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a b s t r a c t

The intrinsic evolutions of electronic transition and the band gap of GaSe1�xSx solid solution single
crystals (x ¼ 0, 0.133, and 0.439) grown for nonlinear optical applications have been systemically
investigated by using spectroscopic ellipsometry and first-principle calculations. Five interband elec-
tronic transitions E1, E2, E3, E4, and E5 have been obtained by fitting the second derivatives of the complex
dielectric functions and the physical origins were explained with the aid of theoretical calculations. It is
found that the interband electronic transition energy E2, E3, and E4 show a blueshift trend from 3.457 eV,
3.736 eV, and 4.810 eV at x ¼ 0 to 3.786 eV, 4.628 eV, and 5.086 eV at x ¼ 0.439, respectively. This is
because the larger Se atoms are replaced by smaller S atoms in GaSe1�xSx. The experimental band gap of
GaSe1�xSx is increased from 1.908 eV at x ¼ 0 to 2.081 eV at x ¼ 0.439. Moreover, in order to verify the
influences of S-doping on the band gap of GaSe1-xSx, we performed the first-principle calculations based
on the density-functional theory. The theoretical results also confirm that the band gap energy increases
from 2.085 eV at x ¼ 0 to 2.15 eV at x ¼ 0.439, which is in good agreement with the experiment results.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Two-dimensional (2D) van der Waals semiconductors such as
graphene and transition metal dichalcogenides have attracted
significant attention from the scientific community in the past ten
years. Their unique mechanical, electronic, and optical properties
hold great potential for harnessing them as key components in
novel applications for valleytronic, electronics and optoelectronics.
[1e4]. For example, 2D materials have atomic thickness, sizable
bandgap, mechanical flexibility, high charge mobility, and high
chemical stability [5,6]. As a typical 2D material, GaSe has attracted
considerable attention because of its optical and structural prop-
erties that have been found very attractive for laser frequency
conversion by means of nonlinear optics. Besides, GaSe is found to
be a good matrix material for doping with various elements to
modify optical and mechanical properties. The observation of the
exciton and biexciton transition renders quantum emitters in
nanoscale GaSe potential candidates for entangled photon reso-
nances [7,8].

Recently, many efforts have been made to study the band gap,
electronic transition, optical absorption, and mechanical properties
of the GaSe doped by other elements, such as Al, In, Te [8e10].
Previous reports demonstrated weakly modified properties due to
large differences in atomic sizes, leading to a rapidly lattice
degradation at doping level of a few at%. Among different doping
elements, S doped GaSe is interesting because S and Se atoms are
isovalent, possess similar size and can form isostructural binary
compounds. As a result, solid solution crystal GaSe:GaS or
GaSe1�xSx can be grown with large mixing ratio x and hence
strongly modified physical properties. GaSe1�xSx had been
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proposed to possess the potential abilities for the optoelectronic,
mid-IR and terahertz devices in a wide photon energy range. In our
previous works, GaSe1-xSx single crystals with x � 0.44 (11 at% S)
doping have been widely used as nonlinear materials for mid-IR
and THz generation. Up to 15 times higher efficiency in mid-IR
generation than that for pure GaSe was demonstrated due to
improved optical quality and increased damage threshold, as well
as higher efficiency in THz generation [9]. Therefore, it is reasonable
to further investigate the physical properties of solid solution
GaSe1�xSx in order to fully exploit its wider potential applications as
a nonlinear material.

GaSe1�xSx has been proposed to possess the potential abilities
for the optoelectronic and terahertz devices in a wide photon en-
ergy range. Therefore, optical properties such as dielectric function,
absorption coefficient, optical band gap, and electronic band
structure of GaSe1�xSx are key parameters for device applications.
Many structural characterization methods such as XRD, AFM, SEM,
EDS, and TEM have been used to investigate the crystalline struc-
ture, surface morphology, and cross-sectional microstructures of
solid state materials. [11e17]. Furthermore, many optical tech-
niques, such as Raman scattering, photoluminescence, and infrared
spectroscopy, have been used to study the lattice vibrations, elec-
tronic transitions, and band gap of 2D materials. Among them,
spectroscopic ellipsometry (SE) is a nondestructive and powerful
technique to investigate the optical band gap, dielectric constants,
and electronic transitions of materials. On the other hand, the first-
principle calculation of electronic and optical properties based on
density functional theory (DFT) can be used to explain the experi-
mental results and physical origins of the optical features [8]. First-
principle calculation results reveal that the band gap of GaSe1�xSx
could be influenced upon doping with S [18].

In this work, the optical properties and electronic band structure
of GaSe1�xSx (x ¼ 0, 0133, and 0.439) single crystals have been
studied by comparison of using spectroscopic ellipsometry and
first-principle calculations. The optical constants, optical band gap,
and electronic transitions with different S concentrations have
been explored. Moreover, the origins of the interband transitions
have been uniquely assigned and the evolution of band gap with
different concentrations of S-doping has been discussed.

2. Experimental details

GaSe1�xSx (x¼ 0, 0.133, and 0.439) single crystals were grown by
modified syntheses and growth techniques. The starting materials
for the synthesis were Ga 99.9997, Se 99.99, and S 99.95, which
were additionally purified by remelting in the continuously evac-
uated ampoule. In this work, synthesis ampoules were loaded up to
unusual 65% in the volume to minimize the quantity of and inter-
action with rest gases. The Ga, Se, and S (nominal 3 at% or 11 at%)
were weighed in stoichiometric ratio with a accuracy of about
±0.1 mg. The mixing ratio x should be calculated as:

x ¼ 0:01at%Te;SðAGa þ ASeÞ
ATe;S þ 0:01at%Te;S

�
ASe � ATe;s

� ; (1)

where A is atomic weight. According to Equation (1), 3 at% S-doped
GaSe is identical to solid solution GaSe1�xSx with x ¼ 0.133, while
11 at% S-doped GaSe is identical to solid solution GaSe1�xSx with
x ¼ 0.439. We synthesized the charges in the single-zone furnace.

For the growth process, the polycrystalline material was loaded
into a singlewall quartz ampoule. Crystal growthwas performed by
the vertical Bridgman method with heat field rotation. The growth
ampoule was sealed at 10�4 Tor and put into the furnace having a
temperature gradient of ~15 K above estimated level of crystalli-
zation front. After homogenization of the melt at the temperature
of 30 K above the melting point, the ampoule was mechanically
lowered at the speed of 10 mm/day. The internal surface of the
ampoule had a layer of pyrolytic carbon which protected the melt
from contact with the walls. The details of the growth process can
be found else-where [19].

Thick samples, about 3 mm, GaSe1�xSx (x ¼ 0, 0.133, and 0,439)
were made for experimental study by cleaving from single crys-
talline boules of 28 mm in diameter and 80 mm long boules and
used without any additional processing. The crystals were cleaved
readily along the (0001) plane. With careful preparation, auto-
matically flat surfaces along this direction were produced. The X-
ray diffraction patterns were obtained with a XRD-6000 diffrac-
tometer (Shimadzu, Japan) operating with the Cu Ka radiation. The
diffraction data were collected from about 10 to 50� of the 2q
angular range with a step of 0.03� and accumulation time of 1 s per
step. Scanning electron microscopy (SEM Quanta 200 3D micro-
scope, FEI, Netherlands) in combination with energy-dispersive X-
ray spectroscopy (EDS, EDAX ECON VI microanalyzer) were used to
measure Ga, Se and S contents as well as unpredictable impurities.
Surface roughness was measured by a Probes HOMMEL-ETAMIC
T1000 (JENOPTIK AG, Germany) profilometer. Transmission elec-
tronmicroscope (TEM) CM12 (Philips, Netherlands) were employed
to analyze the structure.

The spectroscopic ellipsometry experiments were carried out by
the vertical variable-angle near infrared-ultraviolet ellipsometer
(V-VASE, USA,J.A.Woollam Co., Inc.) in the incident angle 70� and in
the photon energy range of 1.03e6.52 eV (190e1200 nm) with a
spectral resolution of 5 nm. Band structure and dielectric constant
were calculated with DFT as implemented in the Vienna Ab Initio
Simulation Package code [20]. Local density approximation (LDA)
exchange correlation potential was used in all the calculations [21].
The projector augmented-wave pseudopotentials [22] were used
with 450 eV energy cutoff of plane-wave basis. LDA usually un-
derestimates the band gap. So, we used the modified Becke-
Johnson exchange [23,24] in combination with LDA to describe
the band gaps of these compounds, which can generate band gaps
with an accuracy similar to hybrid functional or Green's function
and Coulomb interaction method and can be computationally less
expensive.

3. Results and discussion

3.1. Structure analysis

GaSe and GaS single crystals belong to IIIeVI semiconductors. Its
multilayer bulk structure is formed by four-atomic-sheet Se-Ga-Ga-
Se primitive layers. The strong bonds inside the layers are thought
to be mainly covalent with some ionic contribution, however, the
inter-layer bonding is much weaker and mainly of van der Waals
force. When S is doped into GaSe, the structure of GaSe1�xSx is
formed by partial replacement of Se for S atoms. The side view and
top view of the GaSe layer structure can be seen from Fig. 1(a) and
(b), respectively. The primitive unit cell extends over two layers of
GaSe and contains four Ga and four Se atoms. In each layer two
monoatomic sheets of Ga are sandwiched between two monoa-
tomic sheets of Se.

The XRD results of GaSe1�xSx (x ¼ 0, 0.133, and 0.439) single
crystals are shown in Fig. 2. Four diffraction peaks (002), (004),
(006), and (008) can be observed from the pattern, which indicates
that all three samples exhibit single crystal structures. Compared
with the results of undoped GaSe single crystal, a weaker peak
(006) arises from S doped GaSe samples. Furthermore, all of the
diffraction peaks shift toward the larger diffraction angle with
increasing the S concentration. This result confirms that the S has
been successfully incorporated into the GaSe matrix lattice.



Fig. 1. Schematic view of the crystal structure of GaSe from (a) side view and (b) top view.

Fig. 2. The XRD pattern of GaSe1�xSx (x ¼ 0, 0.133, and 0.439) single crystals.
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Figs. 3 and 4 show the SEM and TEM images of the GaSe1�xSx
single crystals with different S concentrations, respectively. From
Fig. 3. SEM images of GaSe1�xSx single crystals: (a) top view on GaSe sample with laser-blad
sample with broken layers on the surface.
Fig. 3, the layered structure of all samples can be seen clearly. All of
the samples have high quality structural property and optical
quality surfaces with small grain sizes, which indicate that the
layered structures of the manufactured GaSe1�xSx samples are
similar to that for GaSe sample. The estimated surface roughness is
as low as �0.15 nm. This is somewhat smaller than that for the
doped crystals, which correlates well with improvement in optical
quality with the S-doping. The surfaces of the samples are smooth
and free of precipitates, voids, and micro bubbles. High-quality and
identical structural properties can be also confirmed from TEM
patterns (see Fig. 4).

The EDS spectra of the single crystals are shown in Fig. 5. The
body of the GaSe1�xSx single crystals is composed of Ga, Se, and/or S
elements. It can be found that the intensities of S peak increasewith
increasing the S content. This confirms again that the S has been
successfully incorporated into the GaSe crystals. The chemical
composition of the grown GaSe1�xSx crystals well coincides with
the growth charge composition, and the crystals do not contain
unpredicted impurities. Therefore, high structural-quality and
optical-quality crystals with the expected chemical compositions
were grown, and the samples with high optical-quality surfaces
were manufactured for ellipsometric study.
e-cut surface, (b) side view on GaSe0.867S0.133 sample, and (c) top view on GaSe0.561S0.439



Fig. 4. TEM patterns for (a) GaSe, (b) GaSe0.867S0.133, and (c) GaSe0.561S0.439 single crystals.

Fig. 5. EDS spectra revealing the increment of sulfur content in the GaSe1�xSx crystals
grown from the melt containing (a) 0 at %, (b) 3 at % and (c) 11 at % of sulfur (x ¼ 0,
0.133 and 0.439, respectively).
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3.2. Optical properties

The ellipsometric measurement technique is based on the
analysis of the variation of the polarization parameters J and D of
the linearly polarized light beam after reflection from the sample
surface. The ellipsometric data J and D, which are related to the
optical and structure properties of the sample, represent the
amplitude ratio and phase shift of the parallel (p) and perpendic-
ular (s) components of the reflected light. The complex reflectance
ratio of the polarized light can be given as: r ¼ Rp

RS
¼ tan jiD, in

which Rp and Rs are the complex reflection coefficient of the parallel
and perpendicular directions of the polarized incident light,
respectively [25]. Fig. 6 (a) and (b) show the J and D spectra
measured for GaSe1�xSx (x¼ 0, 0.133, and 0.439) single crystals. One
can find that the spectral features are strongly depend on the S-
doping concentration. Due to the relatively thick (about 3 mm)
GaSe1�xSx single crystals, the semi-infinite medium approach can
be used to directly derive the dielectric function from the experi-
mental SE data according to the equation [26]:

ε1 ¼ ðn0 sin qÞ2 �
"
1þ tan2 q

cos22j� sin22j sin22D

ð1þ sin 2j cosDÞ2
#
; (2)

ε2 ¼ �ðn0 sin q tan qÞ2 � sin 4j sin D

ð1þ sin 2j cosDÞ2
: (3)

where q is the incident angle, and n0 ¼ 1.
The refractive index (n) and extinction coefficient (k) is related

to the real and imaginary parts of the dielectric constant, which can
be expressed by the relations: ε1 ¼ n2-k2; ε2 ¼ 2nk. Fig. 6 (c) and (d)
show the n and k spectra of the GaSe1�xSx single crystals. The op-
tical constants (n and k) spectra are similar to that observed in
Ga0.75In0.25Se [27], GaSe1-xTex [28], and GaCr0.1Se0.9 [29] single
crystals. However, the n values of GaSe1-xSx single crystals are larger
than that observed fromGa0.75In0.25Sewhile less than that obtained
fromGaSe1-xTex and GaCr0.1Se0.9 single crystals. It indicates that the
doping elements and concentrations can affect the optical con-
stants. Owing to the stoichiometry deviation, residual absorptions
might exist at photon energies below the band gap energy.
Therefore, the n values at the photon energy below 2 eV are not
equal to zero. Moreover, from the extinction coefficient spectra, two
critical peaks can be found at energies about 3.83 eV and 4.96 eV,
which can be attributed to strong absorption of photon energy at
the corresponding critical points. In addition, the peak positions
blueshift with increasing the S concentration, which is associated
with the change of electronic band structures.



Fig. 6. The ellipsometric spectra (a) J and (b) D of the GaSe1�xSx (x ¼ 0, 0.133, and 0.439) single crystals. The S concentration dependence of refractive index (c) n and extinction
coefficient (d) k in the photon energy ranges from 1.03 to 6.52 eV. The arrows show the blueshift trends of critical peak positions.

Fig. 7. Experimental (dots) and the best-fit (solid lines) second derivatives of ε1 and ε2

for the GaSe0.561S0.439 sample. The energies of each critical point are indicated by the
arrows and labeled as E1, E2, E3, E4, and E5, respectively.
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3.3. Electronic transition

To obtain the accurate energies of critical point structures, the
second derivatives of the complex dielectric functions can be fitted
by the standard critical point (SCP) model. The expression of the
model is given by:

d2ε
dE2

¼
(
nðn� 1ÞAmeiFmðE � Em þ iGÞn�2; ns0;

AmeiFmðE � Em þ iGÞ�2; n ¼ 0;
(4)

where Am is the amplitude,Fm is the excitonic phase angle, Em is the
threshold energy, and Gm is the broadening parameter. The
parameterm is the number of oscillators used in the fitting process.
The exponent values n ¼ �1, �1/2, 0 and 1/2 represent excitonic
one, two, and three-dimensional line shapes, respectively. Since
n ¼ �1 case demonstrates the lowest mean-square deviations, the
parameter nwas set to �1 in this work and the spectra were fitted
for the case of excitonic optical transitions. Because the second
derivative values are very sensitive to small changes of the main
data, the smoothing process should apply without distorting of the
data recorded. However, since the smoothing process strongly
distorts the main experimental data in the range of 2.0e3.0 eV, we
accomplished the fitting process only for the region above 3.0 eV.

As an example, Fig. 7 (a) and (b) show the second derivative
spectra of real (d2ε1/dE2) and imaginary (d2ε2/dE2) parts of the
dielectric constant in GaSe0.561S0.439 single crystal. In the energy
range from 3 to 6 eV, five critical points at about 3.181, 3.786, 4.628,
5.086, and 5.974 eV can be observed from the fitting results. The
critical points conform to the results from Ga0.75In0.25Se [27] and
GaSe [30] single crystals. The characteristics correspond to the
different interband electronic transitions between filled and empty
bands in the GaSe0.561S0.439 single crystal. To understand the
physical origins of the electronic transitions, the electric band
structures of the GaSe1-xSx should be described. GaSe crystals
belong to the point group symmetry and cleave readily along the
{0001} plane, while GaS has a centrosymmetric structure 6/mm. For
GaSe1�xSx single crystals, the valence band can be divided into
three sub-bands. Low-lying conduction bands are located between
0.6 and 3.0 eV, which consist of mixtures of Se(S)-p, Ga-s and Ga-pz
orbitals [31].

The E1 transition can be assigned to the second highest valence
band to the bottom of the conduction band. Furthermore, the E2
critical point can be interpreted as the transition from the valence
band maximum to the third group of the conduction band at the
Brillouin zone center [30]. For the third transition at higher energy,
it can be attributed to the electron excitations from the second
highest valence band to the third group of conduction bands [32].
The E3 structure can be also regarded as an interband transition
related to larger GaeGa bond interactions. Many efforts have been
made to interpret the origin of the critical points from 4.8 to 6 eV,



Fig. 8. The absorption coefficient a of the GaSe1�xSx single crystals with different S
concentrations. Inset shows variations of ðaEÞ12 with the photon energy E, which are
used to determine the optical band gap (Eg) of the GaSe and GaSe0.561S0.439 single
crystals, respectively.
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yet the origins are remaining uncertain. We believe that the E4 and
E5 transitions are related to the excitation of electrons from the
lower valence bands to the higher group of conduction bands.

Table 1 lists the critical point analysis results of the GaSe1�xSx
(x¼ 0, 0.133 and 0.439) single crystals. As can be seen in Table 1, the
electronic transition energies shift to higher energies with
increasing the S-doping concentration. This is because the elec-
tronic properties are sensitive to the inter-atomic distance of the
semiconductor. With doping of S, the Se atoms will be replaced by S
atoms. Considering that the S atoms are smaller than Se atoms and
the ability for S atoms to attract electrons are stronger than that for
Se atoms, the distance between S and Ga will be shorten leading to
the decrease of DGa�X (X ¼ S, Se) and the increase of DGa�Ga in
GaSe1�xSx single crystals [18]. The fact that electronic transition
energies are increasing with the doping of the smallest cation or
anions is in agreement with the observations from other semi-
conductor single crystals [33].

3.4. Absorption characteristics

The absorption coefficient is one of the most important pa-
rameters for optoelectronic applications. To investigate the optical
properties for further applications, the absorption coefficient
(a ¼ 4pk/l) of the GaSe1�xSx single crystals (x ¼ 0, 0.133 and 0.439)
are depicted in Fig. 8, and it is found to be 0.17� 104e15� 104 cm�1

in the wide spectral range from 1.03 to 6.52 eV. These values are
larger than that reported for Al doped GaSe [34] and Te doped GaSe
solid solutions [9]. With increasing the S or Al concentration, the
absorption edges move toward the higher energy, while the ab-
sorption edge of Te doped GaSe single crystals moves toward the
lower energy. Therefore, one can conclude that the band gap of GaS
is larger than that of GaSe and GaTe. In addition, it can be observed
that the absorption coefficient decreases with increasing the
doping level. This is because the absorption coefficient of GaS is less
than that of GaSe. In the transparency region, recorded absorption
coefficient a for GaSe1�xSx single crystals is � 0.05 cm�1. It is about
three times lower than that for GaSe [9].

The power law behavior of TaucðaEÞ12∞ðE � EgÞ is for allowed
indirect transition [35], here E is the incident photon energy, and Eg
is the OBG energy. So, the straight line between ðaEÞ12 and E will
provide the Eg value, which is extrapolated by the linear portion of
the plot to ðaEÞ12 ¼ 0. As examples, the inset of Fig. 8 shows the band
gap values of the GaSe and GaSe0.561S0.439 single crystals (1.908 and
2.081 eV, respectively). This result indicates that the band gap
features an energy blue-shift with increasing S concentration. The
similar blue-shift phenomenon has been also reported by Wu et al.
They found that the band gap moved from 1.986 eV (GaSe) to
2.370 eV (GaSe0.5S0.5) [36], which is larger than these results. The
change of valence-band maxima and the conduction-band minima
might be small for the lower S concentration. This evidence also
indicates that the crystal phase and band-edge property for
GaSe1�xSx (0 � � � 0.5) series solids are similar [32]. More sys-
tematic experiments are needed to verify this property. The in-
crease of band gap energy indicates that the S-doping can change
the electronic band structure of GaSe1�xSx single crystals.
Table 1
Critical point energies for the GaSe1�xSx (x ¼ 0, 0.133, and 0.439) single crystals,
which are extracted by fitting the second derivatives of dielectric functions with SCP
model.

Sample E1 (eV) E2 (eV) E3 (eV) E4 (eV) E5 (eV)

x ¼ 0 3.197 3.457 3.736 4.810 5.932
x ¼ 0.133 3.310 3.674 3.931 4.962 5.500
x ¼ 0.439 3.181 3.786 4.628 5.086 5.974
3.5. Electronic band structure and optical band gap

In order to further investigate the influences of S-doping on the
band gaps of GaSe1�xSx, we calculate the electronic band structures
of GaSe1�xSx (x ¼ 0, 0.133, and 0.439) with the first-principle cal-
culations. Fig. 9(a) shows the band structure of pure GaSe crystal.
One can find that the valence band maximum (VBM) is located at
the G point, while the conduction band minimum (CBM) is located
at M point. The calculation result reveals that the band gap of GaSe
is about 2.065 eV, which agrees with Y. Fan's result [37]. For the
GaSe1�xSx (x ¼ 0.133, and 0.439) crystals, the symmetry varies with
the doping of S. To compare the change of the band structure, we
use P1 symmetry to calculate the S doping situation. The calculated
band structures of GaSe0.867S0.133 and GaSe0.561S0.439 single crystals
are shown in Figs. 9(b) and 5(c), respectively. It can be seen that all
the VBMs locate at G point and CMBs locate at F point. The calcu-
lated band gap energy is 2.085 and 2.15 eV, respectively.

Fig. 9(d) shows the evolution of band gap with the S concen-
tration, where both of the experimental and theoretical band gaps
increase with the S concentration. As a well-known point of cal-
culations based on density-functional theory, the calculated optical
band gaps are underestimated by about 20%e30%, as compared to
the experimental values. The increment of band gap can be
explained from the perspective of band structure evolutions. Also,
the fundamental Eg of GaSe is about 2 eV, while the fundamental Eg
of GaS is about 3 eV. With the doping of S, the Se atoms will be
replaced by smaller S atoms. Therefore, it is easy to know that the Eg
of GaSe1�xSx will locate between 2 eV and 3 eV, and the band gap
will increase while increasing the concentration of S. Moreover, the
increased band gap can be attributed to the increased states density
of the conduction band and valence band with the doping of S.
4. Conclusions

In summary, optical properties and interband electronic tran-
sitions of GaSe1�xSx (x ¼ 0, 0.133, and 0.439) single crystals as a
function of S concentration have been investigated by comparison
of using spectroscopic ellipsometry and first-principle calculations.
The dielectric functions and absorption coefficient in the photon
energy of 1.03e6.52 eV have been obtained. Five electronic tran-
sitions energy E1, E2, E3, E4, and E5 were assigned, respectively, at
about 3.310 eV, 3.674 eV, 3.931 eV, 4.962 eV, and 5.500 eV for solid
solution crystal GaSe1�xSx (x ¼ 0.133). It can be found that the



Fig. 9. Calculated band structure of GaSe1�xSx single crystals: (a) x ¼ 0, (b) 0.133 and (c) 0.439; (d) the theoretical and experimental values of the band gap energy with increasing S
concentrations.
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transition energies of E2, E3, and E4 increase with increasing the S
concentration. Furthermore, the first-principle calculation results
reveal that the band gap energy increases from 2.085 eV at x ¼ 0 to
2.15 eV at x ¼ 0.439, which is in good agreement with the SE
experiment results (from 1.908 eV at x¼ 0 to 2.081 eV at x¼ 0.439).
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