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GaTe thin films were deposited by thermal evaporation technique.
The effect of annealing on the structure and optical properties was
studied. X-ray diffraction of the as deposited films indicated that the films
have a polycrystalline nature. Annealing at 473 K for 2 hours enhanced
the crystallization and changed the preferential orientation from (121)

plane for as deposited films to (110) plane for annealed films. Study of
the optical band gap showed that; these films have direct band gap of
1.53 eV. Annealing increased the band gap to 1.62 eV. The effect of
annealing on the optical parameters such as refractive index, extinction
coefficient, dispersion energy parameters, and dielectric constants were
investigated.

1. Introduction

The family of I1I-VI binary chalcogenide semiconductors has been
extensively studied for decades because of their promising properties and
technological applications. Among them, gallium monotelluride (GaTe) is of
special interest which has a great potential use in Schottky device [1], as a
window material for solar cells [2], radiation detectors [3-5], optoelectronic
devices [6-8] as well as high performance high field effect transistor and
phototransistor based on back-gated multilayer GaTe nanosheets [9].

GaTe is a layered semiconductor of less-studied I11-VI semiconductors
because of the complexity of the unit cell [10]. Several authors have studied the
structure properties [11,12], electrical properties [13-15], and optical properties
[10,16-22] of GaTe single crystals. There is discrepancy for the transition type
as well as the value of the optical band gap. Ylksek et al. studied the nonlinear
absorption properties of GaTe single crystal and reported an indirect band gap
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of 1.6 eV [16]. Abed Rahman et al. studied the optical properties of GaTe
single crystal at different temperatures [17]. They showed that the indirect
forbidden energy gaps, at room temperature, were found to be 1.55 eV and 1.57
eV for three and two-dimensional models, respectively. Pellicer-Porres et al.
studied the pressure dependence of the absorption coefficient of GaTe single
crystals [18]. They reported that the absorption edge up to pressure of 6.1 GPa
could be accounted for the superposition and interaction of a direct and an
indirect band gap. The pressure shift of the direct gap was strongly nonlinear
and exhibiting a minimum at pressure around 2.9 GPa. The band gap at
atmospheric pressure was 1.68+0.004 eV. However, Zubiaga et al studied the
emission spectra of GaTe single crystal using photoluminescence (PL), PL
excitation and selective PL, the energy gap over 10-200 K was determined. The
energy gap at 10 K was 1.796+0.001 eV [10]. The extrapolated band gap at 300
K was 1.641+0.001 eV. Cui et al. studied the deep-level transient spectroscopy
(DLTS) and low temperature PL of GaTe single crystal and reported the band
gap as 1.794 eV at 9 K [7]. Several authors reported GaTe single crystal to have
direct band gap [19-22]. Cinai et al. reported that GaTe thin films grown on
ITO substrate have direct band gap as 1.67 eV [1]. However, due to that
discrepancy as well as there is no detailed information on the optical properties
of GaTe in thin film form, as far as we know. Therefore, the aim of the present
work is to investigate the optical properties as well as the effect of annealing on
refractive index, extinction coefficient, dispersion energy parameters, and
dielectric constants of GaTe thin films, which are essential to the understanding
of the material and consequently their applications.

2. Experimental
2.1. Thin film deposition and characterization

Thin films of different thicknesses of GaTe (99.999 % Sigma, Aldrich)
were thermally evaporated onto optically flat well-cleaned glass and quartz
substrates from molybdenum boat using a high vacuum evaporation unit
(Edward, E 306A). The vacuum pressure was maintained at about 1.3x10™* Pa.
The substrates fixed onto a rotatable holder to obtain homogenous films. The
film thickness was monitored using a quartz thickness monitor (Edwards,
FTM4) and finally checked by a multiple beam Fizeau method [23]. Samples
with different thicknesses (33.6 nm-137 nm) were deposited under the same
evaporation conditions.

The chemical composition of the deposited films was checked by
analyzing the energy dispersion X-ray (EDX) spectroscopy data obtained using
a scanning electron microscope (JEOL 5400). The experimental error in the
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composition change was within the range of + 2%, indicated that the films were
nearly as expected composition. Thin films were annealed at 473 K for 2
hours in a vacuum of ~ 10~* Pa and the temperature was monitored with Keithly
multimeter (model 196) using Copper constantan thermocouple in contact with
the sample. X-ray diffractometer (Phillips X'Pert) having CuK, radiation
operating at 40 kV and 30 mA was used to investigate the films.

The optical transmittance and reflectance of GaTe thin films of different
thicknesses (33.6 to 137 nm) deposited on optically flat quartz substrates were
measured, at room temperature, at normal incidence. Double beam
spectrophotometer [JASCO Corp., V-570, and Rev.1.00.] was used in the
wavelength range of 400 to 2500 nm. The obtained data from the
spectrophotometer was transformed to their absolute values by eliminating the
absorbance and reflectance of the quartz substrate. Therefore, the absolute
values of T and R are given by [24]:

r=|%a-ry M

where I¢;, I are the intensities of light passing through the film-quartz system
and reference quartz substrate, respectively and Rgis the reflectance of the
guartz substrate, and

R= [‘;f:] R, (1+[1—R.]%) — T?R, @)

where I, I, are the intensities of light reflected from the sample and the
reference mirror, and R, is the mirror reflectance. The experimental errors of

the calculated values of n and k were found to be with accuracy better than +
4%. Taken into account, the accuracy in measuring the film thickness, T and R
were +2% and 1%, respectively. The experimental values of transmittance,
reflectance (Teyp and Rey) and film thickness (d) were used to calculate the
refractive index, n, and extinction coefficient, k. In this work, a computer
program is designed, as reported earlier [25-27], comprising a modified bi-
variance search technique, based on minimizing (AR’ and (AT)?
simultaneously, such that:

(AT)? = |Tins) — Toxs )
(AR = |Rini) = Renp (4)

where T, and Ry are the calculated values of T and R by using Murmann's
exact formulas [28,29].
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3. Results and Discussions
3.1. Structure

Figure (1) shows the X-ray diffraction (XRD) patterns of as deposited
GaTe thin films and that annealed at 473 K for 2 hours. The figure confirms the
polycrystalline nature of the films. The indexing of XRD pattern shows that
there is a reasonably good agreement between observed d-values and the
published data [30]. XRD results suggest that GaTe thin films were monoclinic
with a=17.404 A, b=4.077 A, ¢=10.456 A and y =104.77°. Monoclinic structure
for GaTe single crystal was reported earlier [3]. These patterns show that
annealing enhanced the crystallinity of the films and leads to the appearance of
additional XRD diffraction peaks. Annealing changed the preferential
orientation. The strongest diffraction peak of the films is changed from (121)

plane for as deposited film to the (110) plane after annealing.
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Fig. (1): X-ray diffraction pattern for as deposited GaTe thin films of thickness 51 nm
and for film annealed at 473 k for 2 hours.

The crystallite size (D) of the as deposited and annealed GaTe thin films
are calculated from XRD broadening of the planes (110), (121), (620), (630)

and (252) using Scherrer's equation [31].
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where 4 is the X-ray wavelength, w is the peak width of the peak at half
maximum intensity and & is the diffraction angle. The calculated crystallite
sizes are shown in Table 1. It is clear that the crystallite size of the plane (121)
is reduced due to annealing. While, there are more intensive diffraction peaks
were observed which have higher values of the crystallite size. These confirm
that the crystallinity is improved upon annealing. It indicates that annealing of
GaTe films leads to grain growth in the films. Zubiaga et al. was studied the PL
emission of as grown and annealed GaTe single crystal, at 473 K for one hour,
and reported that the crystallinity is improved with annealing [32].

Table (1): The crystallite size for different XRD planes for as deposited and
annealed GaTe thin films

. N (110) (121) (620) | (630) | (252)
Film condition nm am nm nm am
As deposited films - 35.22 - - -
Annealed films 47.54 28.78 42.55 38.10 65.82

3.2. Optical Properties
3.2.1. Spectral distribution of transmittance and reflectance

The spectral distribution of the transmittance T (1) and reflectance R (A)
of as deposited and annealed GaTe thin films, of different thicknesses (33.6,
51.5, 80.5 and 137 nm) are shown in Fig. (2) a and b, respectively. It is clear
from the figure that the films have low relatively transmission in both visible
(A = 400 to 800 nm) and near infrared region (NIR) (A= 1800 to 2500 nm).
Comparing the transmission, we noted that the transmission of annealed films is
higher than that of as deposited films of the same thickness. This may be due to
annealing effect, which enhanced the crystallinity of the films as indicated (Fig.
1- XRD).

3.2.2. Determination of optical constants

The absolute values of the transmittance, T and reflectance, R were used
to calculate the refractive index, n and extinction coefficient, k. It was found
that n and k were independent of the film thickness in the investigated
wavelength range of 400-2500 nm. The refractive index, n (1), for as deposited
and annealed films are shown in Fig. (3). It is concluded that GaTe thin films
had an anomalous dispersion in shorter wavelength range (A<1000 nm) while,
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normal dispersion in the wavelength range (A>1100 nm). It is clear that, the
refractive index increased by annealing. The refractive index increased to
higher values at the same wavelength. Annealing caused a red shift for the
dispersion curve of the refractive index.
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Fig. (2): The spectral distribution of transmittance (T) and reflectance (R) for GaTe thin

films of different thicknesses (a) for as deposited films and (b) annealed films
at 473 k for 2 hours.
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Fig. (3): The dependence of the refractive index (n) for as deposited and annealed GaTe
thin films.

The spectral dependences of refractive index, n (hv) for as deposited and
annealed GaTe thin films are shown in Fig. (4). One can observe that the
refractive index, n exhibits a strong dispersion due to the onset of inter-band
transitions and n reaches a maximum value of n = 6.327 at energy 2.067 eV and
of n = 6.022 at energy 1.797 eV for as deposited and annealed films,
respectively. The energy of the maximum value of n (2.067 eV) agreed with the
single oscillator energy, as it will be explain in the next section.
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3.2.3. Absorption and extinction coefficient

The absorption coefficient, a, could be obtained according to the relation

a = 4mk/2. (6)

where 1 is the wavelength. The calculated absorption coefficient, a, versus
photon energy (hv) is depicted in Fig. (5) for as deposited and annealed films.
One can observe that o, increases with increasing photon energy. It was

observed that the absorption edge shifted to higher energy with annealing. This
may be due to the enhancement of the crystallinity.
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Fig. (4): The dependence of the refractive index (n) on the photon energy (hv) for as
deposited and annealed GaTe thin films.
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Fig. (5): The dependence of the absorption coefficient (&) versus the photon energy (hv)
for as deposited and annealed GaTe thin films.
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The absorption coefficient can be used to determine the optical band gap

Eft according to the relation:

ahv=A (hv-EJ7" (7)

where A is a constant, hv is the photon energy and the exponent, m=1/2 for
allowed direct and m=2 for allowed indirect transitions. The dependence of
(ahv)"™and photon energy (hv) were studied for different values of exponent m
and the best fit was obtained for m=1/2. This indicates that GaTe thin films
have allowed direct transition. The direct optical band gap was determined by
extrapolating the linear portions of the curves (a/1)?to zero absorption with the
photon energy axis. Fig. (6) show the plot of (a/1)? versus photon energy for as
deposited and annealed GaTe thin films at 473 K for 2 hours. The figure
confirms that GaTe thin film have direct band gap as reported earlier for GaTe
single crystal [19-22] and confirms the direct band gap reported for GaTe thin
film on ITO substrate as 1.67 eV [1].

It is clear from the figure that the direct band gap for as deposited GaTe
films was 1.53 eV and it increased to 1.62 eV after annealing. The difference
between the obtained results and the reported data may be due to the different
preparation conditions.
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Fig. (6): The dependence of (ahv)® versus the photon energy for as deposited and
annealed films.
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3.2.4. The Dispersion Energy Parameters

The dispersion refractive energy can be analyzed using the single
oscillator model proposed by Wemple and Didomenico, (WDD) [33,34]:

-

Eq Eg
ni—1= o=d

EZ— (r)?

(8)

where E, and Eq4 are the energy of the effective dispersion oscillator and the
dispersion energy, respectively. This is the measure of the average strength of
interband optical transitions. Fig. (7) illustrates the graph of (n?-1)™ versus
(hv)? for as deposited and annealed GaTe thin films, which yields straight lines
having the slope (E.Eq)" and the intercept is Eo/Eq. By extrapolating the linear
part of WDD optical dispersion relationship towards the infrared spectral
region (hv = 0), the refractive index n,, could be defined by the infinite
wavelength dielectric constant ¢, and the deduced values are indicated in table
2. The obtained values of the parameters E, and Eg4 are given in Table 2.
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Fig. (7): The dependence of (n>-1)™ on the square photon energy (hv)? for as deposited
and annealed GaTe thin films.

Table (2): The parameters of E,, Eg, €. € and N/m*for as deposited and
annealed GaTe thin films.

E Eq N/m*

. . o
Film condition (&V) (&V) € €L Kg-lm—3

As deposited films | 2.059 19.345 | 10.393 | 13.352 6.909x10%°

Annealed films 2.388 28.528 | 12.947 | 16.778 1.203x10%
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3.2.5. Determination of the High Frequency Dielectric Constant
The high frequency lattice dielectric constant, &, can be obtained using
the relation [35]:

=g -BX 9)
where g is the lattice dielectric constant, A is the wavelength and B is given by
a?N
(4?75:'*"55 m"‘)
concentration, c is the speed of light, &, is the permittivity of free space, and m*

is the electron effective mass.

where e is the electronic charge, N is the free charge-carrier

Figure (8) shows the dependence of n? versus A2. Extrapolating the linear
part to zero wavelengths gives the value of &. The ratio N/m* can be calculated
from the slopes of these lines. Table 2 shows the values of g and N/m* for the
investigated films. The difference between the values of ¢, and g, may be due
to free carrier contribution. Table 2 shows an increase in the optical parameters
after annealing. This may be due to enhancement of crystallinty and the change
of the preferred orientation.
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Fig. (8): The dependence of n* on the square wavelength (1) for as deposited and
annealed GaTe thin films.
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3.2.6. Determination of the Complex Dielectric Constant near the
Absorption Edge

The real and imaginary parts of the dielectric constant €; and €, of GaTe
thin films (in the absorption region) were determined by the following relations
[36]:

P - Ezal'u'- n2
g =n*—k*=g— (m) A (10)

and £, =2nk (1)

Values of g; and £, can be calculated as it is directly related to the
density of states within the forbidden gap [36]. Variation of g; and =, versus hv
are shown in Fig. (9) for as deposited and annealed GaTe thin films. It is clear
that =, is higher than =; at same energy. Fig. 9 (a, b) shows that with increasing
photon energy, =, and &, increases. There is a maximum in g and
corresponding a minimum of £, at photon energies of 1.55 eV, and 1.78 eV,
respectively. These may be an indication of the direct band gaps for as
deposited and annealed films, respectively. The values of 1.55 eV and 1.78 eV
were in agreement with that obtained from the absorption curves.
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Fig. (9): Plots of €; and €, as a function of hv for (a) as deposited and (b) annealed
GaTe thin films.

4. Conclusion

GaTe thin films were deposited by thermal evaporation technique in the
thickness range 33.6 nm to 137 nm. X-ray diffraction analysis of as deposited
and annealed films showed that these films were polycrystalline nature.
Annealing enhanced the crystallinity of the films leading to grain growth and
change the preferential orientation from (121) plane to (110) plane. The optical
constants n and k of the GaTe thin films have been determined in the
wavelength range 400-2500 nm using Murmann'’s exact formulas. Both n and k
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were practically independent of the film thickness in the investigated range.
Analysis of the absorption coefficient indicated that the direct band gap for as
deposited GaTe films were 1.53 eV and it increased to 1.62 eV after annealing.
Analysis of the refractive index yields the ratio of the free charge carrier
concentration to the effective mass (N/m*=6.909x10°° Kg'm?), a high
frequency dielectric constant (£,=10.393), the dispersion energy (E;=2.059 eV)
and the high frequency lattice dielectric constant (g,=13.352). The difference
between &, and ¢ may be due to free carrier contributionn. Annealing
increased these parameters due to enhancement of crystallinity and the change
of the preferred orientation. The values of the real and imaginary parts of the
dielectric constant increased with photon energy and confirmed the obtained
value of the direct band gap.
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