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Abstract: Indium Gallium ditelluride single crystal, were prepared by a special high efficiency, low cost, design 
constructed locally, based on Bridgman technique. A special Perspex sample holder and quartz cryostat were 
used to investigate the switching phenomena in InGaTe2 single crystal. Current-controlled negative resistance 
(CCNR)has been observed for the first time. The switching effect observed in such crystal shows memory. The 
CVC of the compound show two different regions: an ohmic region at low-current densities and a negative 
differential resistance (NDR) region at higher current densities. This behavior has been explained by an 
electrothermal model. The results strongly indicate that the phenomenon in our samples are sensitive to 
temperature, light intensity and sample thickness as well. Switching parameters (Ith,Vth, Ih, Eth, Pth and 
ROFF/RON) are found to depend on the surrounding conditions as well as sample thickness. 

Keywords: Indium gallium ditelluride, CCNR, memory, switching, NRD region, S-shape. 

——————————      —————————— 
 

1. Introduction 
 

The switching phenomenon one of the numerous interesting effects arising in strong electric field(1). The 
phenomenon has been observed in a great number of crystalline, amorphous and liquid semiconductor. 
Electrical threshold switching and memory in semiconductors have a roused great interest in recent years. 
Among the materials in which these effects take place there are chalcogenides(2). AIIIBIIIC2

VIsemiconducting 
ternary chalcogenides form a layered-chain structure as AIIICVI-BIIICVI in which the compounds AIIICVI and 
BIIICVI have the ratio 1:1. For instance in the compound InGaTe2, which is a ternary material from this class, the 
compounds are arranged in the form InTe-GaTe. Although the ternary semiconducting chalcogenides have been 
investigated extensively in recent years, very few investigation have been performed on InGaTe2. The crystal 
structure of this compound is reported(3) some information about the electrical and Hall coefficient was 
published(4,5), and also the optical properties was investigated(6). Binary AIIIBVI and ternary AIIIBIIIC2

VI 
compounds exhibit many non-linear effects in electrical behavior, such as S-shaped characteristic in the negative 
differential resistance region (NDR), switching and memory effects, polarization and depolarization effects(7). 
The switching phenomenon has been known for more than thirty years and has been investigated by many 
authors. Today, it still remains a subject of contradiction and mystery. Therefore, all investigations leading to its 
clarification are beneficial. Negative differential resistance (NDR) and electrical switching effects attracted the 
interest of many researchers. This is due to possible technologicalapplications, such as switching and memory 
devices, oscillators, thermistors, etc. The InGaTe2 compound just like other ternary semiconductors compounds 
could have many possible applications ranging from use in solar cells to nonlinear effects such as S-type 
characteristics with voltage oscillations in the negative resistance region andmemory switching effects. In view 
of the absence of published observations of these phenomena in this compounds, the authors under took such 
work and report here the results of switching effects and some factors affecting it. A lot of work has been done 
to establish the mechanisms of switching process, but at present, there still exists uncertainty about the actual 
physical content of these theories. Since then, the characterization and utilization of this negative-resistance 
behavior has received considerable attention. The absence of data on the characteristics of switching about the 
compound InGaTe2 makes it difficult to estimate potential application of this material in electronic device 
technology.   
 
2. Experimental details 
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2.1 Apparatus and method of crystal growth. 
 

Single crystals of InGaTe2 were grown from melt using a modified Bridgman technique in a special design 
constructed locally. InGaTe2crystals were prepared in bulk form by direct fusion of stoichiometric amount of 
the constituent elements In, Ga and Te (purity 99.9999%) in an evacuated seald silica tube (10-5Torr). 
The silica tube has a trapped tip at the bottom to facilitate seeding in the growth process. The quartz ampoule 
was coated internally with a thin layer of pyrocarbon to prevent the produced ingots from adhesion with silica 
tube. At the beginning of the growth run, the ampoule was held in the hot zone of the furnace at 1050K for 10h 
for melt homogenization. Then the melt shaken during heating several times to accelerate the diffusion of the 
contaminates through each other. After this the ampoule was moved into the middle temperature zone of the 
furnace with a temperature of 970K according to the phase diagram(8) at rate 2.3mm/h. Afterward, the ampoule 
was cooled down slowly in the third zone of the furnace. Details of the experimental equipment for crystal 
growth and of the preparation procedures are described elsware(9). After the product had cooled to room 
temperature, the crystal was characterized by X-ray diffraction analysis and DTA. To assure the presence of the 
crystalline phase with high quality in the prepared ingot with black metallic luster. The time required for this 
process was about 17 days. 

 
 
2.2  Design and constructed of the sample holder and cryostat 
 

To study the switching phenomenon of bulk specimen, the sample was prepared in a rectangular shape and 
placed in a point contact holder. The specimen holder consists of two flat copper sheets fixed on a rectangular 
block of insulating material (Perspex). A brass screw fixed in the midpoint of the copper sheet faces, acts as 
point electrodes, the brass screw can be moved gently to make light pressure-contact on the specimen. The 
sample with its holder was positioned in a special system to allow temperature control in the investigated range. 
More details of the sample holder were described early(10). The system was attached to a vacuum pump giving 
the possibility of measurements under vacuum. The environment temperature of specimen under test was 
measured by means of a calibrated spot-welded chromel-Alumel thermocouple. The investigation was carried 
out in wide range oftemperature in order to show the influence of an ambient temperature on switching 
behaviour. Silver paste was applied on the opposite parallel surfaces of the sample. In order to investigate the 
effect of light intensity on the switching phenomena at room temperature, sample with appropriate thickness are 
mounted in a cryostat equipped made of quartz glass with suitable flat portion and clamped in its holder 
provided with apertures to allow the passage of radiation. The sample was illuminated at normal incidence. 
Details of the apparatus and cryostat described in ref.(11) 

 
2.3Theexperimental arrangement and measuring technique 

 
In this work, the samples are symmetric sandwich type structure in which single crystal samples of 

rectangular shape were prepared with smooth and mirror like surface are placed between two metal electrodes. 
We used a simple circuit consisted of a digital DC stabilized programmable power supply Thermo EC Type, 
with accuracy better than ±1% of set value, digital Keithleyelectrometer 617, sample and load resistance were 
connected in series, the sample was connected in parallel to a sensitive voltmeter for measuring the potential 
difference across its ends. For tracing the I-V curves the power supply voltage was increased gradually and 
slowly. The values of the current and potential difference across the sample were recorded when the bias was 
increased until a threshold value of the electric field (~1.42V/cm) was reached, switching from the high to the 
low-resistivity state took place in the crystal. After which the series resistor, limited the applied voltage for 
preventing crystal destruction. The current passing through the sample can be easily reversed or cut-off by 
applying three-pole doubles stage reversing switch. The investigation was carried out in the temperature range 
120K to 300K in order to show the influence of ambient temperature on the switching behaviour. The 
temperature of the specimen was maintained constant during each measurement. Also the high and low 
resistivity states were sensitive to the light intensity and sample thickness. To study the effect of light intensity, 
white light was focused on the surface of the sample. The intensity of the radiation was measured with a 
luxmeter (Fisher Scientific mark) from 0 to 1500 Lux. Samples with thickness varying from (0.1-0.2cm) were 
used to investigate the influence of the sample thickness on the switching characteristics. Details of the 
experimental procedures and apparatus were published earlier(12). 

 
3. Results and Discussion  
3.1General description of the switching phenomena 
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The room temperature I-V characteristics for the bulkInGaTe2 semiconductor crystal are shown in fig.1. The 
behavioris typical I-V characteristics ofCCNR,similar to many chalcogenide materials(13-15). The current passing 
through the specimen increases with increasing voltage up to certain value, called "threshold voltage". After that 
voltage, the I-V characteristics moves from the high-resistance state (OFF state) to the low-resistance state (ON 
state). To study the features of various parts of the I-V curve. At low voltages (0≤V≤Vth) thecharacteristic 
exhibits ohmic behavior from which the resistance of the specimen can be determined. At critical value of the 
applied voltage Vth the current increases suddenly with decreasing the voltage across the specimen, which 
means that a negative resistance occurs , therefore, the I-V characteristic could be classified as characteristics of 
negative resistance devices. A sudden increase in current and drop in voltage was observed in a very short time 
of the order of 10-9sec i.e., electrical switching takes place, data cannot be taken in this region.  

 

-25 -20 -15 -10 -5 0 5 10 15 20 25

-100

-80

-60

-40

-20

0

20

40

60

80

100

Vx10 (volt)

i x
10

-3
 (A

m
p)

 
Fig. 1.  I-V characteristic for InGaTe2 single crystal. 

 
After the negative differential resistance region, the sample stays in the low-resistance state even the applied 
voltage is reduced to zero. This state is a conductive one. This is because the conductivity becomes about two 
orders of magnitude higher than in the OFF state.The above features indicate that the switching process is of 
memory type. At present, we have no information regarding these changes, but we believe that the memory 
switching effect in these compounds occurs as a result of two consecutive processes, an electric process give 
rise to the negative resistance (Lampert's effect) and a Joule effect in the localized zones, which gives rise to the 
memory effect. This leads to the conclusion that the favorable mechanism of switching in the present study may 
be the electrothermal mechanism. Fig 1 shows the forward and reverse biased I-V characteristics of InGaTe2 
single crystals. The general behavior of the CVC is the same for both polarities, indicating that it is symmetric 
with respect to the polarity of the applied field with two distinct regions. The OFF-state and the negative-
differential resistivity (NRD) regions. We can also observe that the InGaTe2 is a ternary chalcogenide 
semiconductor exhibiting S-shape I-V characteristic. 

 
3.2 Temperature dependence of the I-V characteristic.  

 
The temperature dependence of the I-V characteristics is an important factor to define a switching material 

for technological applications. In other word choosing a switching material for an information storage 
application depends on the variation of switching properties on temperature. In the present study the effect of 
the temperature on switching behavior has been investigated in a wide temperature range extend from 120K to 
300K. the temperature dependence of the I-V characteristic curves of Ag-InGaTe2-Ag structures under static 
conditions are shown in fig 2.It is clear from this figure that cooling increased the threshold switching voltage 
and lowered the threshold current. It is obvious that Vth decreases with increasing the temperature in accordance 
with the previous observations obtained by other authors(16-18) for other compounds, while Ith increases with 
increasing the temperature. The part of the I-V characteristic exhibiting, negative slope is usually NDR. Its 
width, slope, threshold voltage and threshold current, as well as holding voltage and holding current are the 
main characteristic features of this region. In the holding branch therefore the electrothermal balance between 
Joule's heat, produced in the bulk and heat flux into the electrodes seems to play an essential role for sustaining 
the high current density, with decreasing ambient temperature the critical voltage Vth at which the slope dI/dV 
first become negative shifts to higher voltage values, while the corresponding current (threshold current) shifts 
to lower current values. The holding voltage Vhincrease with decreasing temperature, while the holding current 
increases with increasing temperature. It is clear from the curves the current-voltage characteristics for InGaTe2 
single crystal has a characteristic S-shape as shown schematically in the figure for the entire temperature range 
under investigation. The switching and threshold voltage can be understood in terms of the following 
electrothermal model(19,20) for the pre-switching region. The temperature of the semiconductor is raised due to 
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Joule-heating. Since the conduction process in the material is thermally activated, the conductivity of the sample 
will increase when it is heating, this will allow more current to flow through the heated regions and allow more 
Joule heating, resulting in a further increase in the current density.Ultimately the temperature rise will become 
sufficient to initiate a thermal breakdown owing to the strong temperature dependence of the conductivity. As 
can be seen from the experimental plot of fig 2a and also predicated by the electrothermal model, the 
temperature is greatly influences both the form of the I-V curves and the threshold voltage Vth (i.e, the 
appearance of the NDR region of the I-V characteristics is weaker at lower temperatures). According to these 
comments, the threshold current decreases with increasing the threshold voltage. It is easily seen that the I-V 
curves depend strongly on the ambient temperature of the investigated specimen. From these curves one can plot 
the variation of the threshold voltage Vthand the threshold current Ith with the ambient temperature as shown in 
fig 2b. Increasing the ambient temperature of the InGaTe2 specimen, increases the threshold current, while it 
decreases the threshold voltage (the two relations are linear). This indicates that an electrothermal mechanism is 
involved in the switching process. 
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Fig. 2. a. The temperature dependence of switching effect for InGaTe2 single crystal. b. The dependence of Vth and 
Ith on ambient remperature for InGaTe2 compound 

 
This behavior may be attributed to the fact that the rate of recombination is greater than the rate of thermal 
generation of free charge carriers, another possible contributing factor may be the effect of trapping centers 
which leads to smaller values of the threshold current as the temperature decreases. The relation between the 
threshold voltage and the ambient temperature can be described by an Arrhenian formula(21) 







 ∆
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kT
EVVth exp0  

Where V0 is constant and ΔE is the activation energy for switching and k is theBoltzman constant. Therefore, 
plotting lnVthversus 103/T for the studied InGaTe2 semiconductor compound yields linear relations as shown in 
fig 3a. This relation satisfying the above equation. The dependence of Vthon T was analyzed on the basis  the 
thermal-field Frenkel effect. The relation between Vth and T is described by the following expression(16) 
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Fig. 3. a. The dependence of lnVth against 1000/T  for InGaTe2 compound, b. The dependence of (Vth)1/2against T  for 

ternary chalcogenide InGaTe2single crystal. 
 
Where ε0 is the permittivity of vacuum, ε∞ is the electron component of the permittivity, d is the distance 
between two electrodes, C is a constant, e is the electron charge, ϕ is the depth of the potential well and T is the 
absolute temperature. The variation of Vth with temperature is plotted in fig 3b using the coordinates (Vth)1/2 and 
T. Clearly, within limits of exponential error, the results fit a straight line. This demonstrates that the switching 
in M-InGaTe2-M structures from a high- to low- resistivity state occurs under the simultaneous action of the 
electric potential and temperature(22).This claim must be supported by the dependence of the threshold field on 
the thickness of the active region. The power dissipated (Pth= Vth× Ith) was calculated for the investigated 
sample. The power necessary to change the material from the high resistance state to the low-resistance state is 
called the threshold power Pth. The threshold power is also depends on the ambient temperature. Calculation 
indicated that the magnitude of Pth decreases as the temperature increases as shown in fig 3b. This led us to the 
assumption that as temperature increases the number of random collisions as well as scattering between the 
charge carriers, the rate of thermal generation of free charge carriers smaller than the rate of recombination and 
the effect of trapping centers increases as the temperature increases. 
All these factors led to the decrease of the threshold power as the temperature increases. So this result is quite 
logical, since the power necessary for initiate switching decreases with temperature increase as shown in fig 
4a.The effect of the surrounding temperature on the sample resistance ratio was also determined. The OFF and 
ON state resistance ratio (ROFF/RON) depends on temperature which increase as temperature increase as seen in 
fig 4b. The resistance ratio at room temperature is of the order of 3.48. 
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Fig. 4 a. The variation of threshold power with temperature for InGaTe2 compound. b. The dependence of the ratio 

ROFF/RON  against T  for InGaTe2 compound. 
 
 
3.3 Influence of light intensity on the switching effect.  
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The effect of light intensity on CVC is represented in fig 5a, which show that I-V characteristics of InGaTe2 
at room temperature for different illumination doses (0,300,600,900,1200,1500 Lux). As observed from the 
curves in the figure, the behaviour of the CVC has the general form of switching with S-shape.  
We notice that a sharp rise in the illumination intensity leads to a quick transition from the high-resistivity state 
tolow-resistivity state because thefield necessary for switching is reached quickly as the light intensity 
increases.It is evident from the I-V characteristics as a whole are shifted towards lower potentials with an 
increase in the intensity of the incident light. Additionally, we can see that the form of the CVC and the 
magnitude of the photo-current depend strongly on the intensity of the incident light.This means that in the case 
of weak illumination, the threshold voltage is larger and the threshold current value is smaller than the values 
obtained in the case of intense light. Additionally, we can observe a marked increase in the holding current Ih as 
the light intensity increases, which the holding voltage gradually increases with a decrease in the illumination 
doses. Fig. 5b illustrates the dependence of Vth and Ith on the light intensity. As can be seen from the figure, the 
threshold voltage decreases linearly with increasing light intensity, whereas the threshold current increases also 
linearly with increasing illumination. This indicates that as the light intensity increases, the number of charge 
carriers generated by photons increases leading to a growth of the current as the light dose increases. The main 
contribution comes from photo-carrier generation through excitation states is larger than recombination process. 
The relation between the threshold power Pth with light intensity is presented graphically in fig.5c. In general, 
the threshold power decreases linearly with light intensity. This may be due to photogeneration processes which 
take place under illumination of the sample and lead 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. 
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Figure5. a. Current-voltage curves at different values of light intensity. b. The dependence of Vth and Ith. c. The dependence 
of threshold power for InGaTe2. 
 
ROFF/RON increases gradually as the light intensity increases in the low intensity region, while it increases 
rapidly with light illumination in the high intensity region as seen in fig. 6. The ratio ROFF/RON at room 
temperature as calculated is 1.7 at zero-Lux and increases as the light intensity increases becoming 6.15 at 1500 
Lux.  
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Figure 6. The dependence of the ratio ROFF/RON   against light intensity for InGaTe2 compound. 
 

3.4 Thickness dependence of switching effect.  
 

The identification of the specimen whose resistances are changed from a high value in the OFF-state to a 
very low value in the ON-state by the lowest switching power can be achieved through the study of the effect of 
the specimen thickness on the switching behavior. The overall features of the I-V characteristics of InGaTe2 are 
altered by changes in the sample thickness. Room temperature I-V characteristics for the investigated compound 
were studied for samples of thickness between 2 mm and 1 mm. Fig. 7a represents the dependence of the 
switching behavior on the thickness of InGaTe2 specimen. The graph indicates that the threshold potential 
changes with the specimen thickness, the widths of the dashed lines which represents the variation from the 
OFF-state to the ON-state, decrease with increasing sample thickness. The observed results indicates that the 
switching can be easily controlled by controlling the sample thickness. The holding current is thickness 
dependent, also the holding voltage is affected by the active thickness of the specimen, i.e., it decreases as 
sample thickness increases, while the holding current increases as the sample thickness increases. Investigation 
of the effect of sample thickness on switching phenomena is useful for a chosen specimen whose resistance is to 
change from high value (OFF state) to a very low (ON state) by lowest switching power. Fig 7b shows the effect 
of sample thickness on switching phenomena parameters of p-type InGaTe2 at room temperature . The curves 
indicate that the threshold potential and current change with the thickness of the active region. It is clear from 
the curves in fig 6b that the threshold voltage decreases rapidly and linearly with increasing sample thickness, 
while the threshold current increases rapidly and linearly with sample thickness. One may conclude that an 
increase of the specimen thickness lowers the potential for switching process in a specimen under test. Fig. 7c 
shows the dependence of the threshold field on the thickness of the sample. It is clear that Eth decreases with 
increasing sample thickness. This indicates that the electric field has a profound influence on the ability of the 
samples to undergo transits from the OFF state to an effective region of negative differential resistivity. This 
evident influence of the electric field supports the suggestion that the switching mechanism in InGaTe2 samples 
may involve both electronic and thermal processes(23). 
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Figure7. a. I- V characteristics with various thickness. b. The dependence of Vth and Ith against sample thickness, c. 
The dependence of Eth against sample thickness  for InGaTe2 compound. 

 
The variation of the threshold power Pth with the sample thickness is plotted in fig. 8a. It can be seen that the 
threshold power increases exponentially as the thickness increases reaching its highest value at 1.4mm, after 
which Pth decreases.This indicate that there is a critical value of the thickness of the active region at which the 
power necessary for switching decreases as the thickness of the sample increases. Thus, we can see that the 
switching can be easily controlled by controlling the specimen thickness. The resistance ratio varies from 2.1 to 
10.7 in the sample thickness range investigated in this study. At the beginning increasing the thickness leads to 
slowly increases in the ratio up to 1.6mm thickness, after which increases rapidly with thickness, this behavior is 
plotted in fig. 8b. 
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Figure8. The variation of the threshold power Pth(a) and the ratio ROFF/RON (b) for InGaTe2compound. 
 
 
4.  Conclusion 
 

For the purpose of investigation the possibility of the practical application of the switching effect with 
memory of InGaTe2, we have grown and studied single crystals of this material. 
This investigation is necessary to show the sensitivity of the switching phenomenon to the surrounding 
conditions, that is a good mentor for the possibility of the test material as switching elements in electronic 
devices. The major features of the switching phenomena in InGaTe2 ternary chalcogenide semiconductor 
crystals can be summarized as follows: 
1- First observations of the switching process in InGaTe2ternarychalcogenidesemiconductor crystals are 

reported. 
2- It is found that indium gallium ditelluride single crystals exhibit bistable operations or memory switching. 
3- In the CVC for InGaTe2Current-Controlled Negative Resistance (CCND) is reported for the first time. 
4-  The current-voltage characteristics are symmetrical with respect to the polarity of the applied voltage and 

current. 
5- The form of the CVC is of S-shape type from the common form of the switching phenomena. 
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6- When the applied voltage exceeds a threshold voltage, the unit switches along the load line to the conducted 
state. The critical field for switching inInGaTe2 is 1.42V/cm at room temperature. 

7- The results strongly indicate that the switching phenomena observed in our samples are very sensitive to 
temperature, light intensity and sample thickness. The switching parameters also are checked under the 
influence of various ambient conditions. 

8- In view of these properties, our material can be used as switching elements and memory elements in 
electronic devices.   
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