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It is shown, that doping by chlorine atoms changes the type of conductivity of Bi2Te3 from p- to n-type as well as the character of conductivity. In

the direction perpendicular to the layers plane phonon assisted hopping conductivity is observed. The mechanism of charge transport in Bi2Te3
crystals doped by chlorine atoms is proposed. # 2011 The Japan Society of Applied Physics

Recently, interest to the doped AV
2 B

VI
3 -group semiconductors

has increased considerably.1–3) On one hand, this interest
is due to the peculiarities of energy spectrum and charge
carriers scattering mechanism in such compounds. On the
other hand, these materials can be used in thermoelectric
transformers. In spite of the fact that Bi2Te3 is a
semiconductor, the temperature dependence of conductivity
has metallic character. It caused by presence of numerous
antisite defects Bi $ Te forming a great number of local
states in the band gap creating wide impurity bands
overlapping with conduction and valence bands.

The Bi2Te3-type single crystals were grown by the
Bridgman-Stockbarger method and by the method of
directed vertical crystallization from the components taken
in stoichiometric ratio and with the addition impurities.
The directed zone crystallization was performed with a zone
rate of 3� 10�2 m/h. The X-ray diffraction studies for the
samples were performed using a DRON-3M diffractometer.

The samples for investigations were obtained from single
crystals ingots by the simple cleavage along the plane of the
layers and were prepared in the form of rectangular plates of
ð2{8Þ � 10�4 m thick. The absolute values for resistivity in
the plane of the layers �par and perpendicularly to the layers
�per were determined by the improved four-probe Schnabel
combination method.4) The measurements were performed
by the selective method with an ac frequency of 20Hz; the
current was not higher than 1� 10�3 A.

This paper presents the results of studies of electrical
conductivity, Hall effect and magnetoresistance in layered
single crystals Bi2Te3, doped with chlorine, in the
temperature range 0.5–300K and magnetic fields up to
8 T. Single crystals have rhombohedral crystalline structure
with space group D5

3d (R�3m).
Note, first of all, that the doping with halogen–chlorine

has the donor effect. Apparently, in Bi2Te3 crystals doped
with chlorine, chlorine atoms substitute the tellurium atoms
in the lattice. Since the number of electrons in chlorine atom
is one greater than that in tellurium, the chlorine atom gives
one electron to the conduction band.

It has been shown (see Fig. 1), that in Bi2Te3:Cl crystals
(curve 2) the anisotropy of electrical conductivity at T ¼
300K is much higher than in undoped Bi2Te3 crystals
(�per=�par � 14) and significantly increases with decreasing
the temperature (at T ¼ 5K, �per=�par � 400). Note that
the anisotropy of conductivity in undoped Bi2Te3 does not

change with temperature (curve 1). This ‘‘metallic’’ char-
acter of behavior almost preserved in the layers plane. The
absolute values of resistivities increase and weaken their
temperature dependence only, indicating the increasing role
of impurity scattering of charge carriers.

Conductivity perpendicular to the layers varies signifi-
cantly (Fig. 2). In Bi2Te3 single crystals doped with chlorine
(curve 2) the conductivity in the direction perpendicular to
the layers acquires an activated character. As the tempera-
ture is lowered from 300 to 200K the resistance decreases
slightly. Then in temperature interval 200–18K activated
conductivity is observed— the resistance increases more
than 5 times, below 18K again there is a decrease of
resistance with decreasing temperature.

Thus, in the direction perpendicular to the layers in the
temperature behavior of conductivity some metal–insulator
type transition is observed with ‘‘metallic’’ character at low
temperatures and the ‘‘dielectric’’, or activated—at higher
temperatures.

We assumed that as in graphite,5) the conductivity of
Bi2Te3:Cl samples in the direction perpendicular to the
layers plane is realized via two competing channels:
‘‘metallic’’, �M, and ‘‘activated’’, �H. In this case the total
conductivity � is expressed as

� ¼ �M þ �H; ð1Þ
where metallic conductivity is

�M ¼ ��1
M ¼ ð�0 þ AT Þ�1: ð2Þ

Fig. 1. (Color online) Temperature dependencies of resistivity anisotropy

�per=�par in Bi2Te3 crystals: (1) undoped crystal, (2) Bi2Te3:Cl.
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The quantities �0 and A can be determined by extrapolation
T ! 0. From Fig. 2 follows: �0 � 7� 10�3 �m, A ¼
6:6� 10�6 �mK�1. Then, subtracting �M from resultant
�, activation part of conductivity �H and �H ¼ ��1

H can be
determined (Fig. 3).

Exponential increase of resistivity with decreasing
temperature is well seen. Fitting by least square method of
�HðT Þ function having the form:

�HðT Þ ¼ �H0 exp
T0
T

� �x

ð3Þ

gives x ¼ 1=2 and T0 � 1100K. Thus, experimental data
show that conductivity in the direction perpendicular to the
layers plane in Bi2Te3 single crystals doped with chlorine
atoms is well described by the expression

�HðT Þ ¼ �H0 exp
1100

T

� �1=2

ð4Þ

in temperature interval T ¼ 25{150K which is true for one
dimensional variable range hopping conductivity.6) Thus, the
charge transport perpendicular to the layers is carried out
simultaneously by two competing ways: ‘‘metal’’ way and
‘‘disordered’’ way, via phonon assisted hopping of charge
carriers. The disorder is due to inhomogeneous doping,
when the most of the impurity atoms is introduced into the
interlayer spaces.

Carrier mobility in the plane of the layers, determined
from the studies of electrical conductivity, Hall effect and
magnetoresistance in Bi2Te3 (�H � 0:27m2 V�1 s�1) and
Bi2Te3:Cl (�H � 0:25m2 V�1 s�1) are quite high. It con-

firms, on the one hand, that the scattering of holes by the
defects is not dominant, and, on the other hand, that the
chlorine atoms are introduced into the interlayer spaces
during the doping. Such defects, practically have no effect
on the electrical conductivity in the plane of the layers, but
make it very difficult the charge transport in the direction
perpendicular to the layers.

In summary, it was found that doping with chlorine atoms
has the donor effect on Bi2Te3, single crystals, and leads to a
significant increase in the anisotropy of conductivity which
increases with decreasing temperature. It is shown that while
in the layers plane the charge transport is realized through
the impurity band, the charge transport perpendicular to the
layers is mainly determined by thermally activated hopping
over localized states. This is possible for an inhomogeneous
doping. Apparently, the chlorine atoms are introduced into
the interlayer spaces during the doping due to weak bonds
between the layers planes. Interlayer distances can be
changed, the restructuring of the band structure and the
emergence of localized states can be realized in this case.
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Fig. 3. The temperature dependence of the activation part of the

resistivity �HðT Þ.
Fig. 2. (Color online) Temperature dependencies of the resistivity

perpendicular to the layers, �per, in Bi2Te3 crystals: (1) undoped crystal,

(2) Bi2Te3:Cl.
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