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Conductivity Effects in Bi;TeO5 Single Crystals
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The current—voltage characteristics (I-V') of non-stoichiometric bismuth tellurite crystals were studied in a
range of temperatures from 150 °C to 350 °C and fields up to 2.5 kV/cm with asymmetric contacts (In-Ga eutectic
and NaSiOg). The I-V curves and observed monopolar injection are described by the approximation of space
charge limited currents. In the composition of 47% BizO3-53% TeOs electronic conduction is prevailed. In the
composition 43% Bia03-57% TeOs the conductivity is contributed by electrons and holes. The spectrum of local
states in the band gap of the studied crystals is quasicontinuous, which cannot be described by models of a discrete

or exponential distribution.
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1. Introduction

The tellurites of metals have attracted an attention
as perspective acousto-optic materials [1]. The study of
the Bij_;Te;O344)/2 system showed that the composi-
tions with x from 0.33 to 0.5 formed a non-stoichiometric
phase and melted congruently at x = 0.33, which cor-
responded to BisTeOs. Bismuth tellurite is a nonlin-
ear crystal with orthorhombic fluorite-type structure of
Abm?2 space group with unit cell parameters a = 1.1602,
b =1.6461, and ¢ = 0.5523 nm [2]. It has a layered struc-
ture with a cleavage plane (100). The crystal of bismuth
tellurite became of interest as a promising material with
photorefractive, photochromic and photovoltaic proper-
ties [3-5]. Many features of these properties were asso-
ciated with the energy states in the band gap of crystal.
Various aspects of charge transport processes in bismuth
tellurite had been considered in a number of papers [6—
9]. The experimental results of dc and ac conductivity
studies were associated with carrier’s injection, captures,
hops on the local states, and the long-term conservation
of stimulated conductivity due to the presence of deep
defect levels [6-8]. Because of the reversibility of stimu-
lated conductivity and the occurrence of photoconductiv-
ity [10], it was assumed that carrier transport in BisTeOp
had an electronic nature. The results of the studies men-
tioned above were obtained in the temperature range up
to 300 °C. The results of conductivity studies in the range
up to 900°C were given in [9]. It was shown that at high
temperatures, BioTeOj single crystals had mixed conduc-
tivity (electronic and ionic), whereas at low temperatures
(below 600 °C) the conductivity was considered as mainly
electronic.

Extensive information on charge transport in BiyTeOs
single crystals was obtained from an analysis of -V
characteristics, which were interpreted on the basis of
space charge limited currents (SCLC) theory in the case
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of monopolar injection. All of the above studies were
performed on the samples with two injecting electrodes.
This made it impossible to determine the contribution of
electrons and holes to the electrical conductivity of bis-
muth tellurite crystals. In this work, I-V curves were
measured using asymmetric contacts, only one of which
was an injector. This made it possible to eliminate the
double injection and to obtain information on the type
of the majority carriers.

One of the components (TeOs) of the compound is
characterized by high vapor pressure in the melting re-
gion (51 Pa at 733°C). This changes the component ratio
and shifts the melting point of the compound. Therefore,
the growth of Bi;TeOs crystals was carried out from a
melt containing an excess of tellurium dioxide. Initially,
we obtained single crystals of excellent quality with the
component ratio 43% BiyO3 to 57% TeOs (hereinafter be
referred to as T-57). Subsequently, BisTeOs single crys-
tals with a smaller excess of TeOs were grown by authors
of [11]. Taking into account the results of that work, we
also obtained high quality crystals with the same ratio of
the components (47%Bi203-53%TeO4, hereinafter be re-
ferred to as T-53). In this paper, we study I-V curves of
both crystals (T-57 and T-53) with one injecting contact.

2. Experimental

The T-57 and T-53 single crystals were grown by the
Czochralski method. The oxides of bismuth (Bi2O3) and
tellurium (TeOs2) of 5N pure were used as initial compo-
nents. The main features of growth process were con-
sidered in [12]. X-ray studies had shown that T-53 and
T-57 crystals had orthorhombic symmetry and the lat-
tice parameters corresponded to the Bix TeOs compound.
The differences of the lattice parameter values, as shown
by X-ray studies, did not exceed the value of the exper-
imental error. At the same time, the crystals were of
different colors. The T-53 crystals were colorless or had
a light yellow color. The T-57 crystals were character-
ized by intense yellow color and more pronounced layered
structure.

The procedure for measuring I-V characteristics was
described in [8]. We studied I-V curves in the tempera-
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ture range from 150°C to 350°C and in the fields up to
2.5 kV/cm. The magnitude of the currents was gauged
with the help of an electrometric amplifier U5-11. The
temperature regulator RIF-101 made it possible to con-
trol the temperature with an accuracy of 0.02°C. The
voltage was applied to (100) cleavage plane. The eutec-
tic of indium-gallium was used as an injecting contact
(25% In, 75% Ga by weight, melting point — 15.5°C).
The second contact was a layer of silicate glass NasSiO3.
In [13], conductive properties of NaySiOs electrodes as
contacts to Bij2SiOqg crystals were investigated. It was
found that the conductivity of NagSiOs glass was sev-
eral orders of magnitude higher than the conductivity
of Bi125i04¢ crystals. The I-V characteristics with two
electrodes from NaySiO3 obeyed Ohm’s law, i.e. these
electrodes did not inject electrons. The absence of charge
injection from NaoSiOgz electrodes was also observed in
BisTeOs5 crystals.

3. Results and discussion

The obtained I-V curves of T-53 and T-57 crystals
were typical for SCLC in dielectrics at the presence of
traps [14]. There were several regions of the power law
dependences (I ~ U”) on I-V curves in the studied tem-
perature range: v = 1 (Ohm’s law), v = 2 (quadratic
range), v > /2 (sharp rise range). Such I-V curves were
observed for T-53 and T-57 samples at both polarities
of the In—Ga electrode. It should be noted that simi-
lar I-V curves were observed in the case of two injection
electrodes [6, 8]. It was shown in [14] that the barrier con-
duction and the ionization of local states by the field were
lead to qualitatively identical -V curves for monopolar
and double-injection cases.

From the ohmic parts of the I-V characteristics the
conductivity values (o) were calculated, which agreed
well with the results obtained from measurements of o (7T')
in low fields [6, 8]. The existence of nonlinear ranges on
the I-V curves of both polarities of In-Ga contact shows
that this electrode injects both electrons and holes into
the samples. From quadratic region of I-V characteris-
tics it is possible to calculate the effective mobilities of
electrons (p—) and holes (p4) at various temperatures.
According to [14]

p = 8jd*/9eeoU?, (1)
where j — current density in sample, U — voltage, ap-
plied to the sample, d — thickness of the sample, ¢, g
— dielectric permittivities of crystal and vacuum, accord-
ingly.

These results for T-53 and T-57 crystals are repre-
sented in Fig. 1 and the activation energies of conduc-
tivity and mobility are presented in Table I.

The received values show that the effective mobility is
low and exponentially increases with temperature. These
results coincide with the conclusion about the hopping
conductivity mechanism, which is made in [7]. As can be
seen from Fig. 1 and Table I, a change of bismuth tel-
lurite component ratio leads to a substantial change in
the charge transport parameters. For T-57 crystals, the
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Fig. 1. The temperature dependences of carrier mobil-

ities of bismuth tellurite crystals. 1 — electron mobility
in T-53 sample, 2 — mobility in T-53 sample, according
to [8], 3 — mobility in T-57 sample, according to [8], 4
— electron mobility in T-57 sample, 5 — hole mobility
in T-57 sample, 6 — hole mobility in T-53 sample.

TABLE I

The activation energies [eV] of conductivity and mobility
of electrons and holes in bismuth tellurite crystals

In—Ga contact, cathode | In—-Ga contact, anode
o lmmml | r %] o lmml| #[%]
T-53
E.(0o) 0.77 0.9 1.13 0.92
Eso 0.62 1.09
T-57
Eo(o)| 094 1.09 L1 1.24
FEso 1.0 1.12

effective mobilities of carriers of both signs are close in
magnitude and they have the same pattern of their tem-
perature changes. For T-53 p_ exceeds p4 by 3 orders
in all temperature range and by an order of magnitude
higher than the mobility of both type carriers in T-57
crystals. These results do not coincide with the data
of [8], where the samples with two injecting contacts are
studied. For comparison, the carrier mobilities of T-53
and T-57 are presented in the case of two injection con-
tacts according to [8] (Fig. 1, curves 2 and 3). These
mobilities are not only close in value to each other, but
also close to the mobilities for T-57 crystals with one
injection electrode.

In real crystals, especially with a well-defined layered
structure, a significant concentration of different type of
defects is observed. The presence of a cleavage plane in
the structure of BisTeOjs crystals can lead to the exis-
tence of potential barriers for charge carriers and cause
the formation of space charges within the layers when
an electric field is applied. In addition, bismuth tellu-
rite belongs to the group of the continuous solid solu-
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tions Bi;_;Te;O(344)/2 (0.33 < 2 < 0.5), that leads to
chaotic micro-deviations of the component concentration
from the stoichiometric composition. Such deviations can
cause fluctuations of lattice electric potential. Potential
fluctuations can be the cause of formation of smeared lo-
cal states in the band tails. This can be manifested in the
processes of carrier excitation and transport (absorption
spectra and hopping conductivity in BiyTeOs [5, 6]).
On the experimental -V curves, the smearing of the
local levels is manifested in a monotonic increase of the
slope angle v (y =dlgl/dlgU), in contrast to the sharp
increase of the current for the case of discrete distribution
of levels. The observed monotonic increase of v cannot
be related to the exponential distribution of states with
the energy N(e), since a constant slope of v is neces-
sary to such a model in a wide range of fields. The most
acceptable is the Gaussian model of the distribution of
local states, which is described accordingly [15] by the

formula:

where § — dispersion parameter, N; — concentration of
the local states, F; — position of the Gaussian distribu-
tion maximum in the band gap.

For such a model, it is necessary to know a number
of parameters: 6, N;, E;. E; can be determined from
the experimental data by studying the dependence of the
activation energy of the conductivity E,(c) at different
voltages [16]. The temperature dependences of the cur-
rents in the T-53 and T-57 samples were obtained at
voltages up to 80 V. The activation energies of conduc-
tivity at a voltage U = 80 V (FEjgo) for the samples of
bismuth tellurite are given in Table I.

Comparison of the values F,(c) shows that in T-53
crystals E,(o) decreases slightly for both polarities of
In—Ga electrode with increasing field. However, for sam-
ples T-57 E,(c) varies little and even slightly increases
with electric field increase (Table I). This does not allow
to uniquely connect the obtained values of the activation
energies of conductivity with the maximum of the Gaus-
sian distribution and, accordingly, to obtain the rest of
characteristics (6, V) which are calculated on the basis
of the experimentally determined FEj.

4. Conclusions

The investigations of conductivity of bismuth tellurite
crystals with one injecting contact show that both
electrons and holes are mobile carriers. Since the
mobilityof electrons in T-53 samples is much higher than

the mobility of holes, it can be assumed that the con-
ductivity in these samples is determined by electrons. In
T-57 samples there are contributions to the conductivity
of carriers of both types.

According to X-ray diffraction data, the studied sam-
ples corresponded to the Bis TeO5 formula. However, the
chaotic distribution of lattice defects associated with dif-
ferent crystal growth conditions leads to a violation of lat-
tice periodicity and causes a difference of electrical con-
ductivity in T-53 and T-57 samples. A quasi-continuous
distribution of levels in the band gap of BioTeOs5 crystals
is observed when both electrons and holes are injected.
The most probable description of such distribution is the
Gaussian approximation of the local states.

References

[1] V. Dolgikh, B. Popovkin, Dokl. Akad. Nauk SSSR
Ser. Neorganitch. Mater. 14, 748 (1978).

[2] D.Mercurio, M. El Farissi, B. Frit, P. Goursat, Mater.
Chem. Phys. 9, 467 (1983).

[3] I Foldvari, M.P. Scripsick, L.E. Halliburton, A. Péter,
Phys. Lett. A 154, 84 (1992).

[4] I.de Oliveira, D.A. Capovilla, J.F. Carvalho, R. Mon-
tenegro, Z.V. Fabris, J. Frejlich, Appl. Phys. Lett.
107, 151905 (2015).

[5] K. Agarkov, V. Eliseev, A. Kudzin, L. Sadovskaya,
G. Sokolyanskii, Opt. Spectrosk. 81, 214 (1996).

[6] V.P. Avramenko, A.Yu. Kudzin, S.P. Reprentcheva,
L.Ya. Sadovskaya, G.X. Sokolianskii, Ferroelectrics
82, 173 (1988).

[7]  A.Yu. Kudzin, L.Ya. Sadovskaya, G.Ch. Sokolyanskii,
Fiz. Tverd. Tela 37, 1802 (1995).

[8] K.V. Domoratsky, A.Yu. Kudzin, L.Ya. Sadovskaya,
G.Ch. Sokolyanskii, Ferroelectrics 214, 191 (1998).

[9] E. Hartmann, Cryst. Res. Technol. 36, 911 (2001).

[10] A.Yu. Kudzin, L.Ya. Sadovskaya, G.Ch. Sokolyanskii,
Ferroelectrics 174, 85 (1995).

[11] I. Foldvari, A. Péter, R. Voszka, L.A. Kappers,
J. Crystal Growth 100, 75 (1990).

[12] V. Erokhin, L. Sadovskaya, Growth, structure and op-
tical properties Biz TeOs single crystals, Patent No.
1605588(SU), 1989.

[13] A. Kudzin, S. Plyaka, G. Sokolyanskii, Phys. Solid
State 42, 861 (2000).

[14] M.A. Lampert, P. Mark, Current Injection in Solids,
Academic Press, New York 1970.

[15] S. Nespurek, E.A. Silinsh, Phys. Status Solidi A 34,
747 (1976).

[16] L. Bunina, A. Kudzin, G. Sokolyanskii, A. Yudin, Fiz.
Tverd. Tela 34, 461 (1992).


http://dx.doi.org/10.1016/0254-0584(83)90073-1
http://dx.doi.org/10.1016/0254-0584(83)90073-1
http://dx.doi.org/10.1016/0375-9601(91)90436-C
http://dx.doi.org/10.1063/1.4933097
http://dx.doi.org/10.1063/1.4933097
http://dx.doi.org/10.1080/00150198808201352
http://dx.doi.org/10.1080/00150198808201352
http://dx.doi.org/10.1080/00150199808220257
http://dx.doi.org/10.1002/1521-4079(200110)36:8/10\T1\textless 911::AID-CRAT911\T1\textgreater 3.0.CO;2-Z
http://dx.doi.org/10.1080/00150199508216937
http://dx.doi.org/10.1016/0022-0248(90)90610-W
http://dx.doi.org/10.1134/1.1131302
http://dx.doi.org/10.1134/1.1131302
http://dx.doi.org/10.1002/pssa.2210340240
http://dx.doi.org/10.1002/pssa.2210340240

