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Abstract. Two-dimensional transition metal chalcogenides like GeSe, GeS and SnSe are widely used in a variety
of electrical and optoelectrical applications. Alloying becomes the most important tool to alter the structural,
optical and electrical properties of the material. Here, efforts have been applied to grow the crystals of GeSx Se1−x
(x = 0, 0.5, 1) using iodine (I2 ) as a transporting agent by the chemical vapour transport technique. The elemental
confirmation of grown crystals was done by the energy-dispersive analysis of X-rays. The lattice parameters were
obtained from powder X-ray diffraction patterns of all the grown compounds. For the optical study of grown
compounds, UV–Vis spectroscopy was performed in the wavelength range of 700–1450 nm. The optical absorption
process was studied in detail using the direct and the indirect transitions from two- and three-dimensional models.
Moreover, band-gap modification by incorporating sulphur in different concentrations is studied. It is found that
the band gap increases with increasing sulphur content in germanium selenide crystals.
Keywords. Crystal growth; germanium sulphoselenide; chemical vapour transport method; energy-dispersive
analysis of X-rays; X-ray diffraction; energy band gap.
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1. Introduction
Generally, group IV–VI layered monochalcogenides
crystallise in orthorhombic structure. GeSx Se1−x is a
semiconductor belonging to this group with an energy
gap between 1 and 2 eV, which is well suited for solar
energy conversion and also exhibits anisotropy in its
electrical properties. From the variation of solar energy
conversion efficiency with band gap E g , it is found that
the material that has a band gap of ≈1.3–1.5 eV [1–3]
is the most promising material. The direct and indirect band gaps of GeSe and GeS are 1.56 eV and 1.68
eV respectively. These two compounds of group IV–VI
layered monochalcogenides have been widely studied.
The effect of composition on band gap is relatively
less studied in the case of mixed crystals of germanium sulphoselenide. Here authors report their work on
the growth of GeSx Se1−x for x = 0, 0.5, 1 using the
chemical vapour transport (CVT) technique to study

the effect of variation in x on the optical band gap. It
is seen from the work of Legma et al [4] that nature
and quantity of the transporting agent play significant
roles in deciding the dimension and morphology of the
crystals grown by the CVT technique. Therefore, germanium sulphoselenide single crystals are grown by
CVT technique using iodine (I2 ) as the transporting
agent to obtain the maximum possible size. A detailed
study for the determination of optical band gap in these
materials by measuring optical absorption using UV–
Vis spectroscopy is made and the results are obtained
by changing value of x for all the samples.

2. Experimental
The main aim of the work presented in this paper is
to study the optical band gap in GeSx Se1−x and to
see the effect of replacement of selenium by sulphur.
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Figure 1. Schematic diagram of the CVT technique.

Accordingly, the samples of GeSe(I2 ), GeS0.5 Se0.5 (I2 )
and GeS(I2 ) used in the present work are grown by the
CVT technique [5,6]. Figure 1 represents the schematic
diagram of the CVT technique. Now, prior to the crystal
growth, the powdered compound of GeSx Se1−x is prepared from the elements (Ge: 99.999%, S: 99.999% and
Se: 99.999%) at 723 K for 2 days in an evacuated quartz
ampoule (25 mm outer diameter, 22 mm inner diameter,
22 cm length). Nearly 10 g of all the elements along with
4 mg/cc of iodine as a transporting agent is kept inside
the ampoule under appropriate condition mentioned in
table 1 to obtain single crystals of GeSx Se1−x .
The role of the transporting agent (here I2 ) is to act
like a catalyst to enhance the vapour pressure and hence
the rate of crystal growth. In this, the chemical reaction
between the reactants and the catalyst occurs in intermediate state and the resultant chemical compound is
transferred to the growth zone where it dissociates and
condenses to form single crystals. Moreover, the catalysts enter into the lattice and alter the structure and
other properties of the grown crystals. The amounts of
precursors (Ge, S and Se) taken to produce GeSx Se1−x
are mentioned in table S1 (Supplementary Information).
Once the ampoule is filled with the mixture, the mixture
is slowly heated at the rate of 40◦ C/h to the required
temperature. Slow heating is necessary to avoid any
explosion due to strong exothermic reaction between
elements. After the required period of the growth, the
furnace is cooled at the rate of 30◦ C/h to the room
temperature. After the completion of growth cycle, the
ampoule containing the crystal is broken and the crystals having a possible maximum size as shown in table
1 are used for investigation. The compositions of the
specimen were verified using energy-dispersive analysis of X-rays (EDAX). The EDAX analysis confirms the
absence of foreign elements in them. For X-ray diffraction, the samples are ground at room temperature and
then passed through a 106 micron mesh sieve. The Xray diffractograms of these compounds are recorded on
Philips PW1710 diffractometer using CuKα radiation.
X-ray analysis reveals that the samples are single-phase
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materials over the entire range of chalcogenide composition x.
As the samples were grown in the form of thin
platelets, ‘as-grown’ samples could be directly used for
the absorption measurements. Hence, the thin samples
were selected from the distributed charge. The a-axis
and b-axis were contained in the plane of cleavage,
i.e., along the basal plane. The absorption spectra were
obtained by using a Backman DK 2A spectrophotometer in the wavelength range 200–2000 nm. It has been
observed that the fundamental absorption edge in each
case lies in the range of 700–1450 nm. The crystal flakes
were pasted on a thick black paper, with a cut exposing
the crystal flake to the incident light. The reference used
was a replica of the black paper having a cut exactly at
the same position as the crystal flake. This arrangement
was necessary because the crystal size was smaller than
that of the sample compartment. All the measurements
were recorded at room temperature with incident beam
normal to the basal plane, i.e., along the c-axis of the
grown flakes [7].

3. Results and discussions
The crystals of GeSx Se1−x were grown by the CVT
technique with iodine as the transporting agent. A systematic growth process yields large, shiny and layered
crystals. The growth conditions and relative size of
the grown samples are reported in table 1. Figure 2
shows the photograph of the grown compound. Figure
3 shows the EDAX spectra of the grown compounds
and it reveals that the wt% of the elements taken for
the growth is nearly equal to the wt% of the elements
obtained from the EDAX analysis. It is observed that
all the single crystals are stoichiometrically perfect (see
table 2).
The X-ray diffractograms of the GeSx Se1−x compound were obtained by powdering the single crystals.
Figure 4 shows the X-ray diffractogram of GeS(I2 ),
GeS0.5 Se0.5 (I2 ) and GeSe(I2 ) compounds. From the
diffractogram, it is seen that for each specimen, (004)
reflection is of maximum intensity, indicating thereby
a strong orientation along the c-axis. The intensity of
all other reflections is extremely weak compared to this
reflection [8]. It is interesting to note that variation in the
composition of x does not lead to a change in the crystal
structure of GeSx Se1−x . The values of lattice parameters a, b, c, unit cell volume and the density for all the
samples have been determined from X-ray studies and
they are given in table 3. From these data, it is confirmed
that the structure of GeSx Se1−x (x = 0, 0.5, 1) single
crystal is orthorhombic. The calculated lattice parameters of the grown crystals are in good agreement with the

Pramana – J. Phys.

(2021) 95:83

Page 3 of 7

83

Table 1. Growth conditions for GeSx Se1−x (x = 0, 0.5, 1) single crystals.
Compound preparation

Single crystal growth
Furnace temperature (K)

Crystals
GeS(I2 )
GeS0.5 Se0.5 (I2 )
GeSe(I2 )

Furnace temperature (K) Time (Days) Source zone Growth zone Heating rate (Kelvin/h) Time (Days)
723
723
723

2
4
2

863
890
873

788
850
803

30
40
10

4
7
4

Figure 2. Photographs of the as-grown crystal samples by
the CVT technique.

reported values [9–11]. The density ρ for GeS(I2 ) crystal
is less than that of GeS0.5 Se0.5 (I2 ) and GeSe(I2 ) crystals
and density decreases as the concentration of sulphur
content is increased. This decrease in density in these
crystals is suggestive of the presence of imperfection
in the host lattice of GeSx Se1−x crystals [12–14]. It is
observed that the volume of the grown crystal increases
as we change the value of x. Particle size (t) of each
sample was calculated to get an idea about the grain
size distribution on the sample by using the Scherrer’s
formula:
Kλ
,
(1)
t=
β2θ cos θ
where K is the Scherer’s constant which is considered to
be unity for spherical particle, θ is the Bragg’s angle, λ is
the wavelength of X-rays and β is the peak broadening at
half maximum intensity (FWHM). The particle size for
all the three samples measured perpendicular to various
reflections are presented in table 4.
Since the thickness measured to different planes is
more or less the same, the crystal sizes for all the different samples exhibit isotropy.

Figure 3. Energy vs. intensity spectra obtained from the
EDAX analysis of the grown compounds.

Table 2. The EDAX values of GeSx Se1−x (I2 ) single crystals.
Atomic (wt%)
Samples

Elements

Observed

Calculated

GeSe(I2 )

Ge
Se
Ge
S
Se
Ge
S

47.90
52.10
57.78
12.32
29.91
69.68
30.33

49.07
50.93
56.66
12.51
30.81
69.36
30.64

GeS0.5 Se0.5 (I2 )
GeS(I2 )
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Table 4. Particle size distribution
GeSx Se1−x (I2 ) single crystals.

(Å)

in

hkl

GeSe(I2 )

GeS0.5 Se0.5 (I2 )

hkl

GeS(I2 )

[002]
[004]
[005]
[007]
[015]

845.6
594.2
588.7
596.9
591.3

446.2
453.5
344.0
345.9
363.9

[002]
[004]
[008]
[101]
[111]

1016.0
867.0
1058.0
848.0
890.0

Figure 5. Absorption spectra from a single crystal of
GeSx Se1−x (I2 ) single crystal.

for direct transitions and

B j (hν − E g ± E pj )r
(αhν) =

(3)

j

Figure 4. X-ray diffractogram of GeSx Se1−x (I2 ) single
crystals.

An important technique for measuring the band gap of
a semiconductor is the absorption of incident photons by
the material. The absorption spectrum was taken for all
samples in the wavelength range 700–1450 nm and the
values of the absorption coefficient α were determined
at every step of 5 nm as shown in figure 5. It is well
known [15] that α obeys the relation
(αhν) = A(hν − E g )r

(2)

for indirect transitions, where α is the absorption coefficient, hν is the energy of the incident photon, E g is
the energy for the direct transition, E g is the energy for
the indirect transition and E pj is the energy of phononassisted transitions. A and B are parameters depending
in a more complicated way on temperature, phonon
energy and photon energies E p . By plotting graphs of
(αhν)1/r against hν for various values of r as shown in
table 5, it is possible to determine which of the condition
given in the table dominates.
Extrapolation of these graphs to zero absorption will
provide appropriate values of the energy gaps of the germanium sulphoselenide compounds. Figure 6 shows the

Table 3. The lattice parameters, unit cell volume and density of
GeSx Se1−x (I2 ) single crystals.
Parameters

GeS(I2 )

GeS0.5 Se0.5 (I2 )

GeSe(I2 )

a (Å)
b (Å)
c (Å)
Unit cell Volume (Å)3
X-ray density (g/cm3 )

4.30
3.64
10.50
164.35
4.230

4.34
3.78
10.66
179.91
4.854

4.42
3.90
10.78
183.10
5.559
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Table 5. Various exponents r for different types of band gap
transitions.
Types of transition

Allowed
(step function)
Forbidden

Direct

Indirect

2D

3D

2D

3D

0

1/2

1

2

1

3/2

2

3

Figure 8. (αhν)2 vs. photon energy for the series
GeSx Se1−x (I2 ) single crystal.

Figure 6. (αhν)1/2 vs. photon energy for the series
GeSx Se1−x (I2 ) single crystal.

Figure 9. (α)2 vs. photon
GeSx Se1−x (I2 ) single crystal.

Figure 7. (α)1/2 vs. photon energy for the series
GeSx Se1−x (I2 ) single crystal.

spectral variation of (αhν)1/2 vs. hν. As the curve indicates a discontinuous straight line, it is quite plausible
that it represents indirect interband transitions involving
the emission or absorption of the phonons.
In order to analyse the data from the absorption curve
on the basis of two-dimensional (2D) model, as shown
in figure 7, it is observed that the indirect transitions
in these crystals are of a forbidden type. The values
of the indirect band gap for the two-dimensional (2D)
and three-dimensional (3D) models are listed in table 6.
For the determination of the direct band gap in the case
of two-dimensional (2D) and three-dimensional (3D)

energy

for

the

series

models, the value of r was taken from table 5. The spectral variation of (αhν)2 vs. hν and (α)2 vs. hν for the
models is shown in figures 8 and 9 respectively.
The value of E g obtained from the intercept of the
straight-line portion of the curve on the hν axis for zero
absorption is shown in table 6. For finding the values
of the direct band gap corresponding to direct forbidden transition on the three-dimensional 3D model, the
value of r was taken as 3/2 from table 5. In the plot of
(αhν)2 vs. hν, the intersection of the linear portion of
these graphs with x-axis gives the value of direct band
gap E g , and it is conjectured that the transition represented by the absorption curve is direct allowed. Table 6
shows that the values of band gap increase with increasing sulphur concentration, which may attribute to the
modification of energy levels in the host material due to
sulphur inclusion [16,17].
In figure 10, the graph of E g vs. x shows the dependence of x of the direct (E g ) and indirect (E g ) band gaps
on the basis of the three-dimensional model. The change
in direct and indirect band gaps is with respect to change
in x. The increase in band gap with x, i.e. sulphurrich compounds in GeSx Se1−x are more resistive than
the sulphur deficient ones. The detailed analysis of the
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Table 6. Direct and indirect band-gap values in eV for GeSx Se1−x (I2 ) single
crystals.
2D

3D

Allowed
Samples
GeS(I2 )
GeS0.5 Se0.5 (I2 )
GeSe(I2 )

Forbidden

Direct (eV)

Indirect (eV)

Direct (eV)

Indirect (eV)

1.68
1.58
1.54

1.62
1.28
1.04

1.46
1.44
1.18

1.68
1.42
1.04

gives the value of the direct band gap which is in good
agreement with the values reported in the literature.
The indirect and direct band gaps for GeSx Se1−x (I2 )
vary smoothly with the sulphur/selenium composition of x. Results obtained here are very much useful in the fabrication of different optical and optoelectrical devices. The band-gap variation observed
for different concentrations of the constituents can be
used to enhance various properties of the devices and
alter the material properties of GeS and GeSe-like
compounds.
Figure 10. Graph showing the dependence of the direct and
indirect band gaps on x for GeSx Se1−x (I2 ) (x = 0, 0.5, 1) on
the basis of the three-dimensional model.
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absorption data on the two-dimensional model suggests
that the crystals of GeSx Se1−x are highly anisotropic.
Moreover, the three-dimensional model provides an
accurate analysis indicating the possibility of conduction along c-axis due to the presence of staking faults in
these crystals.
4. Conclusion
The single crystals of GeSx Se1−x are successfully
grown by the CVT technique using iodine as the transporting agent. The chemical purity and stoichiometric
proportion of the constituent elements in grown crystals
are confirmed by EDAX analysis. The lattice parameter values, volume and density of these samples are
determined from X-ray diffraction. An accurate analysis
of the absorption spectra of GeSx Se1−x (I2 ) compound
reveals the simultaneous presence of direct and indirect interband transitions. The data presented in table 6
clearly show that the value of the indirect band gap in the
case of the 2D model for GeSx Se1−x (I2 ) is nearly the
same as those obtained for the 3D model. It is not possible to obtain the value of the direct band gap on the basis
of the 2D model. The analysis based on the 3D model
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