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a b s t r a c t

Thin film samples of different thicknesses ranging from 185 to 630 nm, were prepared from the synthe-
sized amorphous Se75Te25−xGax (0 ≤ x ≤ 15 at.%) chalcogenide glass compositions by thermal evaporation
technique. X-ray analysis showed that the amorphous nature of the obtained films. Investigations of
the current–voltage (I–V) characteristics of amorphous films are typical for a memory type switch. The
conduction activation energy (�E�) was calculated from the temperature dependence of the sample
resistance of the studied films in the temperature range (293–333 K) below the glass transition tem-
eywords:
halcogenide glasses
e–Te–Ga
morphous thin film
witching phenomenon
lectrothermal model

perature. The mean value of the threshold switching voltage V̄th increases linearly with increasing film
thickness and decreases exponentially with temperature (below Tg) for all investigated compositions.
The threshold voltage activation energy εth was calculated from the temperature dependence of V̄th of
the studied films. The switching phenomenon observed in these films is explained in accordance with
the electrothermal model for the switching process. The effect of Ga content on the studied parameters

was also investigated.

. Introduction

Chalcogenide glasses are an important class of amorphous mate-
ials as they behave as semiconductors and hence it can be used
or producing semiconductor devices similar to crystalline ones.
tudies of the physical properties of these glasses are strongly
ependent on composition. In recent years great efforts are being
ade to produce stable glasses which have good photosensitive

roperties so that they are used in various solid state devices [1–3].
Amorphous materials of Se–Te based on Se have become com-

ercial, scientifical and technological importance. It is due to their
reater hardness, higher crystallization temperature, and smaller
ging effects compared to pure selenium [4]. It is found that the
hysical properties of these materials are highly compositional
ependent [5–12]. These materials are widely used in many fields
s optical recording media because of their excellent laser writer
ensitivity, xerography and electrographic applications, such as
hotoreceptors in photocopying and laser printing, infrared spec-
roscopy and laser fiber techniques [13–17].

It is found that the addition of some impurities to binary chalco-
enide glasses changes their structure and new properties are

xpected for these glasses. From this point of view, the addition
f Ga to Se–Te binary system can markedly affect its structural,
lectrical and optical properties [18–21]. It is found that Ga addi-
ion can be alloyed with most materials and has been used as a
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© 2011 Elsevier B.V. All rights reserved.

component of low melting alloys [22] because it has a low melt-
ing point (301 K) and a very high boiling point (2676 K) it has also
become an attractive material as a substrate because of its good lat-
tice matching with solid solutions of III–VI semiconductors, which
are useful for the fabrication of solid state devices. Several authors
have been investigated some physical properties of gallium doped
chalcogenide glasses in details [18–21,23].

Okuda et al. [24] report erasable laser recording properties of a-
Ga–Se–Te system and have attempted to prepare an optical disc for
optical data storage. Matsushita et al. [25] have discussed a similar
optical storage application for the a-Ga–Se–Te system. Rhee et al.
[26] have also observed a reversible phase change (amorphous to
crystalline) in thin films of this system. Also Kumar et al. [27] stud-
ied the temperature and frequency dependence of the dielectric
constant and dielectric loss for bulk samples in different compo-
sitions of the Se–Te–Ga system. Measurements of dc conductivity,
photoconductivity as a function of temperature and incident light
intensity have been done also [28,29].

The switching phenomenon is one of the numerous interest-
ing effects arising in strong electric field. The phenomenon, first
reported by Ovshinsky [12], and observed in a great number of
amorphous chalcogenide semiconductors [30–32].

Electrical switching is a rapid and reversible transition between
highly resistive OFF-state and conductive ON-state driven by exter-

nal electric field and characterized by a threshold voltage. There
are two types of the switching state threshold switching and
memory switching type. In threshold switching type the ON-state
presents only under bias of some minimum holding voltage while
current flows down, whereas in memory type, the ON-state is

dx.doi.org/10.1016/j.jallcom.2011.03.016
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:amshakra@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.03.016


5 and Compounds 509 (2011) 5935–5941

p
t
t
T
m

S
t
s
(
a
m

2

i
a
i
c
p
a
m

a
d
e
E
p
w
t
c

u
a
r

a
D

i
b
a
e
u
u
t
t
(
t
t
w
p
m
t
s

3

3

n
s
b
t
k
p
f
a
t
m
t

9080706050403020100

In
te

n
si

ty
 (

A
rb

. 
u

n
it

s)

Diffraction angle (2θ)

Se
75

Te
10

Ga
15

Se
75
Te

15
Ga

10

Se
75
Te

20
Ga

5

Se
75
Te

25

Fig. 1. X-ray diffraction patterns for all investigated film samples of nearly the same
thickness.

Table 1
Values of Tg and Tc for Se75Te25−xGax (0 ≤ x ≤ 15%) glasses.

Composition Tg (K) Tc (K)

Se75Te25 351 387
Se75Te20Ga5 346 385
Se75Te15Ga10 344 383
Se75Te10Ga15 343 382
936 N.A. Hegab et al. / Journal of Alloys

ermanent until a suitable reset current pulse is applied across
he sample. Different mechanisms have been proposed to explain
he phenomenon of electrical switching in chalcogenide glasses.
hese include electronic [33], thermal [34], and electrothermal [35]
echanisms.
From the above advantages of Se–Te binary system, we choose

e75Te25 as a member of Se–Te system with addition of Ga at
he cost of Te. An experimental investigation have been made to
tudy the effect of Ga addition in Se75Te25−xGax films ranged as
0 ≤ x ≤ 15 at.%) on the switching phenomenon and the parameters
ffecting the threshold voltage to identify the suitable switching
echanism.

. Experimental details

a-Se75Te25−xGax (x = 0, 5, 10 and 15%) glasses were prepared by the melt quench-
ng technique. Appropriate amounts of 99.999% purity elements were weighted in
ccordance with their atomic percentage and loaded in a silica tube (length 15 mm,
nternal diameter 12 mm), which was then sealed under vacuum (10−5 Torr). The
ontent of each tube was heated gradually in an oscillatory furnace where the tem-
erature was increased at the rate of 5 K/min up to 1100 K. The tubes were then kept
t this temperature for 10 h with frequent rocking to ensure the homogeneity of the
elt. The molten materials were quenched in ice water.

The quenched sample a-Se75Te25−xGax was taken out by breaking the silica
mpoules. The amorphous nature of the glassy samples was verified by X-ray
iffraction. Thin film samples were prepared from the bulk materials by thermal
vaporation technique under vacuum (10−5 Torr) using a coating unit (Edwards
306A), onto well cleaned glass substrates for structure identification and highly
olished pyrographite substrates for switching measurements. The film thickness
as determined by the Tolansky interference method [36]. Samples with different

hicknesses ranging from 185 to 630 nm were prepared under the same evaporation
onditions.

The amorphous nature of the glassy samples was investigated by Philips X-ray
nit (PW1710) using copper target with Ni filter. X-ray tube was operated at 40 kV
nd 55 mA. X-ray diffraction patterns measured at room temperature in the angular
ange from 4◦ to 90◦ .

Differential thermal analysis was used to determine the glass transition temper-
tures and crystallization temperatures at a heating rate of 10◦/min, using Shimadzu
TA-50 equipment.

Measurements of the current–voltage (I–V) characteristics were carried out
n a measuring cell fitted with two electrodes, the lower one was a circular
rass disk in contact with the pyrographite substrate with area 2.2 × 10−2 m2

nd the upper electrode was a movable platinum wire with a thin circular
nd of diameter 2 × 10−4 m which provides a gentle and good contact with the
pper surface of the film using a weak spring. The pressure provided by the
pper electrode as well as the point of contact was kept constant through out
he measurements. The measuring cell was introduced in a simple I–V elec-
rical circuit. The measurements were carried out using a digital electrometer
Keithley type E616A) for the potential drop measurements and a micro digi-
al multimeter (HC-5010-EC) for measurements of the current passing through
he sample. All electrical measurements were made at room temperature as
ell as at different elevated temperatures using a cylindrical furnace, the tem-
erature of which was determined using a chromel alumel thermocouple. It
ust be noticed that all the following measurement were carried out in the

emperature range below the corresponding Tg to obtain data for amorphous
tate.

. Results and discussion

.1. X-ray characterization and differential thermal analysis

X-ray diffraction patterns for Se75Te25−xGax (0 ≤ x ≤ 15) films
early of the same thickness are illustrated in Fig. 1. This figure
hows the amorphous nature of the deposited films. The same
ehavior was obtained for other films of the studied composi-
ions. The amorphous structure of the deposited films on substrates
ept at room temperature is expected because in the deposition
rocess, the evaporated molecules precipitate randomly on the sur-

ace of the substrate and all the following condensed molecules
lso adhere randomly leading to disordered films of increased
hickness. The loss of adequate kinetic energy for the precipitated

olecules keeps them unable to orient themselves to produce
he chain structure, required for the crystalline structure. The
Fig. 2. Static I–V characteristics curves for Se75Te25 and Se75Te15Ga10 films of nearly
the same thickness at room temperature(293 K).

internal stresses required of the hot molecules on the cold pre-
deposited layers increase both the disorder and the degree of
randomness, which yields amorphous films whatever is their thick-
ness.

DTA analysis was carried out at a constant heating rate
(10◦/min). The glass transition temperature values Tg for the stud-
ied composition are estimated from the obtained thermograms and
presented in Table 1. It must be noticed that all measurements in
the following sections were carried out for each composition at
temperature value below the corresponding Tg. It is clear from this
table that the change of composition has a noticeable effect on Tg

values.

3.2. I–V characteristics

The room temperature I–V characteristics for the investigated

compositions were studied for film samples of different thicknesses
(185–630 nm). Fig. 2 shows illustrative examples for the static I–V
curve of Se75Te25 and Se75Te15Ga10 films. From this figure, it is clear
that the obtained curves are typical for a memory switch which
is also obtained for other films of the studied compositions. It is
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resistance R for Se75Te10Ga15 films of different thicknesses.

Table 2
Values of�E� for Se75Te25−xGax (0 ≤ x ≤ 15%) films.

Composition �E� (eV)

Se75Te25 0.51 ± 0.0133
Se75Te20Ga5 0.49 ± 0.0038
V, volts

ig. 3. Room temperature I–V characteristic curves for Se75Te25−xGax (0 ≤ x ≤ 15)
lms of approximately the same thickness (620 ± 5nm).

bserved also that on increasing the applied voltage the current
ncreases slowly forming the first branch (oa) of the I–V curve which
xtends to a critical voltage (corresponding to the point a) at which
sudden increase in the current and consequent decrease in voltage

akes place, i.e. switching occurs. This critical value of the applied
oltage is called the threshold voltage and the region (oa) on the
urve is called the OFF-state of the switch. Since, the switching pro-
ess takes place in a very short time (10−9 s) [12], it is impossible to
ecord any reading during this time (the part ab of the curve). Thus,
urrent and voltage values could be recorded only at the begin-
ing and at the end of the switching process (points a and b on the
urve). Further increase in the applied voltage increases the cur-
ent passing through the sample without any significant increase
n the potential drop across the sample (the part bc). This part is
alled the ON-state of the switch. When the voltage applied to the
ample in the ON-state at point c is decreased the current decreases
o zero following the load line along the part (co). If the voltage is
urther increased and then decreased the current increases along oc
hen decreases along co, i.e. the investigated films sustain their high
onduction state after switching even in the absence of the applied
eld. Here, a structure change takes place in the microcrystalline
tate during the lock-on period after the device has switched to the
N-state and the current filament had been formed. The crystalliza-

ion is believed to be caused by Joule heating due to high field and
xcess carrier concentration in the current path [37,38]. The OFF-
tate can be recovered by a short reset pulse, so that the crystallites
edissolve into the homogeneous and stable amorphous material.
apid cooling which follows the brief reset pulse restores the high
esistance amorphous state of the material.

It must be noted that the I–V curves for the investigated
lm compositions were measured at different points uniformly
istributed through out the whole surface of the film, and
ence the mean value of the threshold voltage was calculated
V̄th).

Moreover, I–V characteristic curves for all the investigated com-
ositions of approximately the same thickness (620 ± 5 nm) at
93 K are illustrated in Fig. 3. It is clear that the threshold voltage
ecreases with increase of Ga content. This is in agreement with
he decrease in Tg.
The activation energy of conduction �E� has been calcu-
ated for thin film samples of the studied compositions. This is
arried out by plotting the temperature dependence of the sam-
le resistance R as shown in Fig. 4(a) within the linear part of
he OFF-state of the I–V curves of the studied films, through
Se75Te15Ga10 0.40 ± 0.008
Se75Te10Ga15 0.33 ± 0.0093

out the temperature range (293–333 K) according to the rela-
tion:

R = C exp
(
�E�
kBT

)
, (1)

where C is a constant, kB is the Boltzmann’s constant and T is the
absolute temperature. The obtained relations (ln R against 1000/T)
are shown in Fig. 4(a), for nearly the same thickness of each com-
position as an example, yield straight lines, the slope gives the
value of �E� which has single value for the studied composi-
tions. Fig. 4(b) represent the relation ln R = f(1000/T) for different
thicknesses of the Se75Te10Ga15 composition as an example. It is
found that�E� is independent of film thickness in the investigated
thickness range. The same behavior was obtained for other com-

positions. Values of �E� for films under test are listed in Table 2.
It is indicated from this Table that �E� decreases with Ga addi-
tion.
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Table 3
Values of Fth for Se75Te25−xGax (0 ≤ x ≤ 15%) films at room temperature as example.

Composition Fth (V/m)

Se75Te25 1.10 × 108
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Se75Te20Ga5 9.66 × 107

Se75Te15Ga10 8.18 × 107

Se75Te10Ga15 6.41 × 107

.3. Thickness dependence of the mean value of threshold
witching voltage V̄th

The dependence of the threshold voltage Vth on the film thick-
ess was examined for the compositions under consideration. The

–V curves were measured for every film sample at different points
niformly distributed throughout the film surface. I–V character-

stic curves for which Vth are equal to the corresponding mean
alue V̄th for Se75Te20Ga5 films of different thicknesses in the
ange (185–630 nm) obtained at room temperature are illustrated
n Fig. 5 as an example. Fig. 6 shows the variation of the mean
alue of the threshold switching voltage V̄th with film thickness

d), for all investigated film compositions at 293 K as example,
ndicating a linear relationship in the considered range of thick-
ess. It is observed that V̄th increases with the film thickness due
o the increase of film resistance. The slope of the obtained lines
epresents the mean value of the threshold field F̄th as given in
Fig. 7. (a) I–V characteristic curves for Se75Te20Ga5 films at different temperatures
of thickness 445 nm. (b) Plots of V̄th versus temperature for Se75Te15Ga10 films of
different thicknesses.

Table 3. The observed relation of the thickness dependence of V̄th
agrees with those obtained before for different amorphous system
[30,31,39].

3.4. Temperature dependence of the threshold switching
voltage V̄th

Measurements of the temperature dependence of V̄th for the
films studied were carried out through the temperature range
(293–333 K) below the corresponding Tg. The obtained curves are
illustrated in Fig. 7(a) for Se75Te20Ga5 of thickness (445 nm) as
an example. It is clear from these curves that V̄th decrease with
increasing temperature in the investigated temperature range. If
the ambient temperature increases, the thermal energy required
for the transformation of the conduction path material (filament)
from the amorphous to the crystalline state will be lower. There-
fore, the magnitude of the threshold voltage V̄th decreases with
increasing the ambient temperature [32]. The same behavior was
obtained for all films of the studied compositions and agrees with
the previous observations for other materials [30,31,39–41].

It is known that most of amorphous materials contain dipoles
dispersed randomly through out the amorphous matrix. As the

electrical field is applied, these dipoles tend to orient themselves
in the direction of the field. The orientation process depends on
the viscosity of the amorphous matrix as well as on the applied
field [39,41]. As the temperature of the conduction path increases
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Table 4
Values of εth and εth/�E� for Se75Te25−xGax (0 ≤ x ≤ 15%) films.

Composition εth (eV) εth/�E�

i
t
r
a
t
t
d

a
a
r
V
l
e
F
f

V

w
e
s

Se75Te25 0.25 ± 0.006 0.49
Se75Te20Ga5 0.24 ± 0.023 0.49
Se75Te15Ga10 20 ± 0.0062.0 0.5
Se75Te10Ga15 0.17 ± 0.0024 0.51

ts viscosity decreases, which leads to an increase in the orienta-
ion process up to the threshold switching point. At this point, the
esultant force of the resistance for dipole orientation in viscous
morphous medium diminishes. Thus as the ambient tempera-
ure increases the viscosity of the conduction path decreases and
he field required to cause maximum dipole orientation would
ecrease and switching takes place.

Values of V̄th as a function of temperature are recorded for
ll films of the studied compositions. Fig. 7(b) gives the temper-
ture dependence of V̄th for Se75Te15Ga10 films in the thickness
ange (200–615 nm) as an example. It is clear from this figure that
¯ th decreases exponentially with increasing temperature. Plots of
n V̄th versus 1000/T for the considered thin film samples of differ-
nt thicknesses for the compositions under test are illustrated in
ig. 8(a–d). The obtained relations yield straight lines satisfying the
ollowing relation [31]:( )

th = V0 exp

εth
kBT

, (2)

here V0 is a constant and εth is the threshold voltage activation
nergy. The obtained straight lines are parallel indicating that εth is
ingle valued independent of sample thickness in the temperature
1000/T, K
-1

2.9 3 3.1 3.2 3.3 3.4 3.5

−xGax (0 ≤ x ≤ 15) films of different thicknesses.

and thickness ranges mentioned above. Values of εth are calculated
from the slopes of the straight lines of Fig. 8(a–d) and given in
Table 4. Values of the ratio εth/�E� for all investigated composi-
tions are calculated and listed also in Table 4. The mean value of
this ratio (εth/�E� ≈ 0.5) is in agreement with that obtained pre-
viously [30,31,40,42] for other amorphous semiconductor films. It
is also in good agreement with the value of εth/�E� derived theo-
retically on the basis of the electrothermal model for the switching
process [42].

The threshold field F̄th = V̄th/d was deduced at the threshold
voltage point at different temperature values for the studied film
samples. Fig. 9(a–d) represents the temperature dependence of
F̄th for Se75Te25−xGax (0 ≤ x ≤ 15) film compositions. This figure
declares that the electric field decreases with the increase of tem-
perature. It was suggested that at the switching point, the force
extracted from the applied field is equal to the restoring force due to
the viscosity of the investigated sample. Therefore, in order to keep
the electric field constant at threshold switching point at a certain
temperature, the sample undergoes switching to the ON-state.

From the above analysis in this section it is concluded that the
threshold voltage for the pre-switching region is strongly temper-
ature dependent, and the switching process can be understood
in terms of electrothermal process based on Joule heating effect
[30,40]. The temperature of the semiconductor is raised due to Joule
heating and the conduction process in an amorphous material is an

activated type [43]. So, the conductivity of the sample will increase
due to the effect of heating. This will allow more current to flow
through the heated region and allow more Joule heating, resulting
in a further increase in the current density. This will lead to a large
electronic contribution to thermal conductivity which enhances
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Fig. 9. (a–d) Plots of Fth versus temperature for S

he Joule heating in the current filament. Ultimately, the tempera-
ure rise will become adequate to initiate the thermal breakdown
wing to the strong temperature dependence of the conductivity.
stationary state is reached when the heat lost by conduction from

he current filament becomes equal to the Joule heat generated in
he heated region.

Finally, it is suggested that the memory-switching phenomenon
s caused by a phase change of the material between the electrodes
rom amorphous to crystalline state due to Joule heating and can
e understood in terms of the electrothermal model.

The electrothermal model can be solved to a certain extent by
nding a stationary state solution for the heat transport equation
30]
(
dT

dt

)
= �dcF2

th + ∇ · ( ∇T), (3)

here C is the heat capacity of the sample, is the thermal conduc-
ivity coefficient of the samples, Fth is the electrical field intensity
nd � the electrical conductivity of the sample given by the follow-
ng equation:

= �o exp
(−�E� )

, (4)

kBT

he charge conservation equation is given as:

F = − 1
�dc

· d�
dt
, (5)
T , K

340330320310300290

5−xGax (0 ≤ x ≤ 15) films of different thicknesses.

where � is the charge density, and �o is constant. In the case of
steady state breakdown, the time derivative of temperature dT/dt
can be neglected for the solution of Eq. (3), then the heat conduction
equation for a small difference �Tbreakdown = Tm − Ts between the
temperature in the middle of the specimen Tm and that of its surface
Ts becomes [38,39]:

8 
(
�T

d2

)
+ �F2

th = 0, (6)

where d is the thickness of the sample. Steady state breakdown
occurs when the amount of heat generated by Joule heating in the
specimen cannot be removed by thermal conduction, and the tem-
perature difference for breakdown obtained with the help of Eqs.
(4) and (6) is given by:

�Tbreakdown = T2kB
�E�

, (7)

where T is the surrounding temperature of the specimen. According
to Eq. (7) and using the value of �E� given in Table 2 values of
�Tbreakdown were calculated for the investigated film compositions
at different temperatures in the range (293–333 K).

The obtained values, given in Table 5 are in good agree-

ment with those obtained for other amorphous semiconductor
films [30,31,39,42]. Also taking into account the agreement of
the obtained values of the ratio εth/�E� given in Table 4
with both the values obtained earlier and value derived theo-
retically [42] for the breakdown process, it can be concluded
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Table 5
Values of�Tbreakdown at different temperature for Se75Te25−xGax (0 ≤ x ≤ 15%) films.

T (K) �Tbreakdown (K)

Se75Te25 Se75Te20Ga5 Se75Te15Ga10 Se75Te10Ga15

293 14.52 15.1 18.51 22.44
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303 15.53 16.2 19.8 24
313 16.57 17.25 21.13 25.61
323 17.64 18.37 22.5 27.27
333 18.75 19.52 23.91 28.98

hat the observed memory type switching in the studied films
an be satisfactorily explained according to the electrothermal
reakdown process. It is clear from the above studies that the
ddition of Ga to Se–Te system leads to pronounced decrease
n all the obtained parameters. This can be explained as fol-
ows.

The glass transition temperature shows a decreasing trend with
ncreasing the concentration of Ga impurity in Se–Te samples. This
ould be explained on the basis of structure changes due to the
ntroduction of Ga atoms. It is known that glassy Se have a ring
tructure (40% of atoms) and chain structure of about (60% of the
toms). The structure of Se–Te system prepared by quenching is
egarded as a mixture of Se8 rings, Se6Te2 rings and copolymer
hains. Tellurium enters as copolymer chains and tends to reduce
he number of Se8 rings [44]. In the present case, the addition of Ga
ccurs at the cost of Te concentration, it also makes bond with Se
nd Te is dissolved in Se chains. Thus, the numbers of Se8 rings
ncreases while the number Se–Te copolymer chains and Se–Te

ixed rings decreases. Ga atoms bond strongly to Se–Te chains
n the system under test. This will lead to increasing the number
f Se8 rings and decreasing the number of long Se–Te polymeric
hains and Se–Te mixed rings decreases. Since Tg increases with
ncreasing chain length and decreases with increasing ring con-
entration [45,46]. Therefore it is expected that Tg to decrease with
ncreasing of Ga concentration in the studied film compositions.
ince Tg reflects the rigidity of the lattice [47] thus, it is expected
hat the rigidity of the lattice of the studied system decreases with
ncreasing Ga content in the studied system.

The presence of Ga addition might increase the concentration
f charge carriers increasing the conductivity and there may be
shift in Fermi level [48–50]. It is also assumed that the addi-

ion of Ga to Se–Te system leads to a cross linking of the Se–Te
hains reducing the disorder of the system which lead a decrease
n short-range bonding and making the films less amorphous. This
s confirms the observed decrease in�E� and Vth for the considered
lm compositions.

. Conclusion

In the above sections the measurements of I–V characteris-
ics of thermally evaporated Se75Te25−xGax (0 ≤ x ≤ 15 at.%) thin
lms showed a typical memory type switches. The mean value

f the threshold voltage V̄th increases linearly with film thick-
ess through the measured range of thickness, while it decreases
xponentially with increasing temperature in the investigated
emperature range. The conduction activation energy �E� , the
hreshold voltage activation energy εth and the threshold field F̄th

[

[

[
[

ompounds 509 (2011) 5935–5941 5941

decreases with increasing Ga content in the studied films. The data
obtained for switching characterization were explained according
to the electrothermal model initiated from Joule heating of current
channel.
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