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Investigation of the switching phenomenon on TlGaSSe single crystal revealed that it is typical for a memory
switch. The switching process takes place with both polarities on the crystal and have symmetrical shapes.
Current�voltage characteristics (CVC) of symmetrical Ag/TlGaSSe/Ag structures exhibit two distinct regions,
high resistance �OFF� state and low resistance �ON� state having negative di�erential resistance. In addition,
TlGaSSe is a quarternary semiconductor exhibiting S-type I�V characteristics. The experimental results indicate
that the phenomenon in our sample is very sensitive to temperature; light intensity and sample thickness. The
switching parameters were checked under the in�uence of di�erent factors of the ambient condition. The present
investigation is the �rst one on switching phenomenon of TlGaSSe.
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1. Introduction

Electrical threshold switching and memory in semi-
conductors have aroused great interest in recent years.
Among the materials in which these e�ects take place
there are chalcogenides. Some of the ternary and quater-
nary compounds are known to have nonlinear current�
voltage (I�V ) characteristics and switch from the high
resistance �OFF� state for lower applied voltages, to the
low resistance �ON� state for higher voltages [1]. Hence,
researchers are trying to discover new materials and com-
pounds which can be used for operation as bistable de-
vices. The quaternary layered TlGaSSe crystal belongs
to the new group of layered semiconductors. This crystal
is formed from TlGaS2 and TlGaSe2 crystals by replac-
ing half of sulfur (selenium) atoms with selenium (sulfur)
atoms. The crystal lattice has two-dimensional layers ar-
ranged parallel to the (001) plane [2, 3]. The presence
of an S-type I�V characteristic in the TlGaS2 [4] and
the TlGaSe2 [5] has already been con�rmed, and a fur-
ther investigation of the electrical properties of TlGaSSe
will be necessary. This aim is supported by the fact that
there are fewer references concerning S-type electrother-
mal mechanism in single crystals than about amorphous
chalcogenide systems. The switching itself could play an
important role in technological applications (switching
and memory devices, thermistors). Some of the physi-
cal properties of the TlGaSSe have been investigated by
many authors [6�10].
The aim of this work is to study the switching phe-

nomenon in thallium gallium sulphur selenite single crys-
tal in wide range of temperatures as well as light inten-
sity and sample thickness. To the best of our knowledge
switching investigation in this compound has not been
reported yet. The absence of data on the characteristics
of switching about the compound TlGaSSe makes it dif-
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�cult to estimate potential application of this material in
electronic technology.

2. Experimental arrangement

2.1. Sample preparation

The modi�ed Bridgman method was used to grow
TlGaSSe layered single crystal from a stoichiometric melt
of starting materials sealed in evacuated (≈ 10−6 mbar)
and carbon coated quartz ampoules with a tip at the bot-
tom. All the starting materials used were of extra pure
elements (99.9999%). To prevent the ampoule from ex-
ploding, it was heated in a temperature gradient furnace,
so that the sulphur condensed at the cold end and slowly
reacted with the heated elements at the hot end. The am-
poule was kept at temperature higher than the melting
point for 10 h to ensure homogenization. The growth was
achieved by lowering the ampoule from the hot side of the
furnace at 850 ◦C, to the cold side at 480 ◦C at a rate of
1.2 mm h−1. Details of the experimental procedure for
crystal growth were reported elsewhere [11]. The result-
ing ingots had no cracks and voids on the surface. The
crystals obtained have a layered structure (red in color)
showed good optical quality and the freshly cleaved sur-
faces were mirror-like. The samples were identi�ed by
means of X-ray analysis. The X-ray di�raction analysis
con�rmed that TlGaSSe compound has monoclinic struc-
ture with lattice parameters a = 7.58 Å, b = 7.65 Å,
c = 8.71 Å, and β = 111.85◦. All samples of TlGaSSe
used in the present study were freshly cleaved from crys-
tals grown in the same ampoule. They had parallel faces
and thickness of the order of 1.8 mm.

2.2. Switching e�ect measurements

Specimens of TlGaSSe with plane-parallel mirror sur-
faces were prepared from a large ingot; they were prop-
erly cleaved along the cleavage plane and cut with a
lancet. Their typical dimensions are 6.4×3.5×1.8 mm3.
The samples are symmetric sandwich type structure in
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which single crystal samples are placed between two
metal electrodes. The sample with its holder was po-
sitioned in a special system to allow temperature control
in the investigated range. Details of the sample holder
were described early [12]. The system was attached to a
vacuum pump giving the possibility of measurements un-
der vacuum. The environment temperature of the spec-
imen under test was measured by means of a calibrated
spot-welded chromel�alumel thermocouple. The investi-
gation was carried out in a wide range of temperature in
order to show the in�uence of ambient temperature on
switching behavior. The current�voltage characteristic
was measured using DC stabilized and regulated voltage
supplied by means of digital programmable power supply
model thermo EC 6000P. The current was measured by
means of digital Keithley 617 electrometer. The current
passing through the sample can easily be reversed or cut-
-o� by applying three-pole double stage reversing switch.
In order to investigate the e�ect of light intensity on the
switching phenomena at 300 K, samples with appropri-
ate thickness were mounted in a cryostat equipped with
suitable windows and clamped in its holder provided with
apertures to allow the passage of the radiation. Details
of the apparatus and cryostat as well as the used circuit
are described in Ref. [13]. The sample was illuminated at
normal incidence. Luxmeter (the Fisher scienti�c mark)
was used for measuring light intensity. The current and
the potential drop across the sample as a function of in-
tensity of illumination were registered directly. The e�ect
of sample thickness on the CVC was also studied. The
specimen with initial thickness equal to 1.8 mm was �rst
tested for the current�voltage characteristic and then its
thickness was successively reduced. Samples with thick-
ness varying in the range 1.8�0.8 mm were used to in-
vestigate the in�uence of the sample thickness on the
switching characteristics. The overall accuracy of the
measurements was estimated at ±1%.

3. Results and discussion

3.1. Current-controlled negative resistance with memory

In the present work we investigated the switching phe-
nomenon when the current �ows parallel to the cleavage
planes perpendicular to the c-axis.
Figure 1 shows the I�V characteristic of TlGaSSe sin-

gle crystal, where it can be seen that initially in high re-
sistance (OFF state) the voltage across the sample varies
ohmically with current. Near a critical voltage Vth (cor-
responding to a critical current Ith), the characteristic
becomes nonlinear. At Vth the sample exhibits a nega-
tive resistance behavior which leads to a low-resistance
ON state region. In the ON state the I�V characteris-
tic is nearly linear and the dynamic resistance is almost
zero. The general behavior of the current�voltage char-
acteristics for virgin sample of TlGaSSe single crystal has
characteristic shapes as given schematically in Fig. 1.
Switching is symmetric with respect to the polarity.

Also we can notice that thallium gallium sulphur selen-
ite is a quaternary semiconductor exhibiting S-type I�V

Fig. 1. Symmetrical of the CVC of TlGaSSe relative
to the polarity.

characteristics, similar to the curves shown by many au-
thors [4, 5, 13�15]. The sample remains in the ON-state
if the current reduced to zero, i.e. under the zero bias
condition, the sample stays in the ON-state. This in-
dicates that the memory state persists if the current is
decreased slowly to its zero value. However, if the cur-
rent was forced to decay suddenly, the specimen returns
to the high resistance state.

3.2. Temperature dependence of switching phenomena
of TlGaSSe crystal

The temperature dependence of the I�V characteris-
tics is an important factor in considering a switching ma-
terial for information storage applications. In the present
study, the e�ect of temperatures on the current�voltage
characteristic and switching behavior of TlGaSSe com-
pound have been investigated in the temperature range
extended from 150 to 330 K. Usually, in memory switch-
ing materials, di�erent samples of the same thickness are
used to study the e�ect of temperature on the switch-
ing behavior. The temperature dependence of the I�V
characteristics for TlGaSSe compound is shown in Fig. 2.

Fig. 2. Current�voltage characteristics at di�erent val-
ues of temperature for TlGaSSe single crystal.

As is evident from the experimental curves as well as
predicted by the electrothermal model [16�18], the am-
bient temperature greatly in�uences the form of the I�V
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curves. As observed from the curves of Fig. 1 and Fig. 2
some common features are shown such as the following.
There are two distinct regions; one in the OFF state re-

gion and the other negative di�erential resistance (NDR)
region.
It is clear that, with increase in temperature, the CVC

as a whole is shifted toward the lower potentials.
S-shaped curves in the higher current density regions

with a rather pronounced NDR region, which sets in after
a critical current value (Ith), threshold current.
The NDR region of the curves is more pronounced at

higher ambient temperature.
The transition from the low to the high conductivity

state of the curves is almost abrupt at higher tempera-
ture.
The threshold voltage Vth, after which the NDR region

sets in, becomes higher with decreasing temperature.
A marked increase in the holding current Ih with in-

crease in temperature, while the holding voltage gradu-
ally increases with decrease in temperature. The e�ect
of the ambient temperature on the switching parameters
Vth and Ith is illustrated in Fig. 3.

Fig. 3. Ambient temperature e�ect on threshold cur-
rent and voltage for TlGaSSe single crystal.

It is clear from the �gure that as the temperature in-
creases, the threshold voltage decreases and the threshold
current increases. This indicates that an electrothermal
mechanism is involved in the switching process. The de-
pendence of v1/2th and Pth on T is plotted in Fig. 4 on the
basis of the thermal-�eld Frenkel e�ect [19].

Fig. 4. Temperature dependence of v
1/2
th and Pth for

TlGaSSe single crystal.

This �gure obeys the following relation [19]:

V
1/2
th =

(
πε0ε∞d

e

)1/2

(ϕ− cT ), (1)

where ε0 is the permittivity of vacuum, ε∞ is the elec-
tron component of the permittivity, d is the distance be-
tween two electrodes, c is a constant, e is the electron
charge, ϕ is the depth of the potential well, T is the ab-
solute temperature. Using the coordinates V 1/2

th and T
clearly, within the experimental error, the result is �t-
ted by a straight line. This shows that the switching in
Ag/TlGaSSe/Ag structures from high to low resistivity
state occurs under the simultaneous action of an electric
�eld and temperature [20]. This must be supported by
the dependence of threshold �eld on the thickness of the
active region. The power necessary to change the mate-
rial from the high-resistance state to the low-resistance
state called threshold power (Pth). The threshold power
depends also on the ambient temperature.
The dependence of the threshold power on tempera-

tures was plotted in Fig. 4. It is found that Pth decreases
linearly with temperature. So this result is quite logical,
since the power necessary to initiate switching decreases
when temperature increases. This explains why at low
temperature large switching power is required. The OFF
and ON state resistance ratio (ROFF/RON) also depends
on temperature. The dependence of the resistance ratio
on temperature shows that (ROFF/RON) increases with
temperature indicate that the surrounding temperature
a�ects the sample resistance ratio. The ON-state resis-
tance is typically 22.22 × 103 Ω at room temperature
and depends on the magnitude of the threshold voltage,
as Vth decreases, RON decreases. The resistance ratio
(ROFF/RON) for our samples at room temperature is of
the order of 1.9.

3.3. In�uence of light intensity on switching e�ect

The current�voltage characteristics at di�erent values
of light intensity at room temperature for TlGaSSe are
plotted in Fig. 5.
The switching phenomenon of our sample was very sen-

sitive to the light intensity. The CVC under illumination
(20, 400, 800, 1200, 1600, 2000 lx) has the general form
of switching with S-shape. It is evident from this �gure
that the I�V characteristics as a whole are shifted to-
ward lower potentials with an increase in the intensity of
the incident light, also we can see that the form of CVC
and the magnitude of the photocurrent depend strongly
on the intensity of the incident light. This means that in
case of weak illumination the threshold voltage is larger
and the threshold current value is smaller than the value
obtained in case of intense light. Figure 6 illustrates the
dependence of Vth and Ith on light intensity.
As can be seen, threshold voltage decreases with in-

creasing light intensity, whereas the threshold current in-
creases with light illumination. The main contribution
comes from photocarrier generation through excitation
states and is larger than recombination process. The re-
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Fig. 5. The e�ect of light intensity on I�V character-
istics of TlGaSSe specimen.

Fig. 6. Dependence of Ith and Vth on light illumina-
tion for TlGaSSe compound. E�ect of light intensity on
threshold power Pth.

lation between threshold power Pth with light intensity
is presented graphically in �gure.
As we notice, Pth decreases linearly with increase of

the incident light intensity. This may be due to pho-
togeneration processes which took place under illumina-
tion of the sample and led to low power for switching
as the intensity dose increases. The dependence of the
resistance ratio ROFF/RON on the illumination intensity
was also determined. This ratio increases gradually as
the light intensity increases in the low intensity region
while it increases rapidly with light illumination in the
high intensity region. The ON-state resistance at room
temperature as calculated is 2.0 times smaller than the
OFF-state at 20 lx and decreases as the light intensity in-
creases becoming 0.14 times smaller than the OFF-state
at 2000 lx.

3.4. E�ect of sample thickness

The overall features of the I�V characteristics of
TlGaSSe are altered by changes in sample thickness. It

Fig. 7. The e�ect of the specimen thickness on switch-
ing phenomena for TlGaSSe.

is important to observe the in�uence of the sample thick-
ness on the switching characteristics. Room temperature
I�V characteristics for the investigated compound were
studied for samples of thickness 1.8�0.8 mm. Figure 7
represents the dependence of the switching behavior on
the thickness of TlGaSSe specimen.
The �gure indicates that the threshold potential

changes with the specimen thickness and the width of
the dashed lines, which represent the variation from the
OFF to ON state, decreases with increase of thickness.
This result indicates that the switching can be easily con-
trolled with the sample thickness. The holding current
and voltage are also a�ected with the active thickness
of the specimen. A variation of the threshold voltage
and current with thickness sample can be observed from
Fig. 8 which represents a graph of Vth and Ith against d.
It is clear from the curves that the threshold voltage de-
creases exponentially with decrease of the sample thick-
ness, while the threshold current increases linearly with
decrease of sample thickness. One can say that the de-
crease of the specimen thickness lowers the potential for
the switching process in a specimen. This result can be
explained clearly in terms of the Ovshinsky model [21]
in which injection and impact ionization are believed to
play an important roles in such process.
Figure 9 shows that the dependence of the threshold

�eld Eth and threshold power Pth on the thickness of the
sample.
It is clear that Eth increases with sample thickness.

This indicates that the electric �eld has a profound in-
�uence on the ability of the samples to undergo a tran-
sition from the OFF state to an e�ective region of NDR.
This supports the suggestion that the mechanism of the
switching in TlGaSSe sample may involve both electronic
and thermal processes [22]. The variation of the thresh-
old power Pth with sample thickness is plotted in the
same �gure.
It is seen that the threshold power increases linearly

with increasing thickness, i.e. the power required for
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Fig. 8. Variation of Vth and Ith with TlGaSSe sample
thickness.

Fig. 9. The dependence of the threshold �eld Eth

and threshold power Pth on the thickness of TlGaSSe
sample.

switching decreases as the thickness of the sample de-
creases. The ratio between ROFF and RON state resistiv-
ities decreases with thickness and reaches a very low value
at higher thickness. The resistance ratio varies from 1.7
to 10.7 in the range of sample thickness under test. In-
creasing the thickness leads to smaller value of this ratio.
These results indicate that the switching process can be
easily controlled with specimen thickness.

4. Conclusion

In view of the possibility of the practical applica-
tion of the switching e�ect with memory, we have
grown and studied single crystal of TlGaSSe. In con-
clusion, �rst observations of the switching process in
TlGaSSe layered chalcogenide semiconductor crystals
are reported. Current-controlled negative resistance
(CCNR) in TlGaSSe single crystal has been reported
for the �rst time. It has been found that thallium gal-
lium sulphur selenite single crystals exhibit bistable or
memory switching. The current�voltage characteristics
are symmetrical with respect to the reverse of the ap-
plied voltage and current. The results strongly indicated
that the phenomenon in our sample is very sensitive to
temperature, light intensity, and sample thickness. The

switching parameters were checked under the in�uence of
di�erent factors of the ambient condition. The TlGaSSe
with such properties can be used as switching and mem-
ory elements in modern electronic devices.
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