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Size-induced effects in gallium selenide electronic structure: The influence of interlayer interactions
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The electronic structure of two-dimensional gallium selenide crystals containing a small number of layers
was investigated theoretically and experimentally. The electronic band structure of the layered GaSe crystal
was investigated by the first-principles density functional theory calculations. The GW approximation was used
for the correction of the band-gap values. A dependence of the band-gap value on the number of tetralayers
has been demonstrated. For the thin crystal with several tetralayers, the band gap becomes larger compared to
the bulk crystal. The thin layers of GaSe have been experimentally produced by the ultrasonication of GaSe
particles in water suspensions in the presence of Pluronic F127 surfactant. Their thickness was from one to a few
tetralayers, according to the transmission electron microscopy studies. The optical absorption spectra demonstrate
the well-resolved bands, shifted toward the blue relative to those of the bulk GaSe. Their origin is caused by the
presence of GaSe structures with one to a few tetralayers.
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I. INTRODUCTION

Gallium selenide is a layered chalcogenide semiconductor
crystal. Depending on the layer stacking and their numbers in
the unit cell, GaSe crystallizes in four different polytypes.1,2

Each layer of GaSe consists of four monoatomic sheets of
Se-Ga-Ga-Se atoms (Fig. 1). Inside such tetralayers, Ga and
Se atoms are bonded covalently. The tetralayers are connected
predominantly by van der Waals forces, so the interlayer
coupling is relatively weak.

The electronic properties of bulk GaSe crystals were
investigated with various techniques. The first calculations
of the electronic band structure of this material were per-
formed within the two-dimensional (2D) tight-binding (TB)
approach,3,4 neglecting the interlayer interactions. The TB
band structures of GaSe in 2D5 and 3D6,7 have also been
calculated, including the effects of Se-Se interactions along
the optical c axis.

Schlüter8,9 and other groups10 have carried out more
accurate calculations for β-GaSe using the empirical pseu-
dopotential method.8 These results have provided important
information for understanding the optical properties of this
material. Several investigations were based on the improved
TB formalism,11 density functional theory (DFT),12,13 and
augmented plane waves, plus the local orbital14 methods.

To the best of our knowledge, up to now there are no
results published on the electronic structure of thin GaSe
crystals with a small number of layers. At the same time,
the reduced dimensionality can lead to significant changes of
the electronic properties of materials. In 2D systems, known as
quantum wells, the band-gap value is controlled by the system
thickness. In the case of layered compounds, such control
can be carried out by varying the number of layers. Due to a
weak interlayer coupling, this approach can be technologically

preferable. Some structures with few layers have already
been theoretically studied (graphite and graphene15). These
investigations have shown that the electronic structure of a
single layer should be different from that of the bulk material
due to the absence of interlayer interactions.

The attempt to observe the size-induced effects in GaSe
was made by a few groups. In order to obtain GaSe
nanoparticles, the methods of metalorganic chemical vapor
deposition (MOCVD)16 (Ga4Se4R4 cubanes were used as a
source) and GaSe sonication in methanol were proposed.17 It
was reported17 that the optical absorption spectra of crystallites
with a diameter of � 20 nm turned out to be blueshifted.
No control of the obtained particle size could be guaranteed,
and no reproducible observation of the size-induced quantum
effects has been made. The gallium selenide nano-disks of a
smaller diameter (2–10 nm) have been synthesized success-
fully in 2002.18 GaSe synthesis is based on the reaction of an
organometallic (GaMe3) with a trioctyl phosphine selenium in
a high-temperature solution of trioctyl phosphine and trioctyl
phosphine oxide. The resulting nanoparticles were formed as
single tetralayers due to the weak van der Waals forces between
the layers and also the interactions with the solvent.

The shoulder arising in the optical absorption spectrum
due to the GaSe nanoparticles18–21 was situated at ∼400 nm
depending on the particle size. The position of this shoulder
was strongly shifted to higher energies comparing with that
of the bulk GaSe crystals. The emission spectra18–21 were
shifted to higher energies too, with the maximum of emission
positioned at ∼400–450 nm. The authors explained the
âblueshift of photoluminescence and optical absorption as an
action of a 3D size-induced effect. The present research was
focused on the investigation of the size-induced effects caused
by the 1D reduction of GaSe thickness. The dependence of a
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FIG. 1. The crystal structure of a single GaSe tetralayer. The dark
and bright spheres represent Ga and Se atoms, respectively.

GaSe electronic structure on the number of layers has been
analyzed in experimental and theoretical studies.

II. THEORETICAL ELECTRONIC BAND STRUCTURE

A. DFT calculations

The DFT with a plane-wave basis set was used to
calculate the structural parameters and electronic bands of
GaSe structures. All calculations were carried out using
the ABINIT code.22,23 The Trouiller-Martins pseudopotentials
were employed. To describe the exchange and correlation,
the local density approximation (LDA) was applied. The 4s
and 4p electrons of Ga and Se were treated as the valence
electrons. In the case of 2D GaSe structures, 13 k points
for the first Brillouin zone integration and a cutoff energy
of 20 Hartree was used. The computations of the bulk material
were performed with 68 k points and a cutoff of 30 Ha.
In multilayered structures, the layers were stacked together
according to the ε polytype (space group D3h1, contains two
layers per unit cell1).

Starting with the structural parameters close to the ex-
perimental data, we performed a geometrical optimization
of the ε-GaSe crystal. The results of this procedure are
shown in Table I. There are no experimental results published
for the systems with a small number of tetralayers. For
the bulk material, the computation gives the smaller lattice
constants compared to the experimental data. This discrepancy
can be caused by the exclusion of Ga 3d electrons from
our computations. The difference of the lattice constants
between the bulk GaSe and a single tetralayer is less than
0.01 Å. It should be mentioned that the GaSe crystal is a
complicated system for the structural optimization procedure,
since it includes the interlayer van der Waals interactions not
taken into account within the DFT. The use of LDA usually
leads to the underestimation of the interatomic distances
and the lattice constants, while the GGA overestimates
them.

After the structural optimization, the electronic dispersions
have been calculated. Though in the case of a 2D system the
dispersion along �-A has no physical meaning, the curves
were plotted along the high-symmetry directions of a 3D
Brillouin zone, so that the electronic structures of thin and
bulk crystals could be directly compared. The resulting band
structure for a single GaSe tetralayer is shown in Fig. 2. The
zero for the energy is adjusted to the valence-band maximum.
An absence of dispersion along the A-� direction and the

TABLE I. The lattice constants of GaSe structures obtained from
DFT calculations. The experimental values for bulk GaSe are taken
from Refs. 7 and 24.

a (Å) c (Å)

Bulk GaSe [experiment (Ref. 7)] 3.73 15.9
Bulk GaSe [experiment (Ref. 24)] 3.743 15.919
Bulk GaSe 3.662 15.587
One tetralayer 3.657 —
Two tetralayers 3.658 —
Three tetralayers 3.658 —
Four tetralayers 3.659 —

identification of the band structures in the �-M-K and A-L-H
planes indicates a 2D character of the single GaSe tetralayer.
Unlike the bulk material, the valence-zone maximum is not
located at the � point, but it is shifted to the K and M points.
Thus, the corresponding dispersion curve at � has a local
minimum. The highest occupied energy band is formed by pz

orbitals of the selenium atoms and s orbitals of the gallium
atoms. Four lower bands, which are double degenerated at �,
are formed by px and py orbitals of selenium atoms. Their
closeness is caused by a weak intralayer π -type interaction.
The bottom of the conduction zone is located at the M

point.
The addition of the second tetralayer leads to a splitting

of the energy bands due to the interlayer interactions (Fig. 3).
The states of the valence zone top are significantly split due to
a strong overlap of the selenium pz orbitals of the neighboring
layers. It leads to a change of the band-gap value, because these
states are the topmost valence bands. The px and py orbitals
of the neighboring layers interact very weakly, and this leads
to a small splitting of the corresponding bands. The maxima

FIG. 2. The electronic band structure of a single GaSe tetralayer,
calculated using a DFT-LDA method. The zero of the energy scale is
adjusted to the valence-band maximum. The lowest two Se s bands
are not shown.
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FIG. 3. The electronic band structure of two GaSe tetralayers,
calculated using a DFT-LDA method. The zero of the energy scale is
adjusted to the valence-band maximum. The lowest four Se s bands
are not shown.

of the valence zone are shifted to the � point compared with
those of a single tetralayer structure. Further increasing of the
system thickness by adding an additional tetralayer leads to a
further splitting of the energy bands and to a shifting of the top
valence band to the � point. This causes the narrowing of the
band gap.

When there are many layers included, the electronic
structure becomes similar to that of the bulk gallium selenide
(Fig. 4). In this case the topmost valence band is located at
� and the lowest conduction band is located at M , which is
in an agreement with the experimental results and previous
calculations.9 Since the unit cell of bulk ε-GaSe extends over
two layers, the number of energy bands is equal to that of
the two tetralayer structure. The dispersion along the �-A
direction can be a rough measure of the strength of the
interlayer interactions. In the A-L-H plane the band structure
is similar to the single GaSe tetralayer, while in the �-M-K
plane the bands of the bulk material are split due to the
interlayer interactions.

B. GW approximation and correction of the band-gap values

It is well known that DFT underestimates the conduction-
band energies. At the same time, for a correct descrip-
tion of the quantum confinement effect, correct quantitative
results for the band-gap values have to be obtained. To
our knowledge there are no theoretical first-principles cal-
culations performed for single tetralayer systems of GaSe.
The only available result was obtained within the effective-
mass approach based on the electron end hole effective
masses of bulk GaSe.25 Unfortunately this method fails to
describe quantitatively the quantum confinement along the
z direction.

To adjust the DFT band-gap values, we have performed
calculations in frames of GW approximation26,27 for systems

FIG. 4. The electronic band structure of bulk GaSe, calculated
using a DFT-LDA method. The zero of the energy scale is adjusted
to the valence-band maximum. The lowest four Se s bands are not
shown.

with several tetralayers and for the bulk material. We made the
GW corrections only for the center of the Brillouin zone. The
integration over the frequency in the self-energy was carried
out by the plasmon-pole model.

The Kohn-Sham data, obtained by performing DFT cal-
culations, was the starting point of our GW computations.
On this basis, the dielectric matrix and its inverse were
calculated. Then the Kohn-Sham band structure and the
screened interaction were used to evaluate the matrix elements
of the self-energy operator.

The values of the computation parameters used in our
investigations are shown in Table II. The resulting band gaps
at the center of the Brillouin zone are plotted in Fig. 5. The
obtained value of the direct band gap for the bulk GaSe
(Eg = 2.34 eV) is slightly larger than the experimental value
2.12 eV,28,29 but it is much better than the LDA estimation
result (Eg = 1.21 eV). Such disparity between the theoretical
and experimental values may appear due to the neglection
of Ga 3d electrons. For a single tetralayer, the GW band
gap at � is equal to 3.89 eV. Another important point is
that the electronic structure of GaSe strongly depends on
the interatomic distances. For example, similar calculations,
performed for gallium selenide with the nonrelaxed experi-
mental lattice constants and interatomic distances (Ref. 24),
give the band-gap values equal to 1.99 and 3.57 eV for
a bulk material and for a single tetralayer, respectively.
At the same time, the experimental values of the crystal
geometry vary in a wide range (Refs. 2,7,24). Thus, an
accurate quantitative determination of the band gap for thin
GaSe systems is a difficult task. However, qualitatively, the
quantum confinement effect, induced by the reduction of the
crystal thickness, and the dependence of the band-gap values
on the number of tetralayers can be clearly seen from our
calculations.
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TABLE II. The convergence parameters for the GW calculations.

Calculation of the screening Calculation of the self-energy matrix elements

Energy cutoff (Ha) Energy cutoff (Ha)

Number Dielectric Number Exchange part
of bands Wave function matrix of bands Wave function of the self-energy

1 layer 100 8 4 150 7 10
2 layers 100 8 4 250 8 8
3 layers 350 6 7 350 8 9
4 layers 450 8 4 450 8 9
Bulk 350 9 5 300 6 5

III. EXPERIMENTAL ANALYSIS OF GaSe LAYERS

A. Fabrication of thin GaSe platelets

The initial GaSe (predominantly ε polytype) crystals
were grown by the Bridgman-Stockbarger method and
ground into powder with the particle size down to 20 μm.
The further reduction of GaSe particle size was achieved by
the ultrasonication of the GaSe suspensions followed by the
microfiltration. The sonication of GaSe crystals leads to the
bond break, especially the weak ones between the tetralayers.
The particles agglomerate quickly (1 h) and form large GaSe
clusters. In this paper, it is proposed to use the surfactants to
prevent the aggregation and to isolate the GaSe particles from
each other and from the solvent (water in this case). Pluronic
F127 was used as the surfactant. Its typical concentration was
1 wt %.

The GaSe macrocrystals were added to the Pluronic
F127/H2O solution. The concentration of the GaSe crystals
was 0.1 mg/ml. A relatively low concentration has been chosen
to avoid the aggregation of GaSe particles. The suspension was
treated by the ultrasonic Hielsher UP200 (power 450 W) for
1 h. The resulting brown-colored suspension was labeled as
sample A. This suspension was left for the sedimentation;
the large particles went down. The upper part was then taken
and sonicated for 1 h more. Then the suspension was filtered
through the nitrocellulose microfilters (Millipore, pore size
200 nm). The fraction that went through the filter contained

FIG. 5. The variation of the band gap depending on the number
of GaSe tetralayers. The lines represent the bulk band gaps.

mostly the particles smaller than 200 nm. The suspension was
stable in time for at least 150 h. It was controlled by the
optical absorption spectroscopy. This orange-colored fraction
was labeled as sample B. After more than 150 h, the particles
of GaSe tended to the sedimentation and to the aggregation.
In this situation a repetition of the sonication and filtration
was applied to achieve the suspension with the initial size
distribution.

B. Transmission electron microscopy

The structural transmission electron microscopy (TEM)
study was carried out by a conventional bright- and dark-field
transmission microscopy (BF/DF-TEM), electron microd-
iffraction using FEI Tecnai G2 30 S-TWIN. A microscope
was supplied with an x-ray energy-dispersive microanalysis
EDX. Images were recorded on the Gatan 797 slow scan
CCD camera and processed with the Gatan Digital Micrograph
software. Phase identification was performed by analyzing
the selected area electron-diffraction patterns (SAED) taken
on micrometer-scale areas. For this purpose, the diffraction
patterns were calculated using the Java Electron Microscopy
Software (JEMS) for electron-optical parameters of the micro-
scope given above and the structural data of gallium selenide.
The GaSe suspension was deposited on a copper grid with a
holey amorphous carbon film and dried under air conditioning.

A TEM image of sample A (Fig. 6) shows that it consists
of the small and large (up to 4–5 μm in size) flat crystals. All
crystals have well-defined edges. Some of the crystals are flat
thin platelets, but most are thick enough to be treated as a bulk
GaSe. An electron diffraction pattern from one of the crystal
blocks is shown in the inset of Fig. 6. This pattern was identified
as a [001] zone axis hexagonal structure with a = 3.75 Åand
c = 15.92 Å lattice parameters which correspond to gallium
selenide (space group P 63/mmc).1

On the contrary, sample B consists of small flat nonisomet-
ric gallium selenide crystals. Figure 7 shows the TEM image of
the agglomeration of gallium selenide crystals. A low contrast
of crystals means that after ultrasonic destruction the gallium
selenide crystals were thin. An analysis of the image contrast
reveals that the agglomeration consists of an array of large and
small (∼50 nm) flat blocks attached to the particle lying above
the carbon film hole.

Among large arrays of gallium selenide block crystals,
small isometric particles ∼15 nm in diameter were found.
Figure 8 (left-hand side) shows a BF-TEM image of these
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FIG. 6. TEM image of nonfiltered GaSe sample (type A). The
inset shows the selected area electron-diffraction pattern of a
hexagonal GaSe crystal.

particles with a round shape. A DF-TEM was done in order to
prove that these particles are GaSe. Figure 8 (right-hand side)
shows a DF image obtained in the 010 GaSe reflex zone axis
[001].

C. Optical-absorption spectroscopy

The optical-absorption spectra were registered with a 1-nm
spectral resolution (Spectrophotometer Perkin Elmer Lambda-
950) in a 1-cm-thick quartz cell. The optical-absorption spectra
of GaSe particles have been registered for two types of
samples: A and B. The A samples were the suspensions
contained large GaSe crystals (most of a particle size >

500 nm). Type A was used as a reference in order to estimate
the influence of the particle size and the thickness on the
band-gap value. The B samples were the suspensions of small
GaSe crystals (< 200 nm), prepared as described in Sec. III A.

The optical-absorption spectra of samples A and B are
presented in Fig. 9. The large thick particles of GaSe
(sample A) have the typical absorption band at 620 nm. Its
position corresponds to the absorption band of the indirect
excitons in a macroscopic GaSe crystal.1,17 The weak line
at 415 nm can be observed as well. However, its relative
intensity is much lower compared with the 620-nm line, which
is attributed to the bulk volume GaSe.

The spectrum of sample B is shifted to the blue region.
The main absorption bands are situated at 560, 415, and
340 nm. After sedimentation and filtering of sample A, the
amount of the bulk large particles decreases substantially.
Simultaneously, the UV bands are sharpened and intensity
increases. The 620-nm band moves toward “blue” and widens.
Its relative intensity decreases strongly.

We assume that these transformations of the optical-
absorption bands are caused mostly by a change of the

FIG. 7. A BF-TEM image of the thin gallium selenide crystals
(sample B).

thickness of GaSe particles. As is discussed in the theoretical
part, the band gap is larger for the thin layers of GaSe. When
the next layer is added to the particle, the band gap becomes
smaller. As a limit, its value approaches 2.1 eV in the case of
a thick macroscopic crystal.

IV. DISCUSSION AND CONCLUSIONS

The interlayer interactions in GaSe crystals, as in many
other layered materials, are much weaker than the bonds inside
tetralayers. Due to that, the ultrasonic treatment of the sample
disrupts mostly the interlayer connections. The resulting
material contains the thin GaSe platelets of different diameter.
Their thickness can be reduced down to a single tetralayer.
If the process of platelet agglomeration is suppressed (for
instance, due to surfactants), one can sort out the fraction
of crystallites with a reduced number of layers. This approach
has been successfully realized for graphite. The fractions of
graphene monolayers have been obtained.30

The TEM images (Fig. 7) illustrate that sample B represents
mostly the flat GaSe particles. Their thickness is estimated
from one to a few tetralayers. The UV bands, arising in the
optical-absorption spectra, should be due to a presence of these
thin platelets.

The calculations in the Secs. II B and II C predict that
the electronic structure of GaSe is strongly dependent on the
number of layers that formed the crystal. According to the

FIG. 8. A BF-TEM image of gallium selenide nanocrystalls (left-
hand side) and a DF-TEM image obtained in the (010) reflex zone
axis [001] (right-hand side).
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FIG. 9. The optical-absorption spectra of sample A (large par-
ticles of GaSe, suspended in water in the presence of the surfactant
Pluronic F127) and sample B (small thin particles of GaSe, suspended
in water in the presence of the surfactant Pluronic F127).

experimental data (Ref. 21), the absorption bands of the single
tetralayer nanoparticles of GaSe are situated at 360–450 nm,
and the center of the absorption shoulder at 400 nm was
observed for nanoparticles with a large diameter (9 nm). For
these nanoparticles, the radial quantum confinement effect
should be almost negligible, and their absorption spectra would
be similar to those of a single tetralayer sheet. The observed
absorption UV band at 400–500 nm with a maximum at 415 nm
can be attributed to the contribution of thin platelets with a
thickness of one tetralayer.

If one assumes to have a mixture of GaSe crystals of
various thicknesses (from a single tetralayer up to a few
tetralayers), the resulting optical-absorption spectra should be
a superposition of the transitions in all GaSe crystals (including
the single, double, triple, etc., tetralayers). The wide band at
2.6–1.9 eV corresponds to multitetralayers, whose transitions
are overlapped.

The calculated difference between the band gap of a
single tetralayer and bulk GaSe is 1.55 eV (Fig. 5). The
experimental onset of the absorption shoulder of GaSe single
tetralayers is ∼480 nm both for our data (Fig. 9) and in
Ref. 25. The value observed experimentally is lower (∼1 eV,
Fig. 9). There is some difference between the calculated and
experimental results. Even slight changes in the interatomic
distances can significantly influence the electronic structure.
The equilibrium geometrical parameters, obtained from the
lattice optimization procedure, may differ from the experi-
mental values. At the same time, lattice optimization has to be
performed, since the experimental lattice parameters vary in a
wide range for the bulk structure and are unknown for a single
tetralayer structure. The temperature can be another reason for
the discrepancy.

In conclusion, the electronic band structures of single,
double, triple, and quadruple tetralayers of GaSe have been
calculated. It has been revealed that the thickness of the
crystal has a strong influence on its electronic structure.
The two-dimensional thin GaSe crystals have a larger band
gap than the bulk GaSe. The thin GaSe platelets were
obtained experimentally. The absorption spectra of the sample,
containing crystals with a thickness from a single to multiple
tetralayers, demonstrate the UV bands, assigned to a single
GaSe tetralayer.

The bulk GaSe crystals are indirect semiconductors. The
energy difference between the direct transition at the � point
and the indirect transition �-M is quite subtle. However, for a
single, double, etc., tetralayers it may cause more sufficient
changes. Both in theoretical and experimental results, the
blueshift of the band gap is clearly seen.
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