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Sheet resistance, R, measurements for the (Segs.xAsssShy thin films with (0 <x > 10) at. %)
with thickness film 1000 nm and heating rate, 5 K/min has been explained in this work.
Measurements of the sheet resistance used to compute the thermal and electrical
parameters in the temperature range from 300 to 665 K. In the sheet resistance curves, two
main regions have been considered clearly evidence of one crystallization region for the
studied films. The activation energy, E., of crystallization and Avrami index, n, were
estimated. The change of activation energy with volume of crystalline fraction has been
deduced. The electrical results of the studied films appear two types of conduction
channels which contribute two conduction mechanisms in crystallized region. The
activation energies AE, two pre-exponential factors o, 0'; and other parameters has

been computed in both of the extended and hopping states regions. The crystalline phases
for the as-deposited and annealed films were identified using by x-ray diffraction (XRD).
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1. Introduction

Chalcogenide glasses contain one or more chalcogen element (Se, S, Te) which produces
covalent bonds with the network formers like As, Sh, Ge, etc. Because of the high atomic masses
and hence the low phonon energies in these elements, the transmission range extends into infrared
region making it a suitable candidate for many applications in medical imaging,
telecommunication, bio-sensing, infrared waveguides, optical fibers [1-4]. These materials appear
a continuous alteration in many physical properties with alteration in chemical composition [5].
Many investigations of the electrical properties [6, 7], photo-conductivity [8], glass formation [9],
study of structure [10] and analysis of crystallization kinetics [11-13] of the glassy (As—Se-Sh)
system have been made. To our knowledge, less detailed investigations have been performed on
their optical properties. In addition, more efforts have been carried out to develop the
mathematical formulation describing both the reflectance and the transmittance of different optical
systems.
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In such framework, the resistivity-temperature dependence of the SegsAsssShy thin films
with ((0 <x > 10) at. %) are studied. Thus, we can calculate the thermal and electrical parameters
for the studied films based on their surface resistance as a function of temperature. The crystallized
phases were verified over the temperature that applied to the thin films by the technology of XRD.

2. Experimental details

Bulk chalcogenide of (Segs.«ASssSby with (0 < x > 10) at. %) were prepared by the usual
melt quench technique. Highly pure materials (with 99.999%) were weighted according to their
atomic percentages, by an electrical balance type (Sartorius) with accuracy (10 g) and sealed in
evacuated silica tube (10° Pa) and it was heated at 1000 °C with the temperature ramp about 5
°C/min for 24 hours. During the melting process, the ampoule was inverted at regular time
intervals (~ 1 h) so that the amorphous solid will be homogenous and isotropic. After the
synthesis, the melt was quenched rapidly in ice water to obtain the SegsAs3sShy glassy alloy. Then
the solid was broken along its natural stress line into smaller pieces suitable for grinding. The
different compositions of SegsASzsShy with (0 < x > 10 at. %) thin films were prepared by
evaporating the powdered chalcogenide samples from a resistance heating quartz glass crucible
onto dried precleaned glass substrates kept at room temperature, using a conventional coating unit
(Denteon Vacuum DV 502 A). The films were deposited onto glass substrates at a pressure of about
1x10™ Pa.

Both the film thickness and the deposition rate (was about 20 A/s) were monitored using
FTM®6 thickness monitor. The elemental composition of the films was analyzed using energy
dispersive X-ray spectrometer (EDX) interfaced with a scanning electron microscope, SEM (JOEL
XL) operating an accelerating voltage of 30 kV. The relative error of determining the indicated
elements does not exceed 2%. X-ray powder diffraction (XRD) Philips diffractometry (1710), with
Cu-Kal radiation (A = 1.54056 A) has been used to examine the structure of the as-prepared thin
films. The data collection was performed by step scan mode, in a 26 range between 5° and 80°
with step-size of 0.02° and step time of 0.6 s.

3. Results and discussion

3.1. Resistivity-Temperature dependence, Rs-T

Fig. 1 plots the relationship between sheet resistance, Ry and temperature of chalcogine
(SeesxAS3sShy with (0 <x >10) at. %) thin films (1000 nm), at heating rate 5 K/min. The R curves
decrease continuously until an abrupt drop appears at 444.918, 449.137, 452.104, 458.038 and
461.179 K for corresponding studied films, respectively, and these temperatures called the
crystallization temperatures, T., this gradient continues until it gets to the highest degree of
crystallization, T, and then the resistivity decreases in a continuous behavior after that. The R
curves decrease gradually but slowly in the range of temperature (300-465K). In this range, the
state of the studied films is amorphous and the arrangement of atoms is random, causing its high
Rs values. The temperature is increased above T, the atoms have sufficient energy to rearrange.
The transform of films from amorphous to crystalline state is due the arrangement of atoms and
thus the Rs rapidly decrease. The decrease of Rs values is due to the grain growth of the films
proceeding when the temperature is increased [14]. The noticed values for T and T, are presented
in Table 1.



Table 1. Maximum crystallization rate@z;,, temperature of crystallization (Tc), top crystallization
temperatures (Tp), kinetic exponent, n and crystallization activation energy, E . , according to method
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Fig. 1. Relationship between resistivity, (Rs) and temperature, T, for the
(SegsxAszsShy with (0 <x >10) at. %) thin films.

of for the (Segs<AszsSby with (0 <x > 10) at. %) thin films.
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x [at.%] (‘iTt’f)p x10%(min) Te T n n) Ec[KJ /mole] EcleV]
0 2.46083 457,523 492.166 3.29636 3.21 69.66 16.66
2 2.44645 455.638 489.291 3.23893 70.33 16.82
4 2.44199 453.754 488.397 3.22121 70.76 16.93
6 2.43589 451.869 487.178 3.19715 72.89 17.43
8 2.4298 449,985 485.96 3.17323 74.52 17.82
10 2.42704 448.101 485.408 3.16242 76.34 18.26

Then, the derivation of resistivity, Rs from the first degree relative to the temperature will
lead us to know the first pillar of thermal investigations. Fig. 2 represents the relationship between

the derivative of sheet resistance, [dR, /dT ]and temperature, T. Now, the exothermic heat flow is
given by the subsequence equation:

AQexo = _[

drR
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Fig. 2. Relationship between derivative of sheet resistance, dR%T and temperature, T,
for the (Segs.xAs3sShy with (0 <x > 10) at. %) thin films.
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Fig. 3 plots the exothermic heat flow, AQ

exo

against temperature, T based on Eg. (1), for

the first film. In the mentioned figure, #;, represents the crystallized fraction at a given

temperature which expressed by relationship, » =A. /A, where A is the total area of the peak

and A is the area of crystallized part (the area between T; and a given temperature, T). Both T; and
T are the initial and final crystallization temperature, respectively.
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Fig. 3. The exothermic heat flow and the fraction, y, crystallized at a given temperature, T,
for the (Segs.xAsssSh, with (0 <x >10) at. %) thin films.

The same way, the area under the crystallization peak is directly proportional to the total
amount of alloy crystallized. The ratio between the selected ordinates and the total area of the
exothermic peak represents the corresponding crystallization rates, which make it possible to plot
the curves between volume crystallization fraction and temperature. The graphical of the volume
fraction crystallized, ( ) shows the typical sigmoid curve as a function of temperature at heating

rate (5 K/min) for studies films as shown in Fig. 4 and expressed by:

where, s is number of points of the exothermic heat flow, AQ,,, .

S 99
X = ZAQexo /ZAQexo
i=0 i=0

(namely, s=0 to 99).
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Fig. 4. Maximum crystallization rate, (d %t)pversus temperature, T, of the exothermal peaks

for the (Segs.xAs3sShy with (0 <x > 10) at. %) thin films.
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Now, the relationship between crystallization rate, (d ;%t) and the temperature produced

by differentiating of the volume crystallized fraction as a function of time, which expressed by the
subsequent equation for the maximum crystallization rate:

()dt()ﬂ()ﬂxTp ©)

here, S is the heating rate.
Fig. 5 represents the crystallization rate (d %) as a function of temperature. The values

of the maximum crystallization rate computed based on Eg. (3) and listed in Table 1. From Fig. 4
and Fig. 5, one can infer that the saturation of crystallization shifts towards the lower temperature
when the Sb content for the investigated films increases.
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Fig. 5. The typical sigmoid curve of the volume fraction crystallized, y, as a function of
temperature, T, for the (Segs..AszsSh, with (0 <x > 10) at. %) thin films.

3.2. Determination of the activation energy
In this framework, we will address the methods of Kissinger and Matusita to determine the
activation energy for the investigated films.

3.2.1. Method of Kissinger
Kissinger method relies on the determination of the peak temperature, T, from

experiments carried at different heating rates £ [15]. According to this approach, the activation
energy, E.of amorphous-crystalline transformation was originally computed via the subsequence

relationship [15] as:
In(B/T,?)=E,/RT, =In(E, /RK,) @)
According to Kissinger’s approach, the maximum reaction rate occurs at peak

temperature, T,. A plot of In(ﬂ/sz) against (1000/Tp) gives the values of the pre-

exponential factor, K and the activation energy, E_ . Fig. 6 draws |n(,8/Tp2) against
(1000/‘T o) for the studied films. The activation energy, E and frequency factor, K,, are
determined by least squares fitting method. The values for both E_ and K, equal to 8.1266 eV,
3.45x107, respectively.
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Fig. 6. The plot of in(T,?/) and k (r ) &s a function of 1 versus ooo/r,) for the
(8965.XAS358bX with (O <x= 10) at. %) thin films.

By a similar perspective, the temperature-dependent rate constant [J () follows the
Arrhenius type in the equation:

EC

K(T)=Kgexp[-

] ®)

where, R is the universal gas constant and equals to 8.314 KJ/mole. In addition, a kinetic
parameter, K (T), with Arrhenian temperature dependence, is submitted to the stability criteria.
According to Surinach et al. [16] and Hu and Jiang [17] the thermal stability of glassy materials
estimates by the following criterion as:

EC
RT

p

K (T,) =K, exp[-

] (6)

The value of this criterion allusive the tendency of glass to devitrify on heating, whereas
the glass formation is a kinetic process. K (Tp), as a function of, Tp , for the studied samples is

shown in Fig. 7.
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Fig. 7. The plot of In(—In(1— x)) versus 1000/T for the (Segs.xAsssSby with
(0 <x >10) at. %) thin films.
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Furthermore, from the experimental values of (d ;%t)p , we can determine the kinetic
exponent, n by the subsequence equation:

2 Ay
RTx( ) o
0.37BE,

The n values for investigated samples are computed and tabulated in Table 1. Finally, the
experimental data, T, and (d ;%t)p, are shown also in Table 1 and the values of the activation

energy of crystallization process for the crystallization peaks which get from Kissinger method in
crystallization region (8.1266 eV), make it possible to computed, through Eg. (6), the kinetic
exponent, n, for the experimental heating rate (5 K/min) for the peaks of investigated samples,
whose values are also tabulated in Table 1. The kinetic exponent, n was computed based on the
mechanism of crystallization Mahadevan et al. [18] have appeared that n may be 4, 3, 2, which are
related to different glass-crystal transformation mechanisms: n = 4, volume nucleation, three-
dimensional growth; n =3, volume nucleation, two-dimensional growth, n = 2, volume nucleation,
one-dimensional growth; n = 1, surface nucleation, one-dimensional growth from surface to the
inside. Therefore, bearing in mind the above obtained mean values for crystallization region (as
shown in Table 1) means volume nucleation, one-dimensional growth because values is integer,
namely, m=n-1=1. The computed n values are not integers. This means that the crystallization
occurs by more than one mechanism [19, 20].

3.2.2. Method of Matusita
The Matusita model evidences the importance of the factor m for the determination of the
activation energy of the crystallization process. This fact is related to the nucleation and growth of

the crystallites in the amorphous matrix. Furthermore, the activation energy E . of the investigated
samples was computed using bythe Matustia relationship [21]:

In(-In(l—- ) =-nIn 5 -1.052 n;ff +const. (8)

where (m=n-1) is the dimension order parameter and (n) is constant related to the crystallization
mechanism as mentioned above. Plots In(—In(1— y) versus 1000/T for the investigated samples

(at heating rate equal to 5 K/min) are shown in Fig. 8. For the computation of E. we take into

consideration the linear region of this plot. From the average, n values and mg; (n=m+1), the
effective activation energies E. for the studied samples is computed and listed in Table 1. Now, if
we examine the two models, namely, Kissinger’s model and Matusita model, the Kissinger model
is opposite to the model of Matusita, it is considered that on the top of crystallization peak the
amount of crystallized fraction.
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Fig. 8. The dark electrical conductivity, o (T) as a function of temperature, T for the
(5965.XAS358bX with (0 <x= 10) at. %) thin films.

4. Electrical conductivity-Temperature dependence

Post-prepared Al electrodes in a square geometry (5.0 mm) were used for resistance-
temperature measurements, carried out in the running vacuum. It was reported that sheet resistance
(Rs, ©/sq.), independent of the investigated samples area, was helpful instead of resistivity, p in
order to examine the electrical properties of the films [22], and then the resistivity, p can be
extracted from the following relationship:

pdc(T):Rs Xd (9)

where d is thickness of the investigated films and it equals to 1000 nm. On the other hand, the dark
electrical conductivity, o (T) is given by the following equation:

Oy (1) =[1/ s ()] =[1/(R; xd)] (10)

Now, the effect of heat treatment on the electrical conductivity, o (T) of the as-deposited
thin films, with (0<x >10 at. %,), thickness, 1000 nm deposited onto glass substrate held at room
temperature was studied. The computations were taken in the ranging from 300 up to 665 K. The
dark electrical conductivity o (T) as a function of temperature for the investigated films is
presented in Fig. 9. We clearly observe from Fig. 9 that conductivity increases with increasing
both temperature and selenium content in the studied system. On the other hand, the dark electrical
conductivity ¢ (T) as a function of reciprocal temperature for the studied films is shown in Fig. 10.
From Fig. 10, we notice that the electrical results exhibit two types of conduction channel which
contribute two conduction mechanisms. In the range of temperature (465-665K), the electrical
conductivity shows a slight increase with increasing temperature and corresponds to transport by
hopping conduction, while the increasing is rapidly in range of temperature (300-465 K) where the
energy states are extended between the valence and conduction band. The values of activation
energy (AE) and pre-exponential factor o, in every range were computed and listed in Table 2.
The two parameters changed with temperature in an exactly opposite behavior in the extended
states region and in the same behavior in the hopping states region and these results correspond to
similar results in search [23, 24]. This confirms that the change in o is connected to a
corresponding change in AE.
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with (0 <x >10) at. %) thin films.

Table 2. The values of activation energy, (4E) by unit [eV] and pre-exponential factor o, by unit [

(Q.Cm)’l] in every studied range of temperature, where (ext.) refers to extended states and (hop.) refers to
hopping states for the (Segs.xAs3sShy with (0 <x > 10) at. %) thin films.

Hopping states region Extended states region x [at.%]
A op. ()0, AE, (V]| in),, (Qem)™
[eV] (Qem)™ '
1.29781 27.9881 0.62587 13.42061 0
1.53456 33.63643 0.82118 18.12741 2
1.84415 40.98505 0.8514 19.69834 4
2.26071 50.82236 1.1677 27.42376 6
2.8417 64.47182 1.70142 40.12423 8
3.69082 84.31651 2.71279 63.55134 10

New, the measured conductivity is the sum of two components to compute the density of
states at the Fermi level, N (Ef):

O-dc (T ) = o-hop. + O-ext. (11)
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Here, o, is the contribution of conduction due to hopping between the nearest localized

states and o,,, is the contribution of conduction between the extended states show activated

temperature dependence based on the relation:

AE,
Oext. = O X EXP[~ T
B

where AE and o, are the activation energy and pre-exponential factor, respectively. In range of

temperature (465-665 K), the contribution occurs by variable range hopping of the charge carriers
in the localized states near the Fermi level, and is characterized by Mott's variable-range hopping
relation [25]:

1 (12)

1 * A
Ghop. = f[o-o Xexp[_F] (13)
And
3
X
4_ . V4 (14)
Kg xN (Ef)

where N (Ef) is the density of localized states at the Fermi level, « is the coefficient of
exponential decay of the localized state wave function and it is assumed to be 1.24*10 ‘cm™ [26]

and K is Boltzmann's constant, T, the degree of disorder and it has temperature dimensions and

y is the Debye frequency= (10**Hz). The value of o, obtained by various workers [30, 31]:

N (E¢)

o = (3 x | N{Ee)
0= (&) 87aK T

(15)

Here, e is the electron charge. The density of states at the Fermi levels N(Er) has been
calculated for this sample and listed in Table 3.

Table 3. Mott's parameters in hopping range of temperature (465- 665 K)
for the (SegsxAS3sShy with (0 <x > 10) at. %) thin films.

At T=400 K N x10* N (E)x10° T, x10" o, x10™ x[at. %]
. R ,x10° -3 “Tem® K] 1 (1 \-05

o) ) en B =em~] [(©em) (<) ]

0.898 4.203 2.468 3.576 1.112 0.664 0

1.058 4.950 1.283 1.860 2.138 0.345 2

1.266 5.921 0.626 0.908 4.380 0.168 4

1.543 7.221 0.283 0.410 9.684 7.629 6

1.927 9.016 0.116 0.169 23.543 3.138 8

2.481 10.160 0.042 0.061 64.630 1.143 10

When stated by Mott [25] and Hill [29] three other hopping parameters can be computed,
hopping distance R (cm), the average hopping energy v, (eV) and the concentration of
conduction electrons N, these parameters are given by [27]:

9 0.25
R = 6
[87zKBT N (EF)] (19)
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1
l//h :ZKBT 3/4]-01/4 (17)
N =2K,T N (E,) 18)

The determined values of R, , and N (at T= 400 K) for the samples under investigation

are also tabulated in Table 3. The linear plots of, In[ahop_\/T_ 1, versus 1/ 4T for the investigated

thin films is presented in Fig. 11. Mott's parameters for the studied thin films computed and listed
in Table 3. It is observed for the studied films that values of R and W decrease while N increases
with increasing Se content. Also, the computed parameters, W > kgT, aR > 1 and T, > 10° K, agree
well with the requirement for the validity of VRH model [27-30].

Intensity (a.u.)

T T T T T T T
[o] 10 20 30 40 50 60 70

26 ()

Fig. 11. X-ray diffraction pattern of as-prepared for the (Segs.,As35Sb, with
(0 <x >10) at. %) thin films.

5. Identification of the crystalline phases

The nature of transformation from amorphous to crystalline state of the studied as-
deposited thin films was confirmed by (XRD) measurements as shown in Fig. 11. The absence of
any peak in the XRD scan of the as-deposited films confirms their amorphous nature. But, the
diffract gram of an annealed films at 460 K appears sharp peaks as shown in Fig. 11. The sharp
peaks indicate the development of amorphous structure along with ploy-crystalline phases during
the thermal heat treatment of investigated films. The diffraction of dominant peaks were indexed
with Sb,Se; phase [No. card: 15-861] and As,Se; phase [No. card: 26-123] for an annealed films at

460 K) along their respective 20 value (JCPDS database, 1998) as shown in Fig. 12.

e As,Se, (26-123)
= Sb,Se, (15-861)

e MMWMW

Intensity (a.u.)

T T T T T 1
o 10 20 30 40 50 60 70 80

26

Fig. 12. X-ray diffraction pattern of annealed Segs  AsssSby thin films at 640 K
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6. Conclusions

(SeesxAszsShy thin films, with (0 <x > 10) at. %) were successfully synthesized using by a
homogeneous precipitation method. The studied films were deposited by thermal evaporation
technique. The experimental structural, thermal and electrical properties of thermally evaporated
thin films (1000 nm) of the studied thin films at heating rate equals to 5 K/min, have been
discussed based on sheet resistance, Ry measurements. The Ry decreases continuously in the range
from 300 under to 465 K, until an abrupt drop shows at the temperatures that called the
crystallization temperatures, (T;), this gradient continues until it gets to the highest degree of
crystallization, T, and then the sheet resistance decreases in a continuous behavior in the range
(465-665K). Then, the thermal properties and kinetics parameters such the activation energy of
amorphous-crystalline transformation E_, the Avrami exponent n, the frequency factor, K,

have been determined. Finally, the temperature-dependent sheet resistance, Ry measurements of the
as-deposited films at heating rate (5 K/min), was investigated and from it we have been detected
several of electrical parameters. One of the most important of these parameters is the activation
energy that has the same behavior of pre-exponential factor in both regions.
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