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Chalcogenide glasses have attracted much attention largely due to their interesting physical and chemical properties.
Though few published articles exist on the As-Te system, little is known about the optical properties of eutectic or near eu-
tectic composition of As-Te system upon heat treatment. Therefore, this paper reports the effects of annealing temperature on
the structural and optical parameters of As3gTeyq thin films. The bulk and thin films of 150 nm thick As3gTeyq chalcogenide
glasses were prepared by melt-quenching and thermal evaporation techniques, respectively. The glass transition and crystalliza-
tion reactions of the bulk samples were investigated using differential scanning calorimetry (DSC). The influence of annealing
temperature on the transformation of the crystal structure was studied by X-ray diffraction (XRD), while the surface mor-
phology of the annealed samples was examined using scanning electron microscope (SEM). The optical band gap, refractive
index and extinction coefficient were also calculated. The DSC scans showed that the melting temperature remains constant
at 636.56 K. In addition, other characteristic temperatures such as the glass transition temperature, the onset crystallization
temperature, and the crystallization peak temperature increase with increasing the heating rate. The crystalline phases for the
as-prepared and annealed films consist of orthorhombic As, hexagonal Te, and monoclinic As;Tes phases. Furthermore, the
average crystallite size, strain, and dislocation density depend on the annealing temperature. The optical absorption results
revealed that the investigated films have a direct transition, and their optical energy gap decreases from 1.82 eV to 1.49 eV as
the annealing temperature increases up to 433 K. However, the refractive index, extinction coefficient, dielectric constant and
the ratio of free carrier concentration to its effective mass, increase with increasing the annealing temperature.
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1. Introduction Among V-VI glasses is the As-Te system,
which exhibits a continuous transformation from a
semiconductor to a metallic state when heated [3,
4]. This eutectic binary system belongs to the

archetypical chalcogenide glass-forming system

Chalcogenide glasses have attracted much in-
terest in both fundamental research and techno-
logical applications. Their interesting physical and

chemical properties have been explored for numer-
ous applications such as switching elements, in-
frared optical elements, optical fibers, optical trans-
mission media, phase-change optical disks as well
as in the fields of xerography and novel mem-
ory devices [1, 2]. Similar to most thin films, the
properties and subsequent applications of these
glasses depend largely on the preparation history
and heat treatment. For example, the memory-type
and threshold-type switching are obtained on the
basis of different rates of crystallization.
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which is characterized by high crystallization abil-
ity. In addition, its semicoductor-metal transition
occurs at a relatively low temperature just above
the melting point [4]. The bulk As-Te chalco-
genide glass exhibits a random covalent network
without any preferred bonding. It can be obtained
by melt-quench technique over a wide range of
compositions (20 at.% to 60 at.% of As) [5]. On
the other hand, As-Te thin films can be prepared
by different methods such as sputtering, thermal
evaporation, wet chemistry techniques [6]. Of these
methods, thermal evaporation is commonly used
due to its simplicity, low cost, reproducibility, and
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scalability. Moreover, such films are highly uni-
form and adhere strongly to the substrates.

The As-Te glasses have been studied for vari-
ous applications based on their promising proper-
ties [1-6]. The effect of thermal annealing on the
optical properties of chalcogenide glasses has been
studied and interpreted according to the density of
states model in amorphous materials proposed by
Mott et al. [7]. In addition to the structural and ther-
mal studies [8—16], Cornet et al. [15, 16] explored
also the effect of structure and glass-forming ability
of As-Te on its physical properties. They found that
As-rich glasses have stronger covalent bonds while
Te-rich glass shows the presence of threefold coor-
dinated Te sites which enhances its metallic charac-
ter and weakens the difference between crystalline
and glass states. Recently, different studies on the
binary As-Te glasses as well as As-Te incorporated
with other elements have been reported [17-22].

Although few articles have been published on
As-Te system [1-22], little is known about the op-
tical properties of eutectic composition (73 at.% of
Te) or near eutectic of As-Te film upon heat treat-
ment. Therefore, this paper reports the effects of
annealing temperature on the structural and opti-
cal parameters of As3pTezo thin films. The struc-
ture and phase changes have been correlated with
the optical properties such as dispersion and opti-
cal constants.

2. Materials and methods

As3pTe;g chalcogenide glasses were prepared
by melt-quench technique. As and Te, of 99.99 %
purity were purchased from Aldrich Chem., Co.
(USA), and weighted according to their atomic
percentage. They were then placed in silica-
glass ampoules and sealed under a vacuum of
1.33 x 1073 Pa. The sealed ampoules were heated
gradually in a furnace to 1100 K and then held
at that temperature for 24 h. The melt was
continuously stirred to ensure the two elements
mixed homogeneously. Thereafter, the ampoules
were quenched in ice-cold water. The thermal
behavior of the as-prepared powdered AszpTezo
sample was investigated using a Differential

Scanning Calorimeter (TA-Q20) under a nitrogen
atmosphere at different heating rates (from 5 K/min
to 25 K/min). The errors of the determined charac-
teristic temperatures were about +1 K.

As3pTeyo thin films were deposited by thermal
evaporation under a vacuum of 1.33 x 1072 Pa
using E-306 coating system on ultrasonically
cleaned glass substrates. The thicknesses of the
as-deposited films were adjusted to be almost the
same (150 nm #2 %). The thin films were an-
nealed for 1 h under a constant flow rate of ni-
trogen gas at various temperatures (373 K, 393 K,
433 K, 473 K and 513 K). The crystalline phases
of the as-deposited and annealed films were exam-
ined using X-ray diffractometer (Philips PW 1710)
with CuK« radiation of 1.5418 A wavelength. The
microstructure of the annealed samples was ob-
served with JOEL-JSM-5400LV scanning electron
microscope (SEM). The optical transmittance (T)
and reflectance (R) of both as-deposited and an-
nealed films were measured at room temperature
(RT) using a double-beam computer-controlled
spectrophotometer (SHIMADZU UV-2101) in the
wavelength range of 200 nm to 2500 nm.

3. Results and discussion

3.1. Structural analysis of the thin films

The differential scanning calorimetric (DSC)
curves (Fig. 1) indicate that AssgTejo bulk ex-
hibits an endothermic glass transition, two dis-
tinct exothermic crystallization reactions, and an
endothermic melting peak for all the heating rates
considered. With increasing the heating rate, the
glass transition temperature (T,), the onset crystal-
lization temperatures (T¢; and T,;) and the crystal-
lization peak temperatures (Tp; and Tpy) shifted to
a higher temperature while the melting temperature
reminded independent of the heating rate.

The endothermic peak observed at 620 K is
related to the transformation of the two solid
phases (AspTes + Te) to a solid and a liquid
phase (As,Tes + liquid) [23]. The values of these
temperatures at different heating rates are pre-
sented in Table 1. The value of Ty can also
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Table 1. Glass transition temperature (T,), onset crystallization temperatures (T¢; and T2 ), crystallization peak
temperatures (Tp; and sz), and melting temperature (Ty,) for As3oTe7g bulk glass produced at different

heating rates.

Heating rate [K/min] Tg[K] T¢[K] Ty [K] Te[K] Tp[K] Ty [K]
5 38495 413.66 424.04 531.04 544.07
10 389.24 421.08 430.98 530.07 550.98
15 391.32 42224 43502 537.45 55546 636.56
20 390541 423.12  438.25 536.43  557.89
25 397.16 425.45 441.41 536.27 560.79
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Fig. 1. DSC traces for the As3gTeso bulk glasses at dif-
ferent heating rates.

be calculated based on coordination number (CN),
using the Tanaka formula (equation 1):

Ty (K) m ! 0<CN>F23 - 1 << ON ><2.7 (1)

For As3oTeyg, (CN) = 2.3, the value of T, calcu-
lated from equation 1 is 395.4 K, which is close
to the average value obtained from DSC curves
(391.6 K).

From the XRD spectra of the as-prepared films
(Fig. 2), the single crystalline peak which is ob-
served at 20 = 72.12° is attributed to the nucleation
and crystallization of As phase during the sam-
ple preparation. For the annealed samples, how-
ever, XRD spectra show that As, Te, and As,Tes
phases, having orthorhombic, hexagonal and
monoclinic crystal structure, respectively, coex-
ist. The polycrystalline structure of the annealed

Fig. 2. XRD patterns of the as-prepared and annealed
As3oTeqq thin films.

samples is in agreement with the calculated phase
diagram of the AssgTe; system, which largely de-
pends on the annealing temperature.

The average crystallite size Dy of the formed
phases, the dislocation density & and the strain p of
the studied films were calculated according to the
following equations [24, 25], respectively:

KA
Dy = Bua c0s(0) @)
5= ”5> 3
<th1 4
A 1
k= <th1cos(9)_ﬁhkl> tan(0) @

where K is the Scherrer constant (generally taken
as one) which is related to the particle shape, 0 is
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the Bragg angle, A is the wavelength of X-ray, Bn
is the full width at half maximum (FWHM) peak
intensity and n; is a factor of unit value at minimum
dislocation density.

The errors in the estimated values are less than
3 %. It is evident from Table 2 that Dy of As,
Te and As;Tes phases slightly increased with the
annealing temperature, indicating a considerable
increase in the volume fraction of the crystalline
phases. This confirms that the thermal annealing
improves the crystallinity of the investigated thin
films. As a single peak is obtained for As phase in
both as-prepared and annealed samples, the ratio
of the peaks intensity of As;Tes and Te phases is
about 3:1 which is similar to that obtained from the
phase diagram of As-Te system [23]. Conversely,
the dislocation density 0 and the strain p decreased
with the annealing temperature (Table 2). This in-
dicates an inverse relationship between them and
the crystallite size.

Based on the SEM images of the samples shown
in Fig. 3a, a polycrystalline structure consisting of
different phases embedded in an amorphous ma-
trix is observed. The particle size and the fraction
of the transformed crystalline phase increased with
the annealing temperature (Fig. 3b). On the other
hand, very fine rod-like structure homogeneously
distributed in the matrix is observed in Fig. 3c. The
appearance of such fine rod-like structure could
be attributed to the Te-rich eutectic phase. Some
of these crystallized particles are interconnected,
while few others are isolated.

3.2. Optical analysis

3.2.1.

The spectral distribution of transmittance T(A)
and reflectance R(A) of the as-prepared and an-
nealed films of AszgTeyo are shown in Fig. 4. One
can observe that the optical transmittance decreases
as the annealing temperature increases. This may
be due to to the structural transformation of the
films during annealing [26, 27]. It can also be
seen that the fundamental absorption edge shifts
to higher wavelength with increasing the annealing
temperature. On the other hand, the reflectance in-
creases with increasing the temperature of thermal

Absorption coefficient

annealing. The changes in the transmittance or the
reflectance with annealing temperature may be ex-
plained using the proportional relationship between
free carrier absorption in solids and the number of
carriers (and carrier mobility). Since the number
of carriers increases during annealing, their absorp-
tion in the infrared region increases subsequently.

The absorption coefficient () was estimated
from the experimental values of T(A), R(A)
and the film thickness d using the following
relation [28, 29]:

o=t [(1 ‘R)Zl 5)

d T

As shown in Fig. 5, « increases with increasing
both the photon energy and annealing temperature.
This behavior could be due to the size effect [27].
Depending on the value of «, its spectral distribu-
tion can be categorized as high absorption or expo-
nential edge region.

In the high absorption region, « > 10* cm™!,
the Tauc relation can be applied [7, 30]:

ahv =B(hv —E,)" (6)

where hv is the photon energy, B is a constant
(which depends on the transition probability), Eg
is the optical energy gap of the material, and r is
1/2 for direct allowed transition and 2 for indirect
allowed transition. For the films under investiga-
tion, the best fit for the dependence of (ochv)l/ '
versus hv was obtained when r = 1/2. Thus, the
allowed direct transition process is involved for the
as-prepared and annealed AssgTe7g thin film which
is in an agreement with the results reported in pre-
vious studies [31, 32].

The variation of (cchv)? versus hv for the as-
prepared and annealed films is linear at the absorp-
tion edge as shown in Fig. 6. The direct band gap
can be obtained by extrapolating the linear portion
of the curves to zero absorption, and the error of
the determined E; was about £0.01 eV. Follow-
ing this approach, the values of the band gap were
calculated, and found to decrease from 1.82 eV
to 1.48 eV with increasing the annealing temper-
ature up to 433 K. Then, with further increase in
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Table 2. The observed and standard ASTM values of interplanar distances (d), calculated average crystallite size
(D), strain (p), and dislocation density () for as-prepared and annealed As3zyTe7g thin films.

Sample Phase hkl d[A] d[A] crystallite size, Average crystallite Dislocation density, Strain JCDS
observed ASTM D [nm] size, D [nm] 8, % 10 [m™2]  [u] x10~3 Card No.
As-prepared As (034) 1312 1310 11.99 11.99 6.96 2.83  85-1712
Annealed at433 K As (034) 1312 1310 12.82 12.82 6.08 1.89  58-1712
As (034) 1312 1310 13.69 13.69 5.34 2.65  85-1712
Te O11) 2241 2.2329 19.93 20.05 2.52 1.82  85-0556
Annealed at 473 K (111) 2.039 2.0349 20.17 2.46 1.80  79-0736
(202) 3.894 3.8949 19.17 2.72 1.29  72-1685
AspTe; (601) 2.356 3.3614 23.78 20.4 1.77 1.52  72-1685
(513 1.84 1.8388 18.25 3.01 1.99  87-0374
As (034) 1312 1310 14.64 14.64 4.66 247  85-1712
O11) 2248 2.2329 18.27 2.99 1.98  79-0736
Te 22.00
Annealed at 513 K (111) 2.039 2.0349 25.71 1.51 1.41 85-0556
(202) 3914 3.8996 21.16 2.23 1.71  75-1470
AspTe; (601) 2.363 2.3652 23.36 21.26 1.83 1.55  75-1470
(513 1.84 1.8388 19.28 4.22 2.35  87-0374
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Fig. 3. SEM images showing the surface morphology of As3gTe7 thin films annealed at (a) 433 K, (b) 473 K, and
(c)513 K for 1 h.

the annealing temperature, E, increased. Accord- In the exponential edge region, o« < 10%* cm™!,
ing to literature, with increasing annealing temper- the absorption coefficient is governed by Urbach
ature, bigger grain size and lower strain, the optical relation [34]:

energy gap E; subsequently decreases [26, 33]. a(v)=a (v 7
= Oe e
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Fig. 5. Plot of the absorption coefficient («) versus the
photon energy hv for the as-prepared and an-
nealed As3yTe7g thin films.

where o, is a constant and E. 1is the
Urbach energy interpreted as the width
of the tails of localized states in the band gap. The
linear dependence of In« on the photon energy is
shown in Fig. 7, while the estimated values of Ee,
as a function of annealing temperature are shown
in Fig. 8. The errors of the estimated E. was about
+0.5 meV. It is observed from Fig. § that the band
tail width increases from 23 meV to 44 meV as
the annealing temperature increases up to 433 K.
However, at higher annealing temperature E.

annealed AsszoTe7 thin films. The straight lines
are a linear fit of the absorption edges.

decreases. The decrease in the optical energy gap
and the subsequent increase in localized states tails
with the annealing temperature might be due to
the presence of surface dangling bonds around the
crystallites [35].

8
® As-prepared .'
0 373K &
= 393K .'
W 433K
74 * 413K
Q 6
g
[
54
L]
4 T T T
0.6 0.8 1.2 14

1.0 '
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Fig. 7. Plot of In(x) versus the photon energy (hv)
for the as-prepared and annealed AszgTe;q thin

films. The straight lines are a linear fit of Urbach
tails.

Previous studies have indicated that near-ideal
amorphous solids crystallize under heat treat-
ment and that in the process of crystallization,
dangling bonds are produced around the surface
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Fig. 8. Plot of the band gap (E,) and width of localized
states (E.) versus the annealing temperature for
AszpTeyg thin films. The solid curves are guides
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Fig. 9. Plot of the refractive index (n) versus the wave-
length (A) for the as-prepared and annealed
As3zgTesg thin films.

of the crystallites [35, 36]. Further heat treatment
causes the crystallites to break down [36] into
smaller crystals thereby increasing the number of
surface dangling bonds. These dangling bonds are
responsible for the formation of various defects
in highly polycrystalline solids, and their num-
ber increases with increasing the annealing tem-
perature. The concentration of localized states in
the band structure also increases gradually. Hence,
the heat treatment of the films causes an increase
in the width of localized states thereby reducing

the optical energy gap. Further thermal annealing
above the first crystallization temperature reduces
the unsaturated defects, and consequently a large
number of saturated bonds are produced. Lower
number of unsaturated defects decrease the density
of localized states in band structure which conse-
quently increases the optical energy gap. The fact
that the band gap and the refractive index of amor-
phous films change upon annealing near the crys-
tallization temperature is expected due to the partial
phase change as confirmed by the DSC and XRD
analysis.

3.2.2. Dispersion optical constants

The refractive index (n), and extinction coeffi-
cient (kex ) of the studied films have been estimated
using the following relations [37, 38]:

(l’l B 1)2+k§x

R= 8

(n+1)24k2, ©
al

kex = H (9)

The spectral dependence of n and kex on the
wavelength for as-prepared and annealed films are
shown in Fig. 9 and Fig. 10, respectively. The re-
fractive index has a maximum value (n.x) at a
wavelength A. which shifts towards a higher value
as the annealing temperature increases (Fig. 9).
Furthermore, the extension coefficient decreases
with increasing the wavelength. The increase in n
and kex with the annealing temperature may be due
to bigger particle size obtained at higher annealing
temperature.

Other optical parameters such as the real €, and
imaginary €; parts of dielectric constants of the in-
vestigated films are given by:

2

&=n>—k>; &=2nk (10)

The obtained values of both €, and €; in-
crease as the annealing temperature increases as
shown in Fig. 11. In addition, the dispersion of
refractive index was analyzed using the concept
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Fig. 10. Plot of extinction coefficient (kex) versus the
wavelength (A) for the as-prepared and an-
nealed As3pTeyq thin films.
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Fig. 11. Semi-logarithmic plot of imaginary (€;) and
real (e;) part of dielectric constant versus the
wavelength (A) for the as-prepared and an-
nealed As3oTe7g thin films.

of a single oscillator which can be expressed by
Wemple-DiDomenico relationship [39]:
EJE

2
=1+ -—
E}—E?

(11)
where Ej is a single oscillator energy, considered
as an average energy gap, Eq is the dispersion en-
ergy which measures the average strength of inter-
band optical transitions and E is the photon energy.
By plotting (n”> — 1)~! against E?, straight lines

with a slope (EoEd)*1 and intercept Eo/Eq were ob-
tained. The errors in the estimated values of Ey and
Eq were £5 meV and +0.5 eV, respectively. From
Table 3, it is observed that while E decreases with
increasing the annealing temperature, E4 increases.
This behavior might be attributed to increased rate
of diffusion of atoms which, in turn, raises the num-
ber of atoms at interstitial sites leading to impurity
type scattering centers.
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Fig. 12. Plots of (n> — 1)~! versus (hv)?> for the as-
prepared and annealed AszgTe7q thin films.

To calculate the high frequency dielectric con-
stant €., we analyzed the refractive index data us-
ing two procedures. In the first procedure, the con-
tribution of free carriers and the lattice vibration
modes of dispersion were included into the relation
between the lattice high frequency dielectric con-
stant and refractive index as given by the following
equation [40]:

2
2 . € LAYY
Tea <477:2c280> <m*> A (12)

where e is the electronic charge, € is the lattice
dielectric constants, €g is the vacuum permittivity
(8.854 x 10712 F/m), XL is the ratio of free carrier
concentration N to the effective electron mass m*,
and c is the speed of light. The plot of n> versus
A? for the samples is shown in Fig. 13 where ¢ is
obtained from the intercept and mﬁ from the slope.
Both €1, and % increase with increasing the an-

nealing temperature (Table 3). This result has been
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Table 3. Dispersion parameters for as-prepared and annealed As3pTe7q thin films.

Annealing E, Eq A¢  Sox 108 e €  N/m* x 10°7
temperature [K] [eV] [eV] [nm] [m2] [m3-kg™ 1]
As- prepared 0.99 19.18 957.12 5.68 49.09 35.02 5.97
373 0.97 20.34 905.78  11.78  127.13 97.65 15.03
433 0.85 56.64 677.88 5625  417.22 348.84 50.71
473 0.94 2375 902.67 15.68  181.93 128.72 23.74

observed in many chalcogenide glasses [26, 31].
The increase in the values of €1, and mﬁ with the
annealing temperature might be attributed to the in-
creased free carrier concentration at higher anneal-
ing temperature.

The second procedure for calculating the long
wavelength refractive index €., is based on the dis-
persion arising from the bond carriers in an empty
lattice. In this procedure, €. nZ can be cal-
culated by applying the following classical dis-
persion relation using the single term Sellmeir

oscillation [41]:
2
(%)

where A is the average oscillator wavelength. By
re-arranging equation 13, we have:

n2 —1

oo

Ao

A

n2—1

(13)

- 1
*—1)" ' =Cc— 12 (14)
So
2
Here, S = % is the average oscillator strength
0
and C = - 0 is a constant. The plots of

(nZ,
(> — 1)~! versus A2 for the studied films are
shown in Fig. 14, while €., Ag and Sg are tabulated
in Table 3. The errors of the estimation of these pa-
rameters do not exceed 2 %. The average oscilla-
tor strength increases with the annealing tempera-
ture up to 433 K and then decreases. In contrary,
the value of the average oscillator wavelength de-
creases with the annealing temperature up to 433 K
and then increases up to 473 K. This behavior may
be attributed to the increase in the carrier concen-
tration in the annealed films. In addition, for the
range of the considered annealing temperatures, the
values of €r, are higher than those of €.
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Fig. 13. Plots of n? versus A? for the as-prepared and
annealed As3gTe7g thin films.
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Fig. 14. Plots of (n> — 1)~! versus A~2 for the as-
prepared and annealed AszgTe7q thin films.

In summary, these results indicate that the
structural and optical properties of As3gTesq thin
films are significantly affected by the annealing
temperature. However, the optical and dispersion
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parameters exhibit opposite behavior upon anneal-
ing. It was also observed that 433 K could be con-
sidered as an inversion annealing point, especially
for the optical characteristics. This is probably be-
cause 433 K lies after the first crystallization peak
according to the DSC traces. The XRD spectra
confirmed transformation of two new phases (Te
and As;Tes) from semiconductor to the metallic
state [3]. This observed transformation might be
responsible for the changes occurred in all optical
and dispersion parameters of the samples annealed
above 433 K.

4. Conclusions

As3pTe;o thin films were deposited onto glass
substrates under a vacuum of 1.33 x10~3 Pa us-
ing thermal evaporation technique. Both the as-
prepared and annealed films were characterized
by different techniques such as XRD, SEM, and
DSC. The XRD results showed that the as-prepared
films are amorphous in nature, while the annealed
samples exhibit many crystalline peaks, confirm-
ing the amorphous-crystallization transformation.
Moreover, the XRD data revealed the transforma-
tion of two new phases (Te and As,Tes) from semi-
conductor to the metallic state. On the other hand,
the presented optical results indicate that optical
properties of As3gTesg thin films are significantly
affected by the thermal annealing. For example, the
direct band gap decreased from 1.82 eV to 1.49 eV
with increasing the annealing temperature up to
433 K and after that, it increased with further in-
crease in the annealing temperature. Such behav-
ior was observed in all optical parameters of the
investigated films. This means that the optical pa-
rameters exhibit opposite behavior upon annealing
at 433 K. This could be attributed to the semicon-
ductor metallic transformation observed in the an-
nealed films.
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