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a  b  s  t  r  a  c  t

Temperature-dependent  transmission  and  room  temperature  reflection  measurements
were  carried  out  on  GaS0.5Se0.5 single  crystal  in  the  wavelength  range  of 380–1000  nm
to  investigate  its  optical  parameters.  The  analysis  of  the  temperature-dependent  absorp-
tion data  showed  that  direct  and indirect  band  gap  energies  increase  from  2.36  to  2.50  eV
and 2.27  to  2.40  eV,  respectively,  as  temperature  is  decreased  from  300  to 10  K.  The  rates
of change  of the  direct  and indirect  band gap  energies  with  temperature  was  found  around
−7.4  ×  10−4 eV/K  from  the  analysis  of  experimental  data  under  the light  of  theoretical  rela-
tion  giving  the band  gap  energy  as a  function  of  temperature.  The  absolute  zero  value
of  the band  gap  energies  were  also  found  from  the  same  analysis  as 2.50  eV (for  direct)
and  2.40  eV  (for  indirect).  Wemple-DiDomenico  single  effective  oscillator  model,  Sellmeier
oscillator  model  and  Spitzer-Fan  model  were  used  for the  room  temperature  reflection  data
to  find  optical  parameters  of  the  crystal.

© 2016  Elsevier  GmbH.  All  rights  reserved.

. Introduction

The semiconducting crystals designated with chemical formula of GaX (where X = S, Se or Te) have become interesting
ue to their attractive properties in optoelectronic applications. The members of this group, GaSe and GaS, take attention
f researchers because of their potential usage in optoelectronic devices operating in red and blue visible regions [1–3].
he studies on technological applications of these crystals showed that GaSe can be a promising material used in nonlinear
ptical applications [4], far-infrared conversion applications [5] and heterostructure devices [6] whereas GaS takes interest
or near-blue light emitting devices [7]. A recent paper on these crystals reported the results of studies on possible usage of
aSe/GaS as ultrathin layer transistors [8].

GaSe and GaS crystals have hexagonal structures with lattice parameters of a = 0.375 nm,  c = 1.595 nm (for GaSe) and
 = 0.359 nm,  c = 1.549 nm (for GaS) [9,10]. The optical characterization of GaSe single crystal showed that it has 2.117 and
.169 eV direct and indirect band gap energies, respectively, at 77 K [11] and 1.988 eV band gap energy at room temperature

12]. GaS is a wide band gap semiconductor having indirect and direct gap energies of 2.59 eV and 3.04 eV, respectively, at
oom temperature [13]. GaSe and GaS crystals form GaSxSe1−x (0 ≤ x ≤ 1) mixed crystals which were investigated in recent
tudies from the point view of structural [14] and optical [15] properties in the regions of (0 ≤ x ≤ 0.5). In the mentioned
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Fig. 1. The spectral dependence of transmission for GaS0.5Se0.5 crystal in the temperature range of 10–300 K. Inset: the spectral dependence of reflectivity
at  room temperature.

studies, the variation of lattice parameters and band gap energy with composition were reported. Previously, our research
group reported the results of ellipsometry measurements carried out on GaSxSe1−x mixed crystals in the composition range
of 0 ≤ x ≤ 1 [16]. The variation of interband transition energies with composition was revealed. The results of transmission,
piezoreflectance and ellipsometry measurements on the mixed crystals showed that band gap and interband transition
energies show nearly an increasing behavior as sulfur composition is increased in the mixed crystals.

In the compositional range (0 ≤ x ≤ 1) of mixed crystals, GaS0.5Se0.5 is the most distinctive crystal showing properties of
GaSe and GaS. Under the light of technological potentials of constituent compounds GaSe and GaS, mixed crystal GaS0.5Se0.5
can be thought as an attractive candidate in the areas of light emitting devices, optical detecting systems and fabrication of
long-pass filters. The layered structured crystal has four atomic planes with the sequence Se(S) − Ga − Ga − Se(S). Previously,
room temperature transmission and ellipsometry experiments were accomplished on the GaS0.5Se0.5 crystal to investigate
its optical properties. The direct and indirect band gap energies of the crystals were found as 2.28 eV and 2.38 eV, respec-
tively, from the analysis of room temperature transmission and reflection measurements [17]. The results of ellipsometry
experiments performed in the 1.2–6.0 eV spectral region to reveal the interband transition energies showed that there
exist five transition with energies ranging from 3.87 to 5.34 eV [17]. The aim of the present work is to expand the optical
characterization studies on GaS0.5Se0.5 crystal by performing temperature-dependent transmission measurements in the
10–300 K range. Absolute zero value of the band gap energy, the rate of change in the band gap energy and Debye tempera-
ture were obtained from the analysis of dependence of band gap energies on temperature. Moreover, Wemple-DiDomenico
single effective oscillator model, Sellmeier oscillator model and Spitzer-Fan model were applied to the room temperature
reflection experimental data to find optical parameters of the crystal.

2. Experimental details

GaS0.5Se0.5 polycrystals were synthesized from high-purity elements (at least 99.999%) prepared in stoichiometric pro-
portions. Single crystals of GaS0.5Se0.5 were grown by the Bridgman method in evacuated (10−5 Torr) silica tubes (10 mm in
diameter and about 25 cm in length) with a tip at the bottom in our crystal growth laboratory. The ampoule was moved in
a vertical furnace through a thermal gradient of 30 ◦C/cm, between the temperatures 1000 and 650 ◦C at a rate of 0.5 mm/h.
The samples were prepared by easy cleavage an ingot parallel to the crystal layer (perpendicular to the c-axis). The chemical
composition of the crystals, Ga:S:Se, was found from the energy dispersive spectroscopy measurements as 49.8:24.8:25.4
[17]. Transmission and reflection measurements were carried out in the 380–1000 nm spectral range using Shimadzu UV
1201 model spectrophotometer with resolution of 5 nm,  which consisted of a 20 W halogen lamp, a holographic grating
and a silicon photodiode. Transmission measurements were performed under normal incidence of light with a polarization
direction along the (001) plane. This plane is perpendicular to the c-axis of the crystal. For the reflection experiments, a
specular reflectance measurement attachment with a 5◦ incident angle was  used. Temperature-dependent transmission
measurements were performed in the 10–300 K range using Advanced Research Systems, Model CSW-202 closed cycle
helium cryostat to cool the sample. Accuracy of the cooling system was  0.5 K. Reflection experiments were only done at
room temperature since technical reasons related to usage of cryostat did not allow us to perform the measurements at low
temperatures.
3. Results and discussion

Fig. 1 shows the temperature dependence of transmittance (T) spectra of GaS0.5Se0.5 single crystals in the wavelength (�)
range of 480–1000 nm and temperature range of 10–300 K. Room temperature reflectance (R) spectra were obtained using
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Fig. 2. The dependence of d(ln(�hv))/d(hv) on photon energy for GaS0.5Se0.5 crystal in the temperature range of 10–300 K.

s
c

p
r
a

w
a
b

b
t
(
a
g
1

Fig. 3. The direct (stars) and indirect (circles) band gap energies as a function of temperature. The solid lines are fitted lines.

amples with natural cleavage planes and thickness (d) such that �d > > 1 (inset of Fig. 1) where � symbolize absorption
oefficient calculated using the expression [18]

 ̨ = 1
d

ln

{
(1 − R)2

2T
+

[
(1 − R)4

4T2
+ R2

]1/2
}
. (1)

Thickness of the used sample for temperature-dependent transmission experiments was measured as 80 �m.  It was not
ossible to perform temperature-dependent reflection experiments in our cryostat system. Therefore, a room temperature
eflectivity spectrum was  uniformly shifted in energy according to the blue shift of the absorption edge for calculation of
bsorption coefficient at low temperatures. Dependence of � on photon energy (h�) is given as [18]

(˛hv) = A(hv − Eg)p (2)

here A is a constant depending on transition probability, Eg is the band gap energy and p is an index which is equal to 2
nd 1/2 for indirect and direct transitions, respectively. Absorption coefficient and photon energy given by Eq. (2) can also
e related with each other as [19]

d ln(˛hv)
d(hv)

= p

hv − Eg
. (3)

This equation points out that d(ln(�hv))/d(hv)  vs. (hv) plot exhibits a peak at energy having its maximum intensity at
and gap energy value. Fig. 2 presents the related plots at used temperatures for experiments. As can be seen from the figure,
here exist two peaks at each temperature. The behavior of the transition for observed peaks was  revealed from the slope
p) of ln(�hv)  versus ln(hv − Eg) graphs which indicated the presence of indirect transitions for peaks at lower energy (p ≈ 2)
nd direct transitions for peaks at higher energy (p ≈ 0.5). Results of analyses showed that direct (Egd) and indirect (Egi) band
ap energies increases from 2.36 to 2.50 eV and 2.27 eV to 2.40 eV, respectively, as temperature is decreased from 300 to

0 K (see Fig. 3). Temperature dependence of the band gap energies was  analyzed using the expression [18]

Eg(T) = Eg(0) + �T2

T + ˇ
. (4)
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Fig. 4. The variation of refractive index as a function of wavelength at room temperature. Inset: the plot of (n2 − 1)−1 vs. (h�)2 in the h� < Eg range. Stars
are  experimental data and solid line represents the linear fit.

where Eg (0) is absolute zero value of band gap, � is rate of change of the band gap with temperature and � is Debye
temperature. Fig. 3 shows the fit (solid lines) of experimental data (open circles and stars) accomplished using Eq. (4). The
fitting process resulted with Egi (0) = 2.40 eV and Egd (0) = 2.50 eV and � is found around − 7.4 × 10−4 eV/K for both transitions.

Fig. 4 shows the spectral dependence of room temperature refractive index obtained using the expression [18]

n = 1 + R

1 − R
+

[
4R

(1 − R2)
−

(
˛�

4�

)2
]1/2

. (5)

It will be worthwhile to compare refractive index of GaS0.5Se0.5 single crystals with those of GaSe and GaS. According to
Ref. [20], the refractive indices of GaSe and GaS in the 800–1000 nm spectral region which is the common range of present
and referenced works vary in the 2.81–2.86 and 2.63–2.66 range, respectively. Refractive index values of GaSxSe1−x mixed
crystals were given in the same work as

n2(GaSxSe1−x) = xn2 (GaS ) + (1 − x)n2 (GaSe ) (6)

Refractive index of GaS0.5Se0.5 single crystals changes between 2.72 and 2.76 according to Eq. (6). The spectra shown in
Fig. 4 give refractive index between 2.74 and 2.77 values which are in good agreement with reported values. The spectral
dependence of refractive index in the below band gap energy region was  analyzed using single effective oscillator model
suggested by Wemple and DiDomenico and Sellmeier oscillator model. Refractive index is related to photon energy hv in
the single oscillator model by [21]

n2(h�) = 1 + EsoEd

E2
so − (hv)2

(7)

where Eso and Ed represent the single oscillator energy and dispersion energy, respectively, which can be obtained from
(n2 − 1)−1 vs. (hv)2 plot as shown in the inset of Fig. 4. Using the slope of linear fit (solid line) and intersection point of
fitted line with vertical axis, the oscillator parameters were found as Eso = 6.4 eV and Ed = 40.1 eV. Using these oscillator
parameters and hv = 0 value in Eq. (7), zero-frequency refractive index (n0) and dielectric constant (ε0) were found as n0 = 2.7
and ε0 = n0

2 = 7.29. In the Sellmeier oscillator model, refractive index is related to oscillator strength (Sso) and wavelength
(�so) by expression [22]

(n2 − 1)
−1 = 1

Sso� 2
so

− 1
Sso�2

. (8)

Sso and �so values of GaS0.5Se0.5 single crystals were found from the (n2 − 1)−1 vs. �−2 curve as 1.67 × 1014 m−2 and
1.94 × 10−7 m,  respectively.

The wavelength dependence of real component (ε1) of dielectric function was  plotted using refractive index and extinction
coefficient (see Fig. 5) and analyzed using Spitzer-Fan model in which ε1 is defined as [18]

ε1 = n2 − k2 = ε∞ −
[
e2

� c2

] (
N

m∗
)
�2 (9)
where ε∞ is the high-frequency dielectric constant in the absence of any contribution from free carriers, N is the carrier
concentration, m*  is the effective mass, c is the speed of light and e is the electronic charge. Inset of Fig. 5 presents the linear
fit (solid line) of experimental data (stars). ε∞ and N/m* were obtained from the intersection of fitted line with ε1-axis and
slope of the linear fit, respectively, as ε∞ = 7.9 and N/m* = 4.7 × 1047 g−1 cm−3.
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ig. 5. The wavelength dependence of real component of dielectric function at room temperature. Inset: plot of ε1 vs. �2 in the h� < Eg range. Stars are
xperimental data and solid line shows the linear fit.

. Conclusion

Optical parameters of GaS0.5Se0.5 single crystals were found from the analyses of temperature-dependent transmission
nd room temperature reflection experiments using different theoretical models. The analyses of temperature dependent
bsorption coefficient in the 10–300 K region revealed the presence of both of direct and indirect transitions. Direct and
ndirect band gap energies were found as increasing from 2.36 to 2.50 eV and 2.27 eV to 2.40 eV, respectively, as temperature
s decreased from 300 to 10 K. Fitting process of the temperature dependence of band gap energy under the light of theoretical

odel resulted with absolute zero value of the indirect and direct band gap energies as 2.40 and 2.50 eV, respectively. Spectral
ependence of refractive index was investigated in the energy region of h� < Eg using single effective oscillator model and
ellmeier oscillator model. Moreover, the real component of the dielectric function was analyzed using Spitzer-Fan model.
he single oscillator energy, dispersion energy, oscillator strength, oscillator wavelength, high-frequency dielectric constant
nd ratio of carrier concentration to the effective mass were reported in this study.
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