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Negative-difFerential-resistance effects in the T1GaTe2 ternary semiconductor
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I-U characteristics measured in T1GaTe2 single crystals consist of two regimes: a linear one at low
current densities and a nonlinear one at higher current densities. In the nonlinear part [negative-
differential-resistance (NDR) region] of the curves, a considerable increase of the temperature of the
sample was registered. Additionally, voltage oscillations were observed in this region. Arrhenius plots
(lno. vs 10 /To plots) recorded in the Ohmic part of the I-U curves show a temperature dependence of
the conductivity. This fact, in combination with a purely thermal mechanism, can well explain both the
formation of the NDR region and the temperature elevation in this region.

I. INTRODUCTION

During recent years much attention has been paid to
systems that behave in certain respects as if they had less
than three spatial dimensions. Such materials are often
called quasi-one-dimensional solids or linear-chain ma-
terials.

The Tl(ln, Ga)Xz (X =S, Se, Te) family belongs to these
types of materials, in which the one-dimensional organi-
zation of the [In +X ] chains along the c axis shapes its
electronic properties. ' The electrical, optical, and
structural properties of these materials are all of interest,
but we shall mainly discuss the electrical conductivity
and shall try to elucidate the conduction mechanism of
the family member T1GaTe2.

The presence of an S-type I-U characteristic in two
members of the family' has already been confirmed, and
a further investigation of the electrical properties of
T1GaTez will be necessary. This aim is supported by the
fact that there are fewer references concerning S-type
characteristics and switching effects connected with an
electrothermal mechanism in single crystals than about
amorphous chalcogenide glass systems. The switching it-
self could play an important role in technological applica-
tions (switching and memory devices, thermistors). In
addition, voltage oscillations appearing in the negative-
differential-resistance (NDR) region give evidence of a
chaotic system that might be useful for phase-space
analysis.

T1GaTe2 single crystals were grown by the direct melt-
ing of pure stoichiometric amounts of their constituent
elements. The crystals were obtained after a slow cooling
down to room temperature. From Debye powder pat-
terns the lattice parameters a =8.316 A and c =6.844 A
were obtained in quite good agreement with those report-
ed in the literature.

II. ELECTRICAL MEASUREMENTS

TlGa Te2 samples used for electrical measurements
were cleaved from larger crystals grown in the same am-
poules as those used for the structural investigations.
They were rectangularly shaped with parallel faces and

dimensions of the order 7X 1X 1 mm . In, Au, and Ag
were found to form Ohmic contacts of low resistance
with TlGa Te2. This was proved by the four-point
method, by successive resistivity measurements on sam-
ples of different thicknesses, as well as by photoconduc-
tivity measurements. In a recent paper, it has also been
reported that Ag forms Ohmic contacts with this com-
pound. In the present work, evaporated In stripes were
used as contacts to perform the electrical measurements
in T1GaTe2. The current-providing contacts were applied
on the ends of the rectangular samples and oriented so
that the current flowed along the c axis of the material.
Two kinds of measurements were carried out on
T1GaTez, current-voltage characteristics (I Ucurves)-
and Arrhenius plots (lnp vs 10 /To curves). It has to be
mentioned here that all samples in the present report
were p-type, as this was estimated by thermal electromo-
tive force (emf) measurements.

A. I-U curves

A current source was used for this purpose [as is usual
in current-controlled negative-differential-resistance
(CC-NDR) regions], and the voltage drop was registered
as a function of the current. Current-voltage characteris-
tics were measured at different ambient temperatures To
in the range 340—60 K (Figs. 1 and 2). At low applied
voltages, the measured I-U curves showed an Ohmic be-
havior. At higher currents the I-U characteristics turned
out to be strongly nonlinear and S shaped. In the Ohmic
region of the I-U curves, the sample retained the ambient
temperature To, while in the NDR region the tempera-
ture of the sample was increased at a temperature T, gen-
erally higher than the ambient one. As is observed in the
curves of Figs. 1 and 2 they show some common features,
such as the fo11owing.

S-shaped curves in the higher current regions with a
rather pronounced negative-differential-resistance region,
which sets in after a critical current value I,h (threshold
current).

The NDR portions of the curves are more pronounced
at lower ambient temperatures.

The transition from the low- to the high-conductivity
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FIG. 4. The d lnp/d (10 /To) vs log»p plot for T1GaTe2 as
deduced from the corresponding experimental curve of Fig. 3
after this curve was fitted with cubic splines. Note that the hor-
izontal part of the d lnp/d (10 /To) vs log»p plot corresponds
to the energy level E„—E, =0.22 eV.

should be mentioned here that the experimental
Arrhenius plot of Fig. 3 shows a second horizontal part
in the low-temperature region, which denotes the ex-
istence of a second acceptor level lying closer to the
valence band than the first one, but the measurements do
not allow an estimation of its level and concentration.

C. CC-NDR region

~ 390 K

~ 382 K

In the NDR region of the I-U curve we measured the
sample temperature T at every point of it by means of a
thermoelement applied on the sample. A heat-
conducting and electrically insulating paste was used for
this purpose. These results are shown in Fig. 5. The
measurements reveal that the sample temperature was
higher than that of the ambient temperature To. In Fig.
6 the elevated sample temperature T is presented as a
function of the current Rowing through it. Figure 7

320-

30P, i I I 4 i s I
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~(~A)

FIG. 6. The elevated sample temperature T vs the current I
Aowing through it in T1GaTe2 as measured in the sample (solid
circles) and as computed using Eqs. (2) of Ref. 7 with
E„—E, =0.22 eV (solid line).

shows the threshold voltage V,h plotted as a function of
the ambient temperature To. Some of the voltage oscilla-
tions registered in the NDR regions of the corresponding
I Ucurves -are shown in Figs. 8(a) and 8(b).

As is apparent from Figs. 5 and 6 the current-
controlled (CC-NDR) region is correlated with an in-
crease of the temperature of the sample. Furthermore,
according to Figs. 1, 2, and 7 there is a migration of the
threshold voltage to higher values with decreasing am-
bient temperature and a weaker appearance of the NDR
region of the I-U characteristic as the ambient tempera-
ture increases.

These facts give evidence of an electrothermal process
that is responsible for the appearance of the NDR re-
gion. In electrothermal processes it is assumed that
small local deviations from the homogeneous distribution
of the imperfections lead to a higher current density in
these regions. Such elevated current densities are usually
accompanied by the formation of high-current-density
filaments in the sample. In this "channel" the elevated
current density results in an increased power dissipation,
leading to Joule heating. As the temperature increases,
conductivity also increases, permitting a higher current
to pass through. The steady state of this path is reached
when the heat dissipation equals heat losses.

In order to prove that our experimental results can also
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FIG. 5. The temperature evaluations as estimated in the
NDR region of the I-U curve (300 K) in T1GaTe2.
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FIG. 7. The dependence of the threshold voltage Vth on the
ambient temperature To in the case of T1GaTe2, measurements
are denoted by solid circles while the solid line represents calcu-
lations with relation (6).
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of the I U-characteristic; so, using Eqs. (3)—(5) the gen-
eration of the corresponding characteristics was carried
out. In Fig. 9 a typical example is given. Measured
points are denoted by circles, while solid lines represent
solutions from Eqs. (3)—(5).

The threshold voltage V,h, as indicated in the litera-
ture, strongly depends on the ambient temperature. In
the case where the distance d between the electrodes is
large, compared with the other sample dimensions, the
following relation holds:

1/2

00 'l0 0
t(s)

200 300

FIG. 8. (a) and (b) Observed voltage oscillations at two
different samples at To =300 K, as recorded in the NDR region
of the related I(U) curves, immediately after I,h and far away
from I,h, correspondingly.

d~ oo (6)

where o.
0 is the prefactor of the thermally activated

conductivity o. =croexpI(E~ E, )/k—&TO]. For our
T1GaTe2 samples d was -0.7 cm. In Fig. 7 the measured
V, h values (circles) are plotted versus the ambient temper-
ature T0. The solid line represents the corresponding
curve, as predicted from Eq. (6).

8~
( T —To)+ cr( T, E)E =0, (3)

I =So(T,E)E, (4)

and

U =Ed, (5)

where ~ is the thermal conductivity coefficient, d is the
distance between the electrodes, E is the electric-field
strength, I is the current, U is the voltage drop, S is the
cross section of the sample, and o. its specific conductivi-
ty.

The sample temperature T is measured at every point

be described quantitatively by an electrothermal process
we suppose in a first approximation that the filament fills
the whole sample. This model was applied in the cases of
T1InX2 (X =Se, Te) with satisfactory results. According
to Ref. 8, the steady state at every point of the NDR re-
gion is governed by the following relations:

D. Oscillations

Voltage oscillations have been observed in the NDR
regions, as has been frequently reported in the litera-
ture. ' ' ' Precursor voltage pulses also occur just below1, 2, 9, 10

the threshold current I,h. Depending on temperature
and on the fixed current values for which the oscillations
were registered, these oscillations were of different "fre-
quency. " Figures 8(a) and 8(b) show voltage oscillations
appearing in T1GaTe2 at 300 K for two different samples
in the NDR region of the corresponding I- U curves. The
signal of Fig. 8(a) was registered in the NDR region im-
mediately after exceeding I,h, while the signal of Fig. 8(b)
was registered in the NDR region far away from I,h. A
mean repetition rate of the oscillations in the range of
some hertz was determined. In Figs. 10(a) and 10(b), the
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FIG. 9. The I-U curve as measured at 300 K in T1GaTe&
(solid circles) and as recreated with the help of Eqs. (3)—(5) (the
solid line).

FIG. 10. (a) and (b) The corresponding power spectra of Figs.
8(a) and 8(b).
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corresponding power spectra of these oscillations are
presented. As is evident from these spectra no definite
frequency appears in these oscillations, and their behav-
ior could be characterized by phase portraits, which are
presented in Figs. 11(a) and 11(b). Both of them present
some common features, such as trajectories restricted in a
limited area of the phase plane and trajectories obtained
with different initial conditions that are rapidly converg-
ing in the area covered by the long life terms of the oscil-
lations. All these facts suggest that the oscillatory behav-
ior of the T1GaTez in its NDR region is determined by a
chaotic attractor.

In order to study the chaotic state we apply the
method introduced by Grassberger and Procaccia. "
This method was already used successfully in similar

14cases. Following Refs. 11 and 12 we calculated the
correlation integral, for the measured voltage signal,
defined by the following relation:

1
N Pl 1/2

C (l) = lim g 6 l —g ~X +t,
—X +q ~

i j =1 k=1

In this definition X is the number of points and 0
is the Heaviside function. The vector X, = I U( t, ),
U(t, +r), U(t, +2r), . . . , U(t, +(m —1)r) ) represents a
point of the m-dimensional phase space in which the at-
tractor is embedded each time. Dividing this space into
hypercubes with a linear dimension I we count all points
with mutual distances less than l. It has been prov-

11—14en that, if our attractor is a strange one, the correla-

1.0

-~ 00—
o

1

C:
2

13

FIG. 12. The correlation function C ( I ) vs the hypercube
edge length l as calculated from the experimental data of Fi1g.
8(b) for diAerent values of the embedding dimension m.

tion integral is proportional to l, where v is a measure
for the dimension of the attractor called the correlation
exponent.

From our measured signals and using Eq. (7) we have
calculated C(l) as a function of l for different embedding
dimensions m. These results are presented in Fig. 12.
The curves of this figure show that C (l) is indeed propor-
tional to I, as long as the hypercubes are not of the same
order of magnitude with the space filled by the attractor.
The slopes of the linear parts of the curves in Fig. 12 are
shown in Fig. 13 as a function of m. For low values of m,
v increases proportionally to it, but at higher values of m,
v tends asympotically to the positive finite value of 2.1.
This fact excludes the case of stochastic oscillations, since
in the latter case v would increase proportionally to m for
all values of m.

In order to get a more precise measure of the strength
of the chaos present in the voltage oscillations we have
introduced the Kolmogorov entropy. According to Refs.
11—14 the method described above also gives an estimate
of the Kolmogorov entropy, i.e., the correlation integral
C(l) scales with the embedding dimension m according
to the following relation:
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FIG. 11. (a) and (b) The corresponding phase diagrams of the
voltage oscillations of Figs. 8(a) and 8(b).

FIG. 13. The correlation exponent v as a function of the
embedding dimension rn.
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III. CONCLUSIONS

(a) The experimental I Ucharacter-istics of T1GaTe2
single crystals are linear for low current densities and
nonlinear for high current densities. The nonlinear re-
gimes (NDR regions) are of the S type. In these regions
voltage oscillations appear, which seem to be of a chaotic
nature.

(b) The steady-state I Ucharacterist-ics and especially
their NDR regions can be interpreted, in a first approxi-
mation, by an electrothermal mechanism. At low current
values this fitting is satisfactory, but at currents higher
than the threshold, deviations, exceeding in some cases
50%%uo, between measurements and theory can be observed,
in Fig. 9.

This discrepancy can be explained if we take into ac-
count that for the generation of the I-U characteristic of
Fig. 9, using Eqs. (3)—(5), the precise determination of the
temperature of the sample is required. But at high

where K2 is a lower bound to the Kolmogorov entropy.
In Fig. 14 the average values of K2, as deduced using the
relation'

C (l)
Kz (I)=—ln

C +,(I)

and the corresponding data of Fig. 12, are plotted versus
m. With increasing m, K2 tends to the positive finite
value -0.35 s '. This value is in agreement with the as-
sumption that the observed voltage oscillations are deter-
mined by a chaotic attractor, since in the other two possi-
ble cases the Kolmogorov entropy is either 0 (ordered
systems) or infinite (stochastic systems).

current values (exactly where the deviations appear) it is
plausible to expect that the heating of the sample is lower
on its surface, from which a heat uptake is much easier
than from its volume. This may lead to lower tempera-
ture indications of the thermoelements used to monitor
the temperature of the sample.

On the other hand, an increased heating of the inner
part of the specimen causes an elevation of the free-
carrier concentration in this region because of the semi-
conducting character of T1GaTez. A high conductivity
filament can thus be created in the interior of the sample.
Current filamentation is already mentioned in the litera-
ture' ' in similar cases. Hence, a precise fitting of the
I-U curves requires not only the determination of the sur-
face temperature, but also the determination of the tem-
perature and the free-carrier concentration in the interior
of the crystal.

(c) It has to be mentioned that signals registered in the
NDR regions of the I-U curves, immediately after I,„ is
exceeded, show chaotic behavior, which is interrupted by
fiat parts, Fig. 8(a). On the other hand, oscillations regis-
tered in the NDR regions of the corresponding I-U
curves far away from I,h show a well-developed chaotical
behavior, not interrupted by fiat parts, Fig. 8(b). A de-
tailed study of the correlation between the frequency of
the occurrence and the length of such Aat parts with the
distance from I,h is still in progress, but preliminary re-
sults strongly suggest that the route to chaos of the
T1GaTe2 single crystals is of the intermittency type. In
such a case, Aat parts between chaotic bursts represent
the corresponding laminar lengths. For these reasons
only the signal of Fig. 8(b) was analyzed by the
Grassberger-Procaccia method.

(d) Long-term drifts, which can be observed in the os-
cillations of Figs. 8(a) and 8(b), can cause the larger dis-
placements shown in the phase diagrams of Figs. 11(a)
and 11(b). Such displacements can disturb the uniformity
of the attractor in the phase space. In similar cases the
possible existence of a multifractal must be considered.
Thus the introduction of generalized dimensions D and
generalized entropies K and the estimation of the corre-
sponding spectra' ' may be useful for a complete check
of the Grassberger-Proccacia analysis. Work in this field
is still going on.
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