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Abstract

Chalcogenide glasses have received lots of attention because of their superior optical properties. To optimize
these properties and expand areas of applications, more studies are required to establish the extent to which
the parameters can be tuned over a wide range of annealing temperatures and heating rates. To do this, bulk
and thin ~150nm As;,Tey,Ga;, films were prepared by melt-quenching and thermal evaporation techniques,
respectively. The phase transition was investigated using differential scanning calorimeter (DSC) while the
crystal structures were studied by X-ray diffraction (XRD). Characteristic temperatures such as the glass tran-
sition, crystallization and melting temperature of the bulk glass were found to depend on the heating rate. The
activation energy of glass transition was 167.29 kJ/mol while the energy of crystallization was 103.98 kJ/mol.
XRD results indicated that the annealed films showed more crystallinity, larger average crystallite size, lower
dislocation density and lower strain as annealing temperature increased. According to the Avrami exponent,
a combination of two and three-dimensional crystal growth with heterogeneous nucleation are possible mech-
anisms for the crystallization process. Moreover, optical constants such as the optical band gap, refractive
index, extinction coefficient, high-frequency dielectric constants, real and imaginary parts of dielectric con-
stants were found to strongly depend on the annealing temperature. The optical energy gap decreased from
1.1 t0 0.89 €V as the annealing temperature increased from 373 to 433 K. These results indicate that thermal
annealing is a major factor that can be used to tune the crystal structure, and hence the optical properties of
As;oTes,Gas system.
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I. Introduction electronic applications [5]. Interestingly, the structures
and consequently the optical properties of chalcogenide
materials can be tuned by thermal annealing [6].
Studies on optical properties of As-Te-Ga are limited
[5-7]. For instance, Dongol [7] reported that the addi-
tion of Ga influences the optical band gap, the glass tran-
sition and crystallization temperature of As,,Te,, , Ga,.
Similarly, Abd-Elrahman et al. [5] found that as-
prepared Te; sGa, sAs,, thin film shows an indirect al-
lowed transition with a decrease in the value of the opti-
cal energy gap as the thickness increases. Conversely,
samples annealed at temperatures beyond the crystal-
lization temperature show a direct allowed transition in
which the optical energy gap increases with annealing
temperature. In another publication, Abdel-Rahim [6]
reported that the optical gap of GagAs, Te,, thin films
increases with the annealing temperature up to 443 K.
This, however, decreases sharply for higher tempera-

Chalcogenide glasses have received lots of atten-
tion because of their potential uses in optical fibers,
infrared optical elements, optical transmission media,
reversible phase change optical records among others
[1,2]. These applications are premised on their supe-
rior optical and physical properties. Binary As-Te is
archetypical chalcogenide glass-forming system with
high crystallization ability [3]. Their properties can be
improved significantly by adding other elements. Stud-
ies have shown that the addition of Ga to As-Te alloy
is preferable for applications such as memory electri-
cal switching devices [4]. Moreover, As-Te-Ga system
can change phase from amorphous to crystalline and
vice versa making it a promising candidate for opto-
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ture. The observed change in the optical gap, as influ-
enced by the thickness and the annealing temperature
(up to 443 K) was interpreted based on the density of
states model proposed by Mott and Davis [8].

Since reports on As-Te-Ga film are limited, this pa-
per presents a more detailed experimental study on the
influence of annealing temperature on the structural and
optical parameters of As,,Te.;Ga; thin film. We con-
ducted the study over a wide range of heating and an-
nealing temperatures. In addition, the calorimetric study
was conducted on the bulk samples to examine the glass
transition and melting temperature. It should be noted
that the composition of the film was intentionally cho-
sen to lie within the glass-forming region to enable more
understanding of the optical properties for more appli-
cations.

II. Experimental

Bulk As,,Tey,Ga, glasses were prepared by the con-
ventional melt-quenching technique. High-purity As, Te
and Ga (purchased from Sigma-Aldrich) were weighed
accordingly and then inserted into a clean silica-glass
ampoule. Then, the ampoule was sealed in a vac-
uum of 1075 Torr and introduced into a furnace at
1100K for 24 h. During the melting process, the am-
poule was stirred continuously to ensure homogeneity
of the melt. Finally, As,,Te,;Ga; bulk glass was ob-
tained by quenching the ampoules in ice cold water.
As,,Te;Ga, thin films were then deposited on an ultra-
sonically cleaned glass substrate by thermal evaporation
technique using a high-vacuum (107> Torr) coating unit
(Model Edwards E306A). The film thickness (~150 nm)
was determined using a quartz crystal thickness moni-
tor.

The elemental compositions of the as-prepared bulk
and thin films were examined by energy dispersive spec-
tral X-ray spectroscopy (EDX). A Philips X-ray diffrac-
tometer type-1710 was employed to identify the crys-
talline phases in the samples. The crystallization kinet-
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ics was monitored by DSC (Model: TA - Q20). For this
purpose, ~15mg of the bulk glass sample was used.
The measurement was performed under different heat-
ing rates (8) of 5-25K/min and temperature range of
310-675K. The glass transition temperature (T), crys-
tallization extrapolated onset temperature (7), crystal-
lization peak temperature (7,) and melting temperature
(T,,) were determined in this way. The thermal anneal-
ing of As,,Te,,Ga, thin films or bulk samples was con-
ducted in a furnace under vacuum conditions at dif-
ferent temperatures for 1 h. The annealing process was
carried out for the thin film samples at 373, 393, 413,
433, 473, and 513 K. The spectral transmittance (7)
and reflectance (R) of the investigated films were mea-
sured using a computerized double beam spectropho-
tometer (Model: Shimadzu UV-2101) in the wavelength
(A) range from 300 to 2500 nm.

IT1. Results and discussion

3.1. Structural characterization

The EDX spectra of the as-prepared As,;Te.,Ga,
bulk glass and thin films are shown in Figs. 1a and 1b.
The peaks of As, Te, and Ga are clearly identified, and
the atomic percentage compositions were calculated to
be 30.38, 66.73 and 2.89, respectively. According to the
XRD spectrum (Fig. 2), the as-prepared film, just as the
bulk samples, is largely amorphous with a single peak at
20 = 72°. This is attributed to the crystallization of As
phase during preparation. Conversely, the samples an-
nealed at 433,473 and 513 K show few crystalline peaks
which correspond to the orthorhombic, monoclinic and
hexagonal crystal structure of As, As,Te,, and Ga,Te,
phases, respectively. Panish [9] reported a similar ob-
servation for other compositions of As, Te, Ga systems.
Furthermore, it is clearly noted that the number and in-
tensity of the crystalline peaks increased with anneal-
ing temperature. Based on the XRD data, we calculated
the average crystallite size (Dyy), interplanar distance
(dpu1), dislocation density (07) and strain (g) from Equa-
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Figure 1. EDX for the as-prepared As,,Teg;Ga;: a) bulk glass, and b) thin film
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Figure 2. XRD data of the as-prepared and annealed
As;,Teg;,Ga, thin films

tions (1-4), respectively [11]. The results are presented
in Table 1.
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where A is the X-ray wavelength, By, is the full-width
at half maximum, @ is the diffraction angle, 4, k, and [
are the Miller indices; a, b, and c are the lattice param-

eters and s is a factor, which equals unity for minimum
dislocation.

According to Table 1, while average crystallite size
increased with annealing temperature, the dislocation
density and strain decreased accordingly. This obser-
vation indicates improved crystallinity due to the heat
treatment which agrees with studies reported on some
other chalcogenide thin films [11-13]. Figure 3a shows
the DSC curves of As,,Tey,Ga, glass at different heat-
ing rates (from 5 to 25 K/min). Four characteristic phe-
nomena were observed at different temperature regions.
The first phenomenon is the endothermic peak corre-
sponding to the glass transition temperature (7,) while
the second one corresponds to the crystallization on-
set temperatures (7., and T,;). The third phenomenon
is the crystallization exothermic peaks (T, and T);)
while the last feature is the endothermic peak due to the
melting (7,,). The values of these characteristic temper-
atures are given in Table 2. The observed melting point,
622 + 0.5K, is in agreement with the melting point of
As,Te, phase reported elsewhere [9]. Also, the exis-
tence of Ga shifts other characteristic temperatures by
about 5K compared to the As;,Te,, system [12]. The
values of Ty, Te1, Teo, Tp1, and T increased with the
heating rate. The appearance of double crystallization
peaks at T.; and T, (Fig. 3a) has been observed for
many chalcogenide glasses, and it is attributed to the oc-
currence of phase separation [13—-16]. To confirm this,
the DSC curve for the annealed sample is presented in
Fig. 3b. The glass transition and the first crystallization
peak disappeared while the second crystallization peak
can be observed in the insert of Fig. 3b.

Different approaches have been used to analyze the
dependence of the glass transition temperature 7, on
heating rate 5. Among them is the empirical equation
suggested by Lasocka [17]:

Table 1. The observed and standard ASTM values of interplanar distances (d;), calculated average crystallite size (Dj,;),
dislocation density (o) and strain (&) for as-prepared and annealed As;,Teg;Ga; thin films

Sample Phase D . i . Dy o x _12015 ex 1073
observed [A] ASTM [A] [nm] [m™~]
As-prepared As 1.313 1.310 17.99 3.09 2.01
As,Te, 3.873 3.8745 27.78 1.29 1.3
Annealed at 433 K Ga,Te, 2.222 2.229 22.03 2.06 1.64
As,Te, 2.046 2.0491 12.45 6.45 291
As 2.046 2.0472 11.62 7.41 3.12
As,Te, 3.89 3.89 19.97 2.51 1.81
Ga,Te, 2.236 2.235 24.18 1.71 1.5
Annealed at 473K As,Te, 1.937 1.9372 21.53 2.16 1.68
Ga,Te, 1.461 1.4602 30.41 1.08 1.19
As 1.311 1.311 22.22 2.03 1.63
As,Te, 3.905 3.8996 19.66 2.59 1.84
Ga,Te, 2.244 2.2402 23.20 1.85 1.56
Annealed at 513K As,Te, 1.94 1.9402 21.47 2.17 1.69
Ga,Te, 1.462 1.4601 34.78 8.27 1.04
As 1.309 1.310 30.23 1.09 1.2
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Figure 3. DSC traces for: a) As;,Tes,Ga; bulk glass at different heating rates (5-25 K/min) and b) annealed As;,Te,Ga; bulk
glass at 473 K for 1h at heating rate 15 K/min

Table 2. The glass transition temperature (T',), the onset crystallization temperatures (T, and T,), the crystallization peak
temperatures (T),; and T ), and the melting temperature (T,,) for As;,Tes;Ga; bulk glass at different heating rates

Heating rate Peak 1 Peak 2
. T, [K T [K
Kmin) ¢ TURT 7K ok Tam ™
5 389.12 42223 43524 55423 56376 621.45
10 39324 42694 44344 563.22 573.64 621.75
15 39796 431.32 449.89 567.12 582.02 622.59
20 400.32  434.21 45496 565.89 58542 622.33
25 401.21 43499 458.92 469.32 588.32 622.44
405 167.29kJ/mol) was obtained from Eq. (7) by plotting
In g against 1/T, (Fig. 5a) [18,19]:
400 - 1 E, t ;
nﬁ—R.Tg+cons. @)
395
g Based on the first crystallization exothermic peak (7'1),
|- 390 the activation energy of crystallization E. can be ob-
tained using the Kissinger’s approach or the Johnson-
Mehl-Avrami (JMA) model [20]:
385
E,
In ﬁz = - + const. (8)
380 T . r Tpl R- Tpl
0.8 1.6 2.4 3.2
In(B) The plot of In(8/ T[%l) versus 1/T,; (Fig. 5b) yielded E.

Figure 4. Plot of T, versus Ing for As;,Teg,Ga; bulk glass

T,=A+B-Inpg 5)

where A and B are constants which depend on the glass
compositions. The relationship between T, and Inf for
As;Teg,Ga, is shown in Fig. 4 where A and B are cal-
culated to be 18.3 and 375.96 K, respectively. Equation
(5) can, therefore, be rewritten as:

To(K) =375.96 +18.31Inp3 6)

The activation energy of glass transition (E, =

of 103.98kJ/mol. Additionally, the method suggested
by Matusita et al. [21] for non-isothermal conditions can
be employed here to describe the crystal growth process
of the studied composition:

m-E,.

In[=In(1 =) =n-InB—1.052—
n[—In(l —y)] =n-Inp 05 RT

(€))

+ const.

where y is the conversion parameter, n is the Avrami ex-
ponent and m is an integer which depends on the mech-
anism of growth and crystal dimensionality. The value
of the dimensional factor m is in the range of 1-3. The
plot of In[—1In(1 — )] against 1/7 at different heating
rates (Fig. 6a) resulted to m - E. of 577.87kJ/mol from
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Figure 6. In[-In(1 — x)] against 1000/ (a) and Ing (b) at different temperatures for As;,Teg;Ga; bulk glass

where E. and m were obtained as 103.98 kJ/mol and 5.5,
respectively.

The Avrami exponent (1), which describes the crystal
growth mechanism, is deduced from Eq. (10):

)-

The value of n (= m + 1) was obtained as 4.3 for all
peaks from the plot of In[— In(1 — y)] against Ing (Fig.
6b). Since the value of n indicates that m 3, more
than one mechanism is involved in the crystallization
process [22]. A good suggestion is a combination of
two and three-dimensional crystal growth with hetero-
geneous nucleation [23].

d[In(=In(1 - )]

d(Inp) (10)

~
=~

3.2. Optical characterization

Figure 7a shows the dependence of transmittance (7°)
and reflectance (R) of As,,Tey,Ga, films on the an-
nealing temperatures. It is clearly observed that 7 de-
creased with annealing temperature until 433 K, and in-
creased thereafter. The decrease in the optical transmit-
tance as a result of the thermal annealing may be due

213

to the amorphous-crystalline transformation as observed
from the XRD data and reported elsewhere [5,12,13,23].
Conversely, reflectance increased with annealing tem-
perature at higher wavelengths. At lower wavelength,
the variation of R with the annealing temperature is not
clear.

Optical absorption

Absorption coefficient (@) is among the most rele-
vant optical parameters for selecting good semiconduc-
tors. For a given film thickness d, @ can be calculated
from the reflectance and transmittance data using Eq.
(11) [25]:

1
a=-

d

n(1—R)2+ V(A =Ry* +4-(T -R)?

-1
2T

(11)
The extinction coefficient (k) can thereafter be obtained
from Eq. (12):

a-A
- 12
ar (12)

The extinction coefficient as a function of wavelength
for As,,Te,,Ga, films at different annealing tempera-
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Figure 7. The transmittance (7') and reflectance (R) at
different wavelengths (1) for as-prepared and annealed
As;,Teg, Ga; films
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tures is shown in Fig. 8. It is observed that the value of
k increased with annealing temperature up to 433 K and
decreased thereafter. The increase in k may be attributed
to the increase in the size of crystalline particles due to
the thermal annealing effect. This is similar to the results
of other chalcogenide thin films [5,13]. The decrease in

k values for samples annealed at temperatures greater
than 433 K could be attributed to the strain reduction
(Table 1).

The band gap is obtained by analyzing the absorp-
tion data near the fundamental absorption edge. In most
amorphous semiconductors, the variation of optical ab-
sorption as a function of the photon energy close to
the fundamental absorption edge follows the exponen-
tial law. The common equation which is applied above
the absorption tails is given in Eq. (13) [26]:

@-h-v=B(h-v-E,) (13)
where B is a constant and r is an index. According
to the nature of electronic transition, r is proposed to
have values of 12, 32, 2 and 3 for allowed direct transi-
tion, forbidden direct transition, allowed indirect transi-
tion and forbidden indirect transition, respectively [27].
For our samples, the index is » = 2 indicating the oc-
currence of indirect transitions. Furthermore, a plot of
(@ - h - v)!/? against the photon energy (4 - v) is linear
(Fig. 9a), and therefore agrees with the classical theory
of band to band transition. The indirect band gaps (E7)
obtained from the intercepts of the straight lines in Fig.
9a, are summarized in Table 3. The decrease in indirect
energy gap due to the thermal annealing at temperatures
higher than T, can be explained in terms of induced
crystallization. In this case, weaker bonds are broken
because of the existence of enough vibrational energy.
Consequently, heat capacity is enhanced as more trans-
lational degrees of freedom are introduced into the sys-
tem which results in decreased optical energy gaps [28].
The increase in the optical band gap above 433 K could
be interpreted based on the Mott and Davis’ model [8].
Accordingly, unsaturated defects are gradually annealed
and density of localized states is reduced. This leads
to an increased number of structure bands and conse-
quently increases band gap [29].

Furthermore, the width of the localized states in the
bandgap is an important optical parameter because it
represents the degree of disorder in the semiconductor
thin films [30]. This parameter can be determined from
the Urbach’s empirical relation [31]:

%)
@ =@ eXp|

(14)

Table 3. Optical parameters for as-prepared and annealed As;,Teg,Ga, thin films

As-prepared 373 K

393K 413K 433K 473K

Ei [eV] 1.17

E, [eV] 0.027

E, [eV] 61.24

Eo [eV] 2.53

Eoo 83

Ao [nm] 360

so X 1013 [m™2] 29.50
N/m* x 10°7 [m~3kg™] 11.29

1.11 1.08 1.03 0.89 1.22
0.036 0.041 0.047 0.048 0.033
73.24 6034 5034 4242 45.38

2.44 2.45 2.34 2.31 242

356 420 500 479 420

369 378 397 381 433
69.45 69.84 5792 5598 9537
49.04 5584 60.06 6148 6291
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Figure 9. (¢ - h - v)? (a) and Ine (b) versus photon energy (% - v) for as-prepared and annealed As;,Te;Ga; films (the straight
lines are a linear fit of the Urbach tails)

where aq is a constant and E, is the band tail width.
The plots of Ina versus photon energy (h - v) for
As; Tey,Ga,, at different annealing temperatures, are
shown in Fig. 9b. The values of E, obtained therefrom
are listed in Table 3. The width of the localized states
increased with temperature in the range of 373-433 K
and decreased thereafter. The increase in the band tails
width indicates higher disordered films due to the in-
creased bandwidth of localized states. At annealing tem-
perature above the crystallization temperature 7, the
crystallinity of the sample increases the width of the
localized state thereby leading to an increased optical
energy gap.

For a deeper understanding of the optical properties
of As,,Teg,Ga, films, it is important to explore other
optical parameters such as the refractive index, real and
imaginary part of dielectric constant and high-frequency
dielectric constant.

Dispersion parameters

The refractive index n is deduced from the reflectance
R and the extinction coeflicient k according to the fol-

60
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50 - —=— 393 K
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404 —— 473 K

30 4
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T T
1500 2000

A (Nm)

T T
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2500

lowing relation [32]:

(n—-1>+k*

ST (13)

The values of the refractive index of As,,Te.,Ga, thin
films at different annealing temperatures are plotted
against the wavelength as shown in Fig. 10a. It is clear
that n increases with increased annealing temperature
within the range of 373-433 K and then decreases there-
after. The real component of the relative permittivity (g”)
as a function of the wavelength (1) is given by Eq. (16)
[33]: )

’ 2 e

N
= E€x . ——;12

- 16
dr-c?-gy m (16)

where & is the high-frequency dielectric constant, e the
electronic charge, ¢ the speed of light, &y the permittiv-
ity of free space and N/m" is the ratio of the carrier con-
centration N to the effective mass m*. The value of &,
was obtained from the linear plot of n*> against A% (Fig.
10b) at which A2 = 0. These values, tabulated in Table
3, indicated that high dielectric constant increased with

(t)) 400

as—prepared

[ ]
o
[
[m]
*

100 4

0 T T T T
35 40 45 50 55 60

A2 x10° (nm?)

Figure 10. (a) refractive index (n) versus wavelength (1), and (b) n* versus A for as-prepared and annealed As;,Tey;Ga; films
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Figure 11. (a) plot of n? - 1)'1 versus (h - v)'z, and (b) (n? — 1)'1 versus 172 for As;, Teg; Ga; films

annealing temperature within the range of 373-413K
and decreased thereafter. Similarly, the ratio N/m* in-
creased with annealing temperature, indicating that both
£ and N/m* could be attributed to the internal mi-
crostructure of the investigated composition.

The Wemple-DiDomenico (WDD) equation was em-
ployed to obtain the dispersion parameters of the films
based on the single-oscillator approach [34] given as:

1 Eo 1

= - B v)?
21 E, Eo B

a7

where F( and E, are the single-oscillator fitting con-
stants which measure the oscillator energy and strength
of the interband optical transitions, respectively. Fur-
thermore, Ey is considered as an average energy gap,
which scales with Tauc gap Eg, i.e. Ey = 2 X E, [35].
By plotting (n>—1)~! against (h-v)* (Fig 11a), the values
of E( and E; were obtained from the slope and intersec-
tion of the straight lines. The values presented in Table 3
indicate that, within the measurement accuracy, the rela-
tion Ey = 2 X E, [35] holds for this study. Generally, the
variation of E,; with the annealing temperature is similar
to that of E, (Table 3). This indicates that the strength
of the interband optical transition decreased with tem-
perature from 373 to 433K and increased thereafter.
The phenomenon can be attributed to the change in the
atomic diffusion within the annealed films giving more
atoms at interstitial sites.

The refractive index data were also analysed to get
the oscillator wavelength (4¢) and the average oscillator
strength (S o) using the Sellmeyer’s dispersion formula:

11 1
n—1 S§¢-2 So-2

(18)

The relation between (n> — 1)~' and A72 for the
As; Te,Ga,; film as a function of the annealing tem-
perature is shown in Fig. 11b. The calculated values of
Ao and S ¢ are summarized in Table 3. These parameters
are observed to increase with annealing temperature.

IV. Conclusions

The DSC results confirmed the glassy nature
of As,,Te,,Ga; composition prepared by the melt-
quenching method. Moreover, double crystallization
peaks were observed which indicate a phase separation
upon heating in the studied composition. The glass tran-
sition or crystallization temperatures were found to de-
pend on the heating rate. Also, the XRD spectra showed
not only the amorphous nature of the as-prepared films
but also a polycrystalline structure for the annealed
ones. The values of the indirect band gap were depen-
dent on the annealing temperature. Moreover, the dis-
persion parameters are affected by thermal annealing,
indicating the variation of the density of localized states
of the studied annealed films. This shows that thermal
annealing is a major factor that can be used to tune the
crystal structure, and hence the optical properties of the
As; Te;Ga, system.
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