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Paraelectric properties of PbTe doped with Ga
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Abstract. The static dielectric constant was investigated as a function of temperature and
carrier concentration in In(Cu)/p-PbTe Schottky contacts. Single crystals of PbTe doped with
Ga were used as substrates for preparation of the contacts. The static dielectric constant was
found to obey the Curie-Weiss law with the negative Curie temperature for all samples inves-
tigated including those ones with the lowest values of the hole concentration. There is an
evidence that the Curie temperature is dependent on the compensation state in doped PbTe.
The increase of the compensation results in nonmonotonous dependence of the Curie tem-
perature on carrier concentration. The effect of the foreign impurities and native defects on the

static dielectric constant and Curie temperature is discussed.
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1. Introduction

Lead telluride is characterized by variety of unusual lat-
tice and electronic properties at low temperatures. For
instance, very large dielectric constant in PbTe reflects
its tendency to the phase transition from NaCl to
rhombohedral lattice structure [1+5]. Paraelectric
behavior of PbTe was explained by the softening of TO-
phonon due to strong interband electron-phonon cou-
pling. The static dielectric constant &, in PbTe was found
to obey the Curie-Weiss law with the negative Curie tem-
perature T,. There have been many attempts to deter-
mine &, using different measurement techniques [2,3].
However, experimental values of €, and T, exhibit large
discrepancies in literature. These discrepancies can arise
from several reasons. Both, the Curie temperature and
dielectric constant depend on the concentration of free
carriers introduced by the native defects (doubly ionized
vacancies of Pb and Te and singly ionized interstitials of
Pb atoms [6,7]). The fact is known for years native de-
fects create resonant states in the conduction and valence
bands of lead telluride and no freeze-out occurs even at
very low temperatures [6, 7]. As a rule, the concentration
of native defects in as-grown bulk crystals as well as
epitaxial layers exceeds 10'® cm™ [1,8]. Multistep ther-
mal annealing in Te-rich atmosphere allows one to re-
duce the concentration to approximately 1x10!7cm3[8].
Even when improved crystal growth technique, such as
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hot-wall epitaxy, was used, the concentration exceeds
1x101% cm™ [9]. At temperatures T < 78 K free carriers
are degenerated for the values 1, p 2 10'7 cm3. In degen-
erate n- and p-type PbTe the dependence of T, on the
carrier concentration is correlated with position of the
Fermi level in the conduction or valence band (see be-
low). Due to Konsin and Kristofell [10], in nondegenerate
semiconductors the Curie temperature should increase
with decrease of the carrier concentration. So, one may
expect the Curie temperature in PbTe to be monotonous
function of the carrier concentration for both degenerate
and nondegenerate crystals.

The doping of PbTe by foreign impurities seems to be
the only method which can be used for the purpose of
preparation of PbTe single crystals with low values
n,p < 1x10'% cm™3 of the carrier concentration. Due to
PbTe has soft and deformable crystal lattice foreign im-
purities can be introduced to it in large amounts. For
instance, shown in Fig. 1 is the variation of the concen-
tration with gallium doping in as-grown PbTe single crys-
tals [11]. As seen, the crystals of n- and p-type conductiv-
ity with the carrier concentration ~10'3c¢m™3 can be pre-
pared. Obviously, low values of the carrier concentra-
tion result from the compensation of native defects by
impurity atoms. One may expect the degree of the com-
pensation in doped with Ga samples is higher in com-
parison with undoped crystals investigated earlier. This
seems to be important result because of, as was suggested
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Fig. 1. Free carrier concentration as a function of Ga concentra-
tion in PbTe single crystals.

in [12], the Curie temperature may depend on the com-
pensation. Experimental results obtained in the present
paper confirm this suggestion.

The aim of this work is to study effect of doping on
paraelectric properties of lead telluride at low tempera-
tures.

2. Experimental details

Doped with Ga bulk crystals of lead telluride were grown
by Czochralski method. The as-grown crystal rods were
divided on slices of a thickness 0.8+1.0 mm followed by
mechanical polishing on both sides. Finally, the surface
of slices were anode-mechanically polished. The sub-
strates thus prepared were mounted into vacuum cham-
ber for thermal deposition of indium. The contacts Cu/p-
PbTe were prepared by chemical deposition of metal at
room temperature to obtain abrupt interface [13]. Mesa
structures with an area 4 = 3x1073 cm? were delineated
by chemical etching. Ohmic contacts to the back side of
the substrates were made by soldering of thin copper wires
using In-Au-As alloy. The capacitance-voltage charac-
teristics of the contacts were measured in the temperature
range 4.2+160 K using 1 MHz capacitance bridge. Pre-
viously, structural and electrical properties of PbTe:Ga
substrates as well as photoelectrical and electrical prop-
erties of the Schottky contacts on their base were investi-
gated in details at temperatures 7= 78 K [11, 13].

3. Results and discussion

In a contact with abrupt junction the barrier capacitance
is given by [14]:
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were Uy is the diffusion potential, U is the reverse bias
voltage, N is the concentration of ionized impurities. In
(1) the dielectric constant is assumed to depend on tem-
perature in accordance with the Curie-Weiss law
gy =¢(T -T,) . The reciprocal of the static dielectric con-
stant can be determined from the slope of C- = f(U)
dependence if the value of N is known from independent
measurements. For the chemically prepared contacts there
is no reason for the hole concentration to be changed
from the value measured in the starting material. How-
ever, for the contacts prepared by thermal evaporation of
indium additional measurements are desirable. For this
purpose, differential Hall-effect measurements (in Van
der Pauw geometry) have been performed before and af-
ter metal deposition procedure. The difference between
two measurements was observed in the most compensated
material with p ~ 1013 cm™. Also, the contacts prepared
on such substrates exhibit some peculiarities for capaci-
tance- and current-voltage characteristics and will be
analyzed elsewhere. Typical measured and calculated
capacitance-voltage characteristics plotted as C>=f(U)
are shown in Fig. 2. In the calculation, the dielectric
constant served as a fitting parameter.

In Fig. 3 the reciprocal dielectric constant is shown as
a function of temperature for two samples. Experimental
data were obtained for reverse bias voltage -0.1 V. As
seen, they are well approximated by straight lines at
T =40 K. From the intercept with temperature axis the
values of the Curie temperature was derived. The depend-
ence of T, on the hole concentration is shown in Fig. 4.
At least two features should be pointed out for the data
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Fig. 2. Barrier capacitance C-? as a function of bias voltage U in
Cu/p-PbTe:Ga contact measured at temperatures, K: 4.2 (1), 37
(2), 61 (3), 78 (4), 119 (5), 137 (6). The hole concentration is
8.3000!° cm™ at 78 K. Solid lines are calculated from equation (1)
using the dielectric constant as fitting parameter.
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Fig.3. Reciprocal value of the static dielectric constant as a func-
tion of temperature in the samples of Cu/p-PbTe:Ga contacts. At
78 K the hole concentration in the samples is 8.300% cm™ (1) and
8.7000'7 cm™ (2).
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Fig. 4. The Curie temperature as a function of the hole concentra-
tion in the samples of the Schottky contacts.Open and close dots
refer to the contacts In/p-PbTe and Cu/p-PbTe, respectively.

obtained. The Curie temperature is nonmonotonous func-
tion of the carrier concentration. At p < 107 cm™ the
tendency to saturation or even small decreasing of the
Curie temperature is observed. Other obvious feature is
that the Curie temperature in compensated substrates has
lower values in comparison with undoped PbTe when the
concentration of free carriers is comparable (see, for in-
stance,. results of capacitance measurements in undoped
PbTe[12]). The experimental value of T, in undoped PbTe
with p 08 x10'7 cm is close to the values obtained previ-
ously [2, 3, 5, 12].

Different theoretical models have been proposed for
explanation of paraelectric properties of [IV-VI narrow-
gap semiconductors. Today, the model of interband elec-
tron-phonon coupling started by Konsin and Kristofell
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[10, 15] and developed by other authors [2, 3, 5, 16, 17]
seems to be the most useful. In the framework of this model
the dependence of the TO-phonon softening and Curie
temperature on the concentration of free carriers in
Pb,_,Sn,Te alloys has been theoretically analyzed in sev-
eral studies [2, 3, 5, 16, 17]. The renormalized TO-
phonon frequency caused by interband electron-phonon
coupling is given by [17]

¥ _ 2 4p? | W
= - n
wr wr wlw  2Ep+Eg ()

where W is the sum of the conduction and the valence
bands width, D is the optical deformation potential, M is
the reduced masses of ions in the unit cell, a is the lattice
constant and E is the Fermi energy measured from the
band edge, wr is the frequency of uncoupled TO-phonon.

The Curie temperature can be calculated from the
equation [16]

4kT, =y -2E - Eg , 3)

where
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Some remarks should be made concerning the calcu-
lation of the Curie temperature. There has been discus-
sion of the values of the deformation potential obtained
from different measurement techniques [5]. Its value known
in literature is ranged from 0.5 eV up to 20 eV. The Curie
temperature of the order of 100 K may be obtained for the
values of W =2.5¢eV, D =1.43 ¢V and /icwr = 0.0039e¢V
which were used in [16]. For comparison, in [17] TO-pho-
non frequency wrwas calculated for the values D = 5eV
and W =10 eV. Despite large spread in the values of D
and W the model correctly predicts behavior of the Curie
temperature in undoped PbSnTe and SnTe compounds
with degenerate gas of free carriers. As follows from the
equations (2-4), occupancy of the conduction or valence
bands by free carriers results in increase of the effective
energy for interband electons transitions and decrease of
the Curie temperature. Shown in Fig. 4 decreasing of T,
at p >10'7 cm3 is in accordance with theoretical predic-
tion. However, its behavior at p < 1x10'7 cm™ can not be
explained in the framework of this model.

The influence of impurities on the Curie temperature
is well known in wide-gap semiconductors [18]. In doped
with foreign impurities crystals, the Curie temperature
shifts towards the negative temperatures in comparison
with the undoped (pure) ones. In accordance with the
phenomenological theory of the structural phase transi-
tions, this shift may be attributed both to free and local-
ized carriers. The role of the localized carriers is espe-
cially important in high-resistance compensated semicon-
ductors [18]. Moreover, the value of the shift linearly
depends on the concentration of the localized carriers.

y =Wexp

SQO0, 3(3), 2000
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Experimental data shown in Fig. 4 may be explained in
assumption that the doping with Ga is accompanied by
introduction of deep states in the gap. To make predomi-
nant influence on the Curie temperature, their density
should exceed much more the concentration of the holes
in the valence band. The pronounced freeze-out of the
holes and electrons on the states in the gap was observed
in doped PbTe:Ga crystals [19].

An alternative approach is associated with deep de-
fect centers in lead telluride which exhibit lattice relaxa-
tion due to Jahn-Teller effect. The Jahn-Teller center was
proposed by Volkov and Pankratov for Te vacancy in
PbTe [20]. Because of lattice symmetry around the Janh-
Teller center is changed when its charge state is altered,
their contribution to the phase transition may be appre-
ciable in highly doped crystals. An experimental evidence
of the phase transition caused by impurity has been found
in PbSnTe crystals highly doped with indium [21].

Conclusions

In summary, barrier capacitance has been investigated
in the Schottky contacts prepared on compensated p-
PbTe:Ga substrates. It is shown that compensation af-
fects the dielectric constant of PbTe significantly. The
increase of the compensation shifts the Curie tempera-
ture to lower negative values. Despite the fact that this
experimental result is in accordance with phenomeno-
logical theory of the phase transition, exact mechanism
of this shift in PbTe is not known clearly today. The in-
fluence of the impurity on the Curie temperature due to
the Jahn-Teller effect may be also important.

SQO0, 3(3), 2000
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