in agree-
ment with previous results reported for InSe[I2]. The
comparable hole effective mass of GaSe and InSe pro-
vides additional evidence of the dominant Se p, character
of the top valence band.

In order to detect the effect of spin orbit interaction on
the surface electronic structure, we have acquired spin-
resolved ARPES measurements for e-InSe (Fig. ). The
measurements were performed at 35 eV of photon en-
ergy using linearly p-polarised light. Spin-polarization
data were discerned only in the experimental geometry
parallel to the plane of incidence. Considering that the
APE DA30 momentum dispersion plane is perpendicular
to the Elettra orbit, in this geometry the in-plane spin
component (along k,) perpendicular to the selected high
symmetry direction (along k,) was probed. Correspond-
ing spin-resolved EDCs, shown at k,= (—O.37j:0.05)A’1
and k,= (0.3740.05)A~" (top-left and top-right panels
of Fig. [4] respectively) exhibit a considerable spin polar-
ization. Moreover, the spin polarization reverses upon
changing the sign of k, (b, ¢ and d peaks, located at
about 3.6 eV, 3.4 eV and 3.2 eV from the VBM, re-
spectively) and it vanishes at k,=0 (data not shown).
This observed Rashba-Bychkov type spin polarization
has been explored by means of surface band structure
calculations.

First, we compared the valence band calculated within
GGA-PBE, HSE06, and mBJ approaches with experi-
mental spectrum. Despite its failure to reproduce the
band gap, GGA-PBE describes better the experimental
valence band compared to the other two. The total width
of the measured VB at the I' point amounts about 4.5
eV (Fig. |4 center panel). In particular, as can be seen in
Fig.[5|(a), the deep band, which is mainly composed by In
s orbitals, hybridized with p, Se orbitals is very sensitive
to the exchange-correlation functional. The GGA-PBE
nicely reproduces the experimental VB width whereas



| — spin_up - — spén,up
— spin_down g — spin_down g
2 £ z
= =in € f
=L a g
> ¢ e " a
g =L c
E )
S 1 >
2 =
2’ 2 b
2 b 2
=r SL
-2
’ [ M B I N | ] Ll ] ]
-6 5 4 -3 2 1 0L 6 5 -4 -3 2 1 0
Energy (eV) ) Energy (eV)
100 = 9 53 100 = =
[ c ]
[ . 1
0 £ - ~50 |- -
SHl; 85 e 1 4 S d
R ¢ ] g
g 0P ] g 0 Pt Y e e
g r: "o E e
s [ -] S
A0 - J 50 |- b€ _
ST S I T I I I 10 TN I I I I e
-6 -5 -4 -3 -2 -1 0 06 04 -02 0.0 02 04 0.6 -6 -5 -4 -3 -2 -1 0
Energy (eV) kx(A"l) Energy (eV)

FIG. 4: (Color online) Spin-ARPES data of e-InSe: (central panel) experimental band structure shown in second derivative
along the M-I"-M high symmetry axis (photon energy is 35 eV using linearly p-polarised light); (left-right panels) spin-resolved
curves and corresponding spin polarization showing the spin texture of selected bands indicated by green and yellow lines in

the central panel.
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FIG. 5: (Color online) Bulk band structure of InSe as calculated within GGA-PBE, HSE06, and mBJ approaches (a). Calculated
surface electronic structure and spin polarization of InSe (b) and GaSe (c). Red/blue circles represent positive/negative sign of
the in-plane spin component for the surface states. Shaded areas correspond to projection of the bulk states on the (111) plane.
Green and yellow vertical lines in panel (a) mark kj where the spin polarization was measured, see Fig. @ (central panel).



HSE06(mBJ) noticeably overestimate(underestimate) it.
The same behavior is observed for GaSe. For this reason
we have done surface band structure calculations within
the GGA-PBE approach. Fig. [5| (b) shows the surface
spectrum of InSe. Even if, whereas the fundamental band
gap is free of surface states, the valence band hosts sev-
eral localized states which are experiencing the Rashba
spin splitting. However, this splitting in general is neg-
ligible (red and blue circles in Fig. [5| (b) are noticeably
overlapped) with exception of several states which are
split off from the edge of the bulk states more than oth-
ers. For instance, the state located inside the local VB
gap which crosses experimental k, green/yellow lines at
about -2.7 eV and whose spin counterpart merges with
bulk states, can be confidently identified with the highly
spin polarized experimental peak ¢ even if about 0.6 eV
higher in energy. As for other experimental peaks which
demonstrate significantly weaker spin polarization or do
not show it at all, the corresponding slightly split bands
can also be found in the calculated spectrum at ener-
gies of about 0.5-0.8 eV higher compared to experimen-
tal values. The variable difference between calculated
and experimental energies is due to a reduced split off
between surface states and bulk bands, which would re-
quire similar accuracy in their simulation, as well as in
their detection. We notice also that the polarization sign
of ¢,d and e peaks of Fig. [4]is well described by our sur-
face band structure calculations, while the splitting of b
peak is barely visible within bulk states in Fig. The
Rashba splitting in the surface states of GaSe (Fig.[5|(c))
is even less pronounced as compared with InSe and can
hardly be detected experimentally.

IV. CONCLUSIONS

We compare the experimental band structure of two
promising MX compounds, e-GaSe and e-InSe. We show
that the VBM is dominated by Se atoms, as proved by
ARPES data of the top valence band, a comparable hole
effective mass, and confirmed by calculations of orbital-
projected bulk band structure. The predicted CBM, in-
stead, is more influenced by the post-transition metals.
Our description supports a major influence of the conduc-
tion band in affecting the electronic properties of related
MX compounds. We also compare the valence band cal-
culated within GGA-PBE, HSE06, and mBJ approaches
with experimental data, showing limitations in describ-
ing band gap and valence band deep. Finally, within the
GGA-PBE approach, we describe the measured Rashba
splitting in the surface states of e-InSe.
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