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I-U dependence of TlInX, (X =Se,Te) single crystals: The Ohmic and S-type regions
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Electrical conductivity measurements were performed on TlInSe, and TlInTe, single crystals.
The corresponding current-voltage (I-U) characteristics consist of two parts: An Ohmic part, at
low current densities, and a nonlinear one of the S type, at moderate and higher current densities.
In the latter part a well-formed negative-differential-resistance (NDR) region appears. Acceptor
levels and their concentrations were determined from Inp versus 10°/T curves measured in the
Ohmic region of the corresponding I-U curves. The nonlinear behavior of the I-U curves was stud-
ied at different ambient temperatures; the sample temperature and the threshold voltage of the
NDR region were examined as a function of the current density and the ambient temperature, re-

spectively.

I. INTRODUCTION

The TlInX, (X=Se,Te) compounds are p-type semicon-
ductors! ~? with indirect energy gaps* % and structures
that can be described as [In*"X?7,]” chains, extending
along the crystallographic c¢ axis of the materials.”® Such
negatively charged chains are bonded together by TI
ions, forming a tetragonal lattice of group symmetry
D®-14/mcem.°

These compounds exhibit, in their electrical behavior,
many nonlinear effects, such as S-type characteristics
with voltage oscillations in the negative resistance region®
and switching and memory effects registered both on
pure and Li-intercalated crystals. >}

Negative differential resistance (NDR) and electrical
switching effects attracted the interest of many research-
ers'? in the case of the chalcogenide glasses. This is due
to possible technological applications such as switching
and memory devices, oscillators, thermistors, etc. and
also to the possibility of theoretical research on them
such as bifurcation analysis; for the same reasons we
think that a more detailed study of the electrical proper-
ties of the TlInX, (X=Se,Te) is necessary.'*> In the
present work, we report on the acceptor levels regulating
the electrical conductivity in the linear region of the cor-
responding I-U characteristics, as well as the influence of
current density and temperature on the NDR regions.

II. EXPERIMENT

Electrical measurements were performed on both
TlInSe, and TlInTe,. The electrodes were made by eva-
porated In, which proved to form Ohmic contacts of low
resistivity with these materials.>>® A four-contact
geometry was used. A current flow along the ¢ axis of the
samples was ensured by a pair of contacts deposited on
the two opposite surfaces of the rectangular-shaped sam-
ples.

Current-voltage (I-U) characteristics of the samples
were measured in the temperature range 100-350 K.
From now on these ambient temperatures will be denoted
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as T,. The sample temperature T was always monitored
at every point of the measured I-U characteristics. Typi-
cal characteristics measured for TlInSe, and TlInTe, are
shown in Figs. 1 and 2, respectively. It is evident that
two regions are present in the I-U curves; an Ohmic one
at lower current densities and a nonlinear one, of S type,
at moderate and higher current density values.

III. RESULTS AND DISCUSSION

A. Ohmic region

In the Ohmic region of each characteristic, the conduc-
tivity o was estimated. From the conductivity o the
free-hole concentration p can be deduced, provided the
mobilities for both compounds are given.!* The corre-
sponding Inp versus 10°/T, curves (Arrhenius plots) are
given in Figs. 3 and 4. On the other hand, the electrical-
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FIG. 1. Current-voltage (I-U) characteristics measured at
different temperatures in TlInSe,. The Ohmic and NDR re-
gions are apparent in these curves.
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FIG. 2. Current-voltage (I-U) characteristics measured at
different temperatures in TlInTe,. The Ohmic and NDR re-
gions are also apparent in these curves.

neutrality condition applied in the present case gives'®

ptC=4—4,, (1)

where C is the total concentration of compensating donor
levels, A is the concentration of each acceptor level, and
A, is the concentration of each acceptor level occupied
by holes.
Equation (1) can be transformed into the following:
10%s 1y 41 (p+C)
E,—E, [Inp +In(p

—In(4 —C—p)—InN,] (2
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FIG. 3. The p vs 10°/T, plot for TlInSe,, as measured in the
Ohmic region of the corresponding I-U characteristics (solid
circles), and as calculated using Eq. (2) with the following pa-
rameters; E,  —E,=0.76 eV and 4,=3X10" cm™3
E ,—E,=0.088 ¢V and 4,=1X10'"®cm? (solid line).
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FIG. 4. The p vs 10°/T, plot for TlInTe,, as measured in the
Ohmic region of the corresponding I-U characteristics (solid
circles) and as calculated using Eq. (2) with the following pa-
rameters: E,,—E,=041 eV and 4,=4X10"% cm 3
E ,—E,=0.030eV and 4,=1X10" cm 3 (solid line).

pzNue*(EF—Ev)/kBTO ’ 3)
— V4
=4 R 4
A, Ty (4)
and!®
’, =Nue~(EA—EU)/kBT0 5)

are taken into account,'® where E, is the upper valence-
band edge, E , is the energy position of the considered
acceptor level, N, is the effective density of states in the
valence band, and E is the Fermi level for each case.

A differential evaluation of Eq. (2) leads to the follow-
ing result:!”

S 06
QL
0
_cm; 0.4+
3| E
=
[+4]
4
021
aa T T *
10° 10° 10" 10"
plemd

FIG. 5. The dInp/d(10°/T,) vs p plot for TlInSe, as de-
duced from the corresponding experimental curve of Fig. 3;
after that this curve was fitted with cubic splines. Note that the
horizontal parts of the d Inp /d (10°/T) vs p plot correspond to
the energy levels: (E,  —E,)/2=0.38 eV and (E, ,—E,)
=0.088 eV.
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FIG. 6. The dInp/d(10°/T,) vs p plot for TlInTe, as de-
duced from the corresponding experimental curve of Fig. 4;
after that this curve was fitted with cubic splines. Note that the
horizontal parts of the d Inp /d (10°/T,) vs p plot correspond to
the energy levels; (E ,—E,)/2=0.2 eV and (E 4,—E,)=0.030
eV.

_ (E4—E,) Ap

d Inp +
103k, (p+C)XA—C—p)

d(10°/T,)

(6)
Equation (6) can be further reduced in the particular
cases of no compensation (C=0), weak compensation
(0#C << A4), and strong compensation (C— A4).

The experimental Inp versus 10°/T, characteristics
(solid circles in Figs. 3 and 4) were fitted with cubic
splines and subsequently their slope was calculated as a
function of Inp (Figs. 5 and 6, respectively). These curves
exhibit two horizontal parts, from which the energy lev-
els of two acceptors in each compound were obtained.
For the TlInSe, compound the acceptor levels were found
to be 0.760 and 0.088 eV above E,. The solid line in Fig.
3 represents a fitting of the experimental points with the
help of Eq. (2) and using the previous estimated values of
the two acceptor levels. The best fitting was obtained
with concentrations 3X 10 cm ™2 and 1X10'® cm ™3, re-
spectively. The shallower level appears to be strongly
compensated for. In the case of TlInTe, the acceptor lev-
els were found to be 0.410 and 0.030 eV above E,. The
solid line in Fig. 4 represents a fitting of the experimental
points with Eq. (2). For the above-mentioned values of
the acceptor levels, the best values of concentrations are
found to be 4X10'* and 1X 10" ecm™3, respectively. In
this compound, the second acceptor also seems to be
compensated for.

It should be mentioned here that although the plot in
Fig. 4 is reminiscent of that due to the presence of bist-
able centers, the lack of any persistent photoconductivity
characterizing such a level led us to the assumption of
two distinct acceptor species.

B. Negative-differential-resistance (NDR) region

At moderate and higher current densities, the slope of
the I-U curves becomes negative; the curves themselves
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show a strong nonlinear behavior. At even higher
current densities the slope of the curves changes its sign
once again, becoming positive, but its value is now much
higher than that of the corresponding Ohmic region. The
part of the I-U curves exhibiting the negative slope is
usually called the negative differential resistance (NDR).
Its width, slope, threshold voltage, and threshold current
values (¥, and I, ) are the main characteristic features
of this region.

If we are to decide about the mechanism governing the
NDR region, we have to study the sample temperature
distribution along this part of the I-U curve; i.e., we have
to look for a change in the sample temperature T at every
measured point of this region. Generally, two processes
of quite different origin and character may govern the
phenomenon: a pure electronic or an electrothermic one.

In electronic processes the high conductivity state con-
nected with the appearance of the NDR region is due to
an increase in the nonequilibrium majority carriers
and/or to an increase in their mobility. This can be attri-
buted to different mechanisms, such as the Gunn effect,
tunneling effect, carriers injection, etc. Generally speak-
ing, electronic processes are not connected directly with
an increase in the sample temperature 7 in the NDR re-
gion. 18720

In electrothermal processes it is assumed that small lo-
cal deviations from the homogeneous distribution of the
imperfections lead to a higher current density in these re-
gions. Such elevated current densities are usually accom-
panied by the formation of high-current-density filaments
in the sample. Anyhow, according to the electrothermal
model, it is assumed that a high-current-density filament
exists in the sample. In this “channel” the elevated
current density results in an increased power dissipation,
leading to a joule heating. As the temperature increases,
conductivity also increases, permitting a higher current
to pass through. The steady state of this feed path is
reached when the heat dissipation equals heat losses. !

Many mechanisms can be considered responsible for
the onset of electrothermal processes. Impact ionization
seems to be the most significant. In TlInX, (X=Se,Te),
impact ionization leading to a NDR region in the I-U
characteristic has already been mentioned in the litera-
ture. 1°

Hence, in cases of electrothermally generated NDR,
we expect to measure a significant temperature elevation
in the sample at the NDR region (Figs. 7 and 8), accom-
panied in general by a migration of its width and thresh-
old voltage to higher values, with the ambient tempera-
ture T, (Refs. 18, 20, 22, and 23) being decreased.

In our case, all experimental data strongly support that
the dominant process is of electrothermal origin. In this
case,?? the heat transport and electric current transport
are described by the heat balance and Maxwell equations,

c, % —V-(VT)+j-€ %0
and
j=o0é, (8)
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FIG. 7. The temperature elevation as estimated in the NDR
region of the I-U curve (300 K) in TlInSe,.

respectively. ¢, is the specific-heat coefficient, x is the
thermal conductivity coefficient, j is the current density,
and & is the electric field strength.

Using the effective cooling term notation!® to approxi-
mate axial heat losses and requiring radially independent
solutions of the steady state [(37 /d¢)=0], the following
relation is obtained:?! =2

—%(T—TO)Jra(T,é’)(S’Z:O 9
while the current I and voltage drop U are given by

I=mR*(T,6)6 (10)
and

U=6d , (11

where d is the distance between the electrodes.

If the sample temperature T at every point of the I-U
characteristic is known, we can generate this curve using
Egs. (9)-(11). In Figs. 9 and 10, two typical examples of
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FIG. 8. The temperature elevation as estimated in the NDR
region of the I-U curve (300 K) in TlInTe,.
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FIG. 9. The I-U curve as measured at 300 K in TlInSe, (solid
circles) and as recreated with the help of Egs. (9)-(11) (solid
line).

this procedure are shown. Measurements are denoted by
solid circles, while the solid line represents solutions from
the above-mentioned relations.

On the other hand, from a measured I-U characteris-
tic, i.e., from the static resistance at every point of it, the
temperature distribution at the various points of the I-U
curve can be estimated. For this purpose the following
relation is used:?*

T=(E,—E,)T,(E,—E,)+kpgToIln(R/R,—1)]"",
(12)

where R, is the threshold resistance and R is the static
resistance at every point of the I-U curve.

In Figs. 11 and 12 the sample temperature T is plotted
as a function of the current flowing through it. Measure-
ments are denoted with solid circles, while the solid lines
are calculated from the corresponding I-U curves with
use of Eq. (12) and the (E,—E,) values mentioned
above.

As is evident from the experimental curves of Figs. 1
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FIG. 10. The I-U curve as measured at 300 K in TlInTe,
(solid circles) and as recreated with the help of Egs. (9)—(11) (the
solid line).
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FIG. 11. The elevated sample temperature 7 vs the current /
flowing through it in TlInSe, as measured in the sample (solid
circles) and as computed using Egs. (12) and (6) and the corre-
sponding curve of Fig. 9 (solid line).

and 2, as well as predicted by the electrothermal mod-
el,'¥721:25 the ambient temperature T, greatly influences
both the form of the I-U curves and the voltage V, at
which the NDR sets on.

As indicated in Refs. 18, 20, 22, and 23, the higher the
ambient temperature, the weaker the appearance of the
NDR region of the I-U characteristic. This is a reason-
able consequence of the fact that at elevated ambient
temperatures the inequality

|
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FIG. 13. The dependence of the threshold voltage V;, on the
ambient temperature Ty in the case of TlInTe,; measurements
are denoted by solid circles while the solid line represents calcu-
lations with relation (14a).
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<0 (13)

cannot hold simultaneously with Eq. (9),%? where L is the
Lorentz number.

The threshold voltage V,;,, as indicated in the litera-
ture,?? strongly depends on the distance d between the
electrodes, leading to different expressions for ¥V, as
d—> o ord—0:

SkBK 172
m Toexp[(EA _EU)/ZkBTO] for d — (14a)
Vin= 8k i 1/2 | E,—E,
2d60 In (EA —Eu) 20’0d(§0 +1nT0+m for d -0, (14b)

where 6,=0.4(V,/d) and o, is the prefactor of the
thermally  activated  conductivity o =o0gexp[(E 4
—E,)/kgT].

For TlInSe,, d was 0.6 mm, while for TlInTe,, d was 4
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FIG. 12. The elevated sample temperature T vs the current 1
flowing through it in TlInTe, as measured in the sample (solid
circles) and as computed using Egs. (12) and (6) and the corre-
sponding curve of Fig. 10 (solid line).

[
mm. Therefore their behavior can be described only ap-

proximately by Eqs. (14a) and (14b). In Figs. 13 and 14
the corresponding measured ¥V, values, denoted by solid
circles, are plotted as a function of the ambient tempera-
ture T, while solid lines represent corresponding curves
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FIG. 14. The dependence of the threshold voltage V', on the
ambient temperature T, in the case of TlInSe,; measurements
are denoted by solid circles while the solid line represents calcu-
lations with relation (14b).
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as predicted by Eqgs. (14a) and (14b). As we can see from
these curves, the agreement between theory and experi-
ment is quite satisfactory.

IV. CONCLUSIONS

The ternary compounds TlInX, (X=Se,Te) show non-
linear electrical behavior at moderate and higher current
densities.

Although the exact determination of the mechanism
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responsible for this behavior is not yet clear, it is certain-
ly of electrothermal origin. This behavior, as mentioned
in the literature, '° shows all features of the impact ioniza-
tion. Our experimental data suggesting its electrothermal
origin support this point of view.

Applying the electrothermal model we tried to inter-
pret the measured I-U curves, both qualitatively and
quantitatively. Furthermore, the sample temperature dis-
tribution along the I-U curves as well as the dependence
of V, on d sufficiently corroborate this model.
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