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The  structural  and  electrical  properties  of the  as-prepared  and  annealed  In45Sb35Se20−xTex thin  films
with  different  compositions  (x =  2.5, 5, 7.5, 10,  12.5  and  15  at.%)  prepared  by electron  beam  evaporation
method  are  studied.  The  XRD  patterns  of  the  as-prepared  thin  film  show  that  the  investigated  compo-
sitions  have  amorphous  and  polycrystalline  structure  depending  on  the  Te content.  After  annealing  the
In35Sb45Se20−xTex thin films,  at 473  K  for  10  min,  crystalline  peaks  are  obtained.  The  electrical  measure-
ments  were  taken  during  heating  in  the  range  from  300 to  600  K.  It was  found  that  the  resistivity  decreases
RD
lectrical properties
nnealing temperature

with  increasing  temperature  for all the  compositions  indicating  that  these  films  have  a  semiconducting
behavior.  After  annealing  it  was found  that  the  room  temperature  resistivity  of the  investigated  films
were  found  depend  on annealing  temperature  which  cause  a reduction  by  five  orders  of  magnitude.  These
can be  attributed  to  the  amorphous–crystalline  transformation,  which  is accompanied  by  a  pronounced
change  in  the electronic  structure.

©  2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Glasses or films consisting of mixtures of elements such as
e, Te, Ge, Si, and Sb are electronic rather than ionic conductors,
lthough their resistivities are usually high. The conductivity is
hermally activated; that is, the conductivity increases exponen-
ially with decreasing 1/T,  where T is the absolute temperature
1]. Hence, they are called semiconducting glasses. Chalcogenide
lms are new kind of materials with immense qualities of use in
any practical applications. The chalcogenide materials are con-

aining at least one of the chalogen elements, S, Se and/or Te. These
aterials exhibit unique infrared transmission and electrical prop-

rties, which makes them potentially useful for many applications
uch as threshold and memory switching [2]. Since a high-speed
witching and the memory effect of an amorphous semiconduc-
or were reported [3,4], its properties have been studied very
ctively. There have been many discussions on the mechanism of
igh speed switching and of electrical conduction in amorphous
emiconductors. The study of the electrical properties is neces-

ary to identify the electrical conduction mechanism occurring in
he off state of chalcogenide glass switchers. One possible conduc-
ion mechanism is the space charge limited current [5], hopping
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030-4026/© 2015 Elsevier GmbH. All rights reserved.
conduction [6], small polaron conduction [7] and the Poole–Frenkel
conduction [8].

Indium antimonide (InSb) is the binary semiconductor in the
III–V group having the lowest band gap. It has a band gap of
0.17 eV at 300 K corresponding to an infrared wavelength of 6.2 �m.
Another peculiarity of this material is its low effective electron mass
and high mobility [9,10]. InSb has attracted several research groups
because of the wide applications in magnetic sensors, infrared
detectors as well as in infrared laser devices [11,12]. For device
applications, amplification and signal processing are required. Usu-
ally it is done using discrete circuits, which are physically separated
from the InSb sensor array [13].

Chalcogenide material systems such as In–Sb–Se, In–Sb–Te,
Ge–Sb–Te, Ag–In–Sb–Te were studied [14–18]. Glass-formation,
amorphization range and the information recording conditions for
the amorphous layers of In–Sb–Se system (Sb–Se and Sb2Se3–InSb
section) and the conditions of optical information recording on
amorphous layers of (Sb2Se3)x(InSb)1−x were studied [19]. But
there is very little information on the addition of Te to In–Sb–Se
ternary system. The system In2Se3–Sb2Se3 is a semiconducting
compound with very interesting electrical properties, which has
not been sufficiently investigated [20]. Few authors studied elec-

trical properties of InSbSe3 single crystal [21,22]. Every material
has a unique set of electrical characteristics that are dependent
on its dielectric properties. Accurate measurements of the electri-
cal properties can provide scientists and engineers with valuable
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http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2015.05.014&domain=pdf
mailto:diab_a_k@yahoo.com
dx.doi.org/10.1016/j.ijleo.2015.05.014


1 ik 126 (2015) 1855–1860

i
a
p
e
I

2

1
n
o
l
a
s
w
t
m
q

e
i
b
p
t
t
T
o
(
(
d

d
i
r
a
r

s
c
w
w
a
E
s
a
w
a

3

3

1
w
p
p
I
p
I
J
0
p

The surface topography and roughness has been investigated
using AFM. The root mean square (RMS) roughness was  calcu-
lated for the films with different Te content. Fig. 2 shows the
856 A.K. Diab et al. / Opt

nformation to properly incorporate the material into its intended
pplications for more solid design or to monitor a manufacturing
rocess for improved quality control. Therefore, in this study we
xamine the electrical properties of the as-prepared and annealed
n45Sb35Se20−xTex thin films.

. Experimental procedures

Bulk samples of In35Sb45Se20−xTex (x = 2.5, 5, 7.5, 10, 12.5 and
5 at.%) were prepared using a conventional melt quenching tech-
ique [23]. Typical, 10 g total (per batch) of appropriate quantities
f 99.999% pure indium (In), antimony (Sb), selenium (Se) and tel-
urium (Te) were weighted according to their atomic percentages
nd sealed in quartz ampoules in a vacuum of ≈10−5 Torr. The
ealed ampoules were kept inside a furnace where the temperature
as increased up to 1000 K for about 24 h. During the prepara-

ion the ampoules were continuously rotated to ensure complete
ixing of the various constituents. At the end the ampoules were

uenched in the ice water to obtain the glasses.
Thin films of the considered compositions were prepared by

lectron beam evaporation, in an Edward’s high vacuum coat-
ng unit model 306 A at a pressure of 5 × 10−6 and 8 × 10−5 Torr
efore and during film deposition, respectively. The films were pre-
ared on ultrasonically cleaned microscopic glasses held at room
emperature. The thickness (d) of the films (≈25–150 nm)  was  con-
rolled using digital film thickness monitor model TM 200 Maxtek.
he deposition rate was ≈7 nm/s. The crystallographic structure
f the as-prepared films was determined by X-ray diffraction
XRD) using a Philips X’pert MRD  diffractometer. CuK� radiation
� = 1.541837 Å) was used from the X-ray tube with grazing inci-
ence. The angle of incidence was 0.75◦.

Atomic force microscopy (AFM) of the as-prepared films was
etermined by the scanned probe microscopy (SPM) family of

nstruments. In these SPM techniques a small probe (10–100 nm
adius of curvature) is raster scanned by a piezoelectric device over

 sample to produce an image of the sample surface, or near surface
egion.

The direct conductivity, d.c., (�) were determined from the mea-
urements of film resistance. The film resistance measurement was
arried out using a two-terminal configuration; the measurements
ere carried out in a well-controlled quartz tube furnace combined
ith a digital Keithley 614 electrometer. The measurements were

chieved under argon flow in the temperature range 303–573 K.
lectrical contacts were made by applying silver paste over the
urface of the thin films (as-deposited and/or annealed) with sep-
ration of about 2.5 mm.  To avoid silver diffusion in to the gap
e used different similar films and applied the silver paste after

nnealing.

. Results and discussion

.1. XRD characterization

The XRD patterns of the as-prepared thin film (thickness
50 nm)  as a representative example were investigated [23]. It
as found that the as-prepared compositions have amorphous or
olycrystalline natures, which depend on Te content in the com-
osition. The obtained pattern indicated that, In45Sb35Se17.5Te2.5,

n45Sb35Se15Te5 and In45Sb35Se12.5Te7.5 thin films are amor-
hous, while in each In45Sb35Se10Te10, In45Sb35Se7.5Te12.5 and,
n45Sb35Se5Te15 patterns crystalline peaks are obtained. From the
CPDS files, these peaks can be identified as Sb2Se3 (card Nos. 22-
067 and 72-1184) and Sb2SeTe2 (card No.38-0979) crystalline
hases [23].
Fig. 1. XRD patterns of In35Sb45Se20−xTex thin films annealing at 473 K for 10 min.

After annealing the In35Sb45Se20−xTex thin films at 473 K for
10 min, crystalline peaks are obtained (Fig. 1). From the JCPDS files
these peaks can be identified as Sb2Se3 (card No. 15-0861 and 72-
1184), and Sb2Se2Te (card No. 39-0776) crystalline phases. With
increasing Te content the intensity of these peaks decrease, and a
new peaks were appeared. From the JCPDS files these peaks can
be identified as InSb (card No. 22-0067), and Sb2SeTe2 (card Nos.
38-0979 and 27-0025) crystalline phases and the intensity of these
peaks increases with increasing Te content. The mentioned behav-
ior can be attributed to the increases of Te in the compositions.

3.2. Surface studies
Fig. 2. AFM image of as-prepared In45Sb35Se17.5Te2.5 thin films.
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Fig. 3. AFM image of as-prepared In45Sb35Se15Te5 thin films.
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Fig. 5. AFM image of as-prepared In35Sb45Se7.5Te12.5 thin films.

urface morphology of as-prepared In35Sb45Se17.5Te2.5 thin film.
t was found that the RMS  roughness of this film is the highest one

hich has RMS  roughness of 3.2 nm and the surface of the film
rew in the form of needles. Such behavior was reported for other
hase change materials such as Bi–Ge–Sb–Te films [24]. Figs. 3–5
how the surface morphology of as-prepared In35Sb45Se15Te5,
n35Sb45Se12.5Te7.5 and In35Sb45Se7.5Te12.5 thin films, respectively.
t found that the surface roughness was 1.2, 0.52 and 0.2 nm,
espectively. The main conclusion of AFM investigation is that
he roughness was decreased with increasing Te content, i.e. with
ecreasing of Se content which in turn the decrease of Se atoms
owards the surface [25].
Fig. 4. AFM image of as-prepared In45Sb35Se12.5Te7.5 thin films.
3.3. Electrical properties of the as-prepared thin films

The effect of Te content on the electrical conductivity of the as-
prepared In35Sb45Se20−xTex (x = 2.5, 5, 7.5, 10, 12.5 and 15 at.%) thin
films of thickness 150 nm deposited on glass substrate held at room
temperature were studied. Measurements were taken during heat-
ing from room temperature (300 K) up to 600 K. The values of the
room temperature resistance, �rm, are shown in Fig. 6. It was  found
that the resistance of the In35Sb45Se17.5Te2.5 composition is very
high (7.54 × 105 �) and decrease quickly with increasing Te con-
tent. Fig. 7 shows the variations of resistivity with temperature. It
was found that the resistivity decreases with increasing temper-
ature for all the compositions indicating that these films have a
semiconducting behavior. From Fig. 7 it is clear that the resisti-
vity at low temperature is high. These can be attributed to that the
most of the carriers are frozen out on the acceptor and donor levels.
As the temperature rises, the degree of ionization of the impuri-
ties increases, and the raise of the carrier concentration results in a
rapidly decrease of the resistivity. At higher temperature, the resis-
tivity shows a flat minimum at about 450 K, followed at still higher
temperature by a tendency to decrease. The reason for the tendency
lies in the temperature dependence of the mobility. In this tempera-
ture range, the films exhibit a metallic behavior. Hence, the mobility
of the carriers decreases with raising the temperature because of
the lattice scattering. The increase of the thermal agitation of the
lattice causes shorter distances of the carriers between collisions,
and the carriers travel faster, thus reducing the time between colli-
sions. Both these facts cause the decrease of the mobility. The step
change around 450 K can be related to the amorphous–crystalline
transformation which is accompanied by a pronounced change in
electronic structure [26]. This amorphous–crystalline transforma-
tion confirmed by XRD examinations where crystalline peaks could

be observed above 450 K.
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ig. 6. Variations of room temperature resistivity in (� cm)  of In35Sb45Se20−xTex

hin films with Te content.

The electrical conductivity � can be written as an exponential
unction of temperature (T),

(T) = �0exp(−EA/kBT) (1)

here EA is the activation energy for electrical conduction, which is
 function of the electronic energy levels of the chemically interac-
ing atoms in the amorphous materials and hence of the emerging
and gap, �0 is the pre-exponential factor including the charge of
arrier mobility and density of states, and kB is the Boltzmann con-
tant. The activation energy can be derived from the logarithmic
lot of such dependence (Fig. 8). The linear fit was taken only for
he linear portion. The value of Et and �0 for In35Sb45Se20−xTex films
ith various Te content are complied in Table 1. It was found that,

oth the activation energy and pre-exponential factor increased

ith further substitution of Se with Te in the sample. The observed

ncrease in activation energy for sample with higher tellurium con-
ent might be related to statistical shift of Fermi level with the

ig. 7. Variation of resistivity in � cm of In35Sb45Se20−xTex thin films with the ambi-
nt temperature.
Fig. 8. Arrhenius plot of the conductivity, ln(�) versus 1000/T, � in �−1 cm−1, for
In35Sb45Se20−xTex films prepared at various Te content.

increase of tellurium content in the material, and might be related
to amorphous to crystalline transformation in these compositions.

The observed higher values of pre-exponential factor
�0 > 88 �−1 cm−1 for as-prepared thin films represents the
conduction of charge carriers through extended states constituting
the valence and conduction bands [27]. The pre-exponential values
also showed a sharp decrease of two  orders of magnitude for initial
substitution of Se with Te. Further tellurium substitution showed
insignificant changes in the pre-exponential factor.

3.4. Effect of annealing on the electrical properties

To study the effect of annealing temperature (for 10 min) on
the electrical conductivity of for In35Sb45Se20−xTex films, at first
we consider the dependence of room temperature resistivity on
Tan. Fig. 9 shows the dependence of room temperature resistivity
of In35Sb45Se20−xTex system on Tan. In general, �rm decreases with
increasing the annealing temperature but the decrease is steeper
when annealing at 473 K. Further annealing, above 473 K, results
in a gradual decrease of the �rm. The total reduction in �rm is of
five orders of magnitude. This large decrease in �rm upon anneal-
ing was  previously reported for other chalcogenide thin film such as
SbxSe100−x (60 ≤ x ≤ 70) [28], Ge4Sb1Te5 [26] and Se75Te15Sn10 [29]
and it can be related to the amorphous–crystalline transformation
which is accompanied by a pronounced change in electronic struc-
ture [26]. Such transformation is emphasized from XRD diffraction.

The values of EA calculated from plots of ln(�) versus 1000/T  as
an example for same compositions of In35Sb45Se20−xTex thin films
annealed at different temperature are shown in Fig. 10. The EA val-
ues decreases with increasing annealing temperature. This result

Table 1
Electrical activation energy (EA) and the pre-exponential factor (�0) for the
In35Sb45Se20−xTex thin film.

X at.% EA (eV) �0 (�−1 cm−1)

2.5 0.230 88.373
5  0.329 3.5 × 103

7.5 0.406 4.7 × 104

10 0.660 1.09 × 109

12.5 0.728 5.28 × 1010

15 0.630 5.8 × 109
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Table 2
Pre-exponential factor (�0), calculated from plots of ln(�) versus 1000/T for
In35Sb45Se20−xTex thin films annealed at different temperatures.

Tan (K) �0 (�−1 cm−1)

X = 2.5 at.% X = 7.5 at.% X = 12.5 at.%

300 88.373 4.7 × 104 5.82 × 109

373 87.733 28.91 × 101 51.8 × 103
ig. 9. Room temperature resistivity of In35Sb45Se20−xTex system versus Tan. The
olid line is a guide for the eye only.

an be ascribed to the phase transformation (amorphous to crys-
alline). Another reason which could account for the decrease in
ctivation energy upon annealing is the decrease in forbidden
and gap. The same behavior was reported for other chalcogenide
hin film such as CuSbTe2 and CuSbSe2 [30] and SnxSb20Se80−x
8 ≤ x ≤ 18) [31].

Many researchers have reported different trends for variation
f forbidden band gap and activation energy with annealing and
ifferent explanations have been given for the observed variation
32,33]. The difference in the observed trends might be due to
ifferent growth/annealing conditions for different systems. Some
esearchers have reported opposite variation of forbidden band gap

nd dc-activation energy with annealing [34]. In the present case
he observed decrease in both forbidden band gap and dc-activation
nergy with annealing represents structural changes happening

ig. 10. Variation of the activation energy for electrical conduction of
n35Sb45Se20−xTex system as a function of Tan. The solid line is a guide for the
ye only.

[
[

[

[

[
[

[
[
[

473 16.45 × 102 74.9 × 101 27.98 × 104

573 14.2 × 103 3.848 × 103 8.68 × 103

in the material associated with annealing process. According to
Mott and Davis [27], the density of localized states within mobil-
ity gap is directly related to disorder due to unsaturated dangling
bonds present in the system and observed decrease in optical band
gap and dc-activation energy due to annealing might be related to
increase in density of unsaturated dangling bonds which can be
corroborated with the two order of magnitude decrease in pre-
exponential factor �0 associated with conduction for annealed
films indicating the contribution of conduction of charge carriers
through localized states.

The values of �0 calculated from plots of ln(�) versus 1000/T
for In35Sb45Se20−xTex thin films annealed at different temperature
are listed in Table 2. It is seen that �0 values show non-sequential
dependence on Tan. However this observation can be attributed to
the unsequential change in the microstructure of the investigated
compositions.

4. Conclusions

The structural and electrical properties of the In35Sb45Se20−xTex

thin films prepared by electron beam evaporation were inves-
tigated. The XRD characteristics showed that the as-prepared
In35Sb45Se20−xTex compositions have an amorphous and poly-
crystalline future depended on Te content in the composition.
After annealing the In35Sb45Se20−xTex thin films at 473 K for
10 min, crystalline peaks are obtained. It was  found that the
resistivity decreases with increasing temperature for all the compo-
sitions indicating that these films have a semiconducting behavior.
The room temperature resistivity of In35Sb45Se20−xTex system
decreases with increasing the annealing temperature, these finding
can be related to the amorphous–crystalline transformation which
is accompanied by a pronounced change in electronic structure.
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