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Grain Boundaries and Electrical Properties of Thin Films of PbTe-Bi2Te3 Solid Solutions
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The structure and electrical properties of thin films based on PbTe-Bi2Te3 solid solutions with different
composition deposited in vacuum on glass ceramic and mica substrates are studied. It is established that
vapor-phase condensate has a mosaic structure formed by the Volmer-Weber mechanism of nucleation and
implementation of the processes of nucleation, aggregation and coalescence of nanocrystallites. Based on
the electrical model, the thickness h and resistivity rH of grain boundaries are determined. It is shown that
with increasing content of Bi2Te3 increase in the values of h and rH takes place and the latter is one order
of magnitude more than the grain resistance r0.
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1. INTRODUCTION

Lead chalcogenides have a wide application in semi-
conductor electronics. In particular, lead telluride is an
effective thermoelectric material for the medium-tempe-
rature region of 500-750 K [1, 2]. Both doped PbTe, as
well as solid solutions based on it, and thin-film mate-
rial considerably extend the limits of practical applica-
tion [2, 3].

Properties of thin films are defined by the electronic
processes at intercrystalline boundaries and the film sur-
face. In connection with this, it is necessary to take into
account the scattering at interfaces and grain bounda-
ries, misfit dislocations and other growth defects [3-6].
Localization of charge curriers on the near-surface states
and their capture by dangling bonds at the crystallite
boundaries lead to the formation near these regions of a
space charge, in which charge carrier concentration and
mobility can substantially differ from the corresponding
volume parameters.

In the present work within the electrical model of re-
sistance we have determined the influence of the grain
boundaries on the conductance of thin films based on
PbTe-Bi2Te2 solid solutions deposited on glass ceramic
and mica substrates.

2. EXPERIMENTAL TECHNIQUE

Films for the investigation were obtained by deposi-
tion of vapor of synthesized material from PbTe-Bi2Te3
solid solutions of the compositions 1.3 and 5 mol. % of
Bi2Te3 in vacuum on the substrates of fresh cleavages
(0001) of mica-muscovite and glass ceramic. Evaporator
temperature was equal to Te = 970 K and substrate tem-
perature – Ts = 470 K. Film thickness was specified by
the deposition time in the range of t = 15-60 s and mea-
sured by the microinterferometer MII-4.

Obtained samples were studied by the atomic-force
microscopy methods [7]. Surface morphology and its pro-
filograms were determined by the results of the atomic-
force investigations of vapor-phase condensates.

Measurement of the electric parameters of the films

was performed in air at room temperatures in constant
magnetic fields on the developed automated plant which
provides measurement of the thermoelectric parameters
[8]. The studied sample had four Hall and two current
contacts. Silver films were used as the ohmic contacts.
Current through the samples was ≈ 1 mA. Magnetic
field was directed perpendicular to the films surface at
the induction of 1.5 T.

3. FILM STRUCTURE

Investigation results of the surface topology of PbTe-
Bi2Te3 condensates are shown in Fig. 1, 2 and Table 1, 2.
Processing factors of production considerably determine
the processes of nucleation and growth of nanocrystal-
lites, which, in turn, specify the surface morphology of
the condensates in general. Thus, the processes includ-
ing nucleation of a new phase in the form of separate
pyramidal nanoformations of insignificant size: height
10-15 nm and diameter 30-40 nm, take place on the first
stages of deposition for the optimal values of processing
factors (Te = 970 K, Ts = 470 K) for the investigated con-
densates (Fig. 1, 2; Table 1, 2). In the next aggregation
mode, nucleation of new islands stops, and molecules
adsorbed on the surface participate in the growth of the
already formed structures. In the coalescence mode on
the later growth stages, which are realized at significant
deposition times (t ≈ 75 s), coalescence of separate nano-
structures takes place. In this case, one can observe the
decrease in their density and formation of separate stru-
ctural “giants” and considerable increase in the surface
roughness (see Fig. 1b, Table 1). The latter is especially
typical for the condensates obtained on glass ceramic,
whose structure is non-uniform (Fig. 1). As for the films
on fresh cleavages (0001) of mica-muscovite, their stru-
cture is more homogeneous (Fig. 2).

The following nucleation mechanisms are possible at
the vapor-phase deposition: Frank Van der Merwe mech-
anism (formation of a continuous layer of condensate),
Stranski-Krastanov mechanism (provides the formation
on the initial stages of deposition of the so-called wetting
layer with further growth of pyramidal nanostructures
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Fig. 1 – AFM-images (I) and profilograms (II) of PbTe + 3 % Bi2Te3 films deposited on glass ceramic substrates at deposition times
of 15 s (a, No16) and 75 s (b, No13); evaporation temperature Te = 970 K, substrate temperature Ts = 470 K

а
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Fig. 2 – AFM-images (I) and profilograms (II) of PbTe + 3 % Bi2Te3 films obtained on fresh cleavages (0001) of mica at deposition
times of 15 s (a, No2) and 75 s (b, No9); evaporation temperature Te = 970 K, substrate temperature Ts = 470 K
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Table 1 – Structural parameters and processing factors of vapor-phase PbTe-Bi2Te3 films on glass ceramic substrates. Evaporation
temperature Te = 970 K, substrate temperature Ts = 470 K

Sample
number Material Deposition time

t, s
Film thickness

d, nm l, nm l1, nm

4 PbTe + 5% Bi2Te3 15 270 13 31
5 PbTe + 5% Bi2Te3 30 405 23 44
6 PbTe + 5% Bi2Te3 45 540 34 43
7 PbTe + 5% Bi2Te3 60 810 33 56
8 PbTe + 5% Bi2Te3 75 1215 36 38

13 PbTe + 3% Bi2Te3 75 1215 39 88
14 PbTe + 3% Bi2Te3 60 1000 35 78
15 PbTe + 3% Bi2Te3 30 270 21 45
16 PbTe + 3% Bi2Te3 15 162 12 41
21 PbTe + 1% Bi2Te3 75 2025 102 162
22 PbTe + 1% Bi2Te3 60 918 34 100
23 PbTe + 1% Bi2Te3 30 634 24 63
24 PbTe + 1% Bi2Te3 15 405 14 39

Table 2 – Structural parameters and processing factors of vapor-phase PbTe-Bi2Te3 films on mica substrates. Evaporation tem-
perature Te = 970 K, substrate temperature Ts = 470 K

Sample
number Material Deposition time

t, s
Film thickness

d, nm l, nm l1, nm

1 PbTe + 5% Bi2Te3 75 1080 28 41
2 PbTe + 5% Bi2Te3 60 810 15 40
3 PbTe + 5% Bi2Te3 30 540 9 53
9 PbTe + 3% Bi2Te3 75 1080 28 50

10 PbTe + 3% Bi2Te3 60 405 21 49
11 PbTe + 3% Bi2Te3 30 270 13 34
12 PbTe + 3% Bi2Te3 15 108 9 25
17 PbTe + 1% Bi2Te3 75 1485 31 49
18 PbTe + 1% Bi2Te3 60 675 20 39
19 PbTe + 1% Bi2Te3 30 270 12 32
20 PbTe + 1% Bi2Te3 15 135 7 30

Note: l, l1 are the average normal and lateral sizes of nanostructures

due to the removal of elastic deformations) and Volmer-
Weber mechanism (formation of three-dimensional sepa-
rate nuclei of nanostructures on the substrate surface)
[9, 10]. In our case, under all deposition conditions of
PbTe-Bi2Te3 condensates we observe the formation and
growth of separate structures of pyramidal shape (see
Fig. 1, 2) that indicates the realization of the Volmer-
Weber mechanism.

4. ELECTRICAL MODEL OF FILM RESISTANCE

Bearing in mind that the studied condensates have
a mosaic structure (Fig. 1, 2), and in the first approxi-
mation for simplification of the calculations they can be
represented in the form of parallelepipeds of the height
l (grain size in the normal to the surface direction) and
base l1 ´ l1 (grain  size  in  the  lateral  to  the  surface  di-
rection) which have grain boundaries of the thickness h
(Fig. 3a) [11]. Then linear size of a monoblock grain will
be equal to bi = li – 2h and its resistance R0 = r0b1–1,
where r0 is the crystallite resistivity. Such electric cell
will additionally have four resistances Rh|| of grain bo-
undaries, which are connected parallel, and two resis-
tances Rh^ series-connected to R0 (Fig. 3b):
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Here rg is the resistivity of the grain boundary region.
Taking into account the equivalent scheme (Fig. 3c),

the total resistance of a crystallite with grain boundaries
Re will be determined by the correlation
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Knowing resistance of the film electric cell Re, one
can find its equivalent resistivity

re = Rel (4)

and also estimate the value of grain boundaries rh and
its thickness h defining from profilograms of the depen-
dence of the average crystallite sizes in the lateral l1
and normal l directions, respectively (Table 1, 2).
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Fig. 3 – Model of a mosaic structure of PbTe films (a) and the
equivalent electric schemes (b, c)

5. ELECTRICAL CONDUCTIVITY OF THE
FILMS

Thickness dependences of the film resistivity are illu-
strated in Fig. 4, 5. It is seen that with the increase in
the thickness resistivity decreases reaching saturation
at thicknesses larger than 1 mm.

Such behavior of the conductivity (Fig. 4, 5) corre-
lates well with the thickness dependence of crystallite
sizes (Fig. 1, 2; Table 1, 2) that gives the possibility to
assume about the dominant influence of grain bounda-
ries. Taking into account an attainment of saturation by
the thickness dependence of the conductivity, the grain
resistivity r0 can be defined. Approximating the exper-
imental data by the electric model, the average thick-
ness h and grain boundary resistivity rh are found. The
calculation results are represented in Table 3.

We have to note that thickness h and conductivity
σh = 1/rh of grain boundaries increases with increasing
content of Bi2Te3 in a solid solution (Table 3). Increase
in the thickness of grain boundaries can be explained by
the decrease in the average crystallite size with incre-
asing Bi2Te3 content, i.e. presence of a larger amount of
fine crystallites that leads to the increase in the contri-
bution of grain boundaries to the conductivity.

a

b

c

Fig. 4 – Dependence of the resistivity on the thickness for the
films: PbTe-(1 mol. %)Bi2Te3 (a), PbTe-(3 mol. %)Bi2Te3 (b) and
PbTe-(5 mol. %)Bi2Te3 (c) on glass ceramic substrates. Dots are
the experiment; solid lines are the calculation according to the
electric model

Calculated resistivity of grain boundaries rh is one
order  of  magnitude larger  than the resistance  of  crys-
tallites r0 (Table 3) that is connected with scattering of
charge carriers and diffusion of oxygen along the grain
boundaries, which due to the own acceptor action leads
to the decrease in the concentration of majority carriers
in PbTe-Bi2Te3 films of n-type and, therefore, decrease
in their electrical conductivity.

Decrease in the resistivity with increasing Bi2Te3
content is connected with the increase in the Hall con-
centration of  majority  carriers  in  PbTe-Bi2Te3 solid so-
lution that is confirmed by the crystal-chemical calcula-
tions [12]. Thus, in particular, bearing in mind that the
crystal-chemical formula of nonstoichiometric n-PbTe
has the form [12]

r×10–3, Ohm×cm

r×10–3, Ohm×cm

r×10–3, Ohm×cm

d, mm

d, mm

d, mm
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Fig. 5 – Dependence of the resistivity on the thickness for the
films: PbTe-(1 mol. %)Bi2Te3 (a), PbTe-(3 mol. %)Bi2Te3 (b) and
PbTe-(5 mol. %)Bi2Te3 (c)  on  fresh  cleavages  (0001)  of  mica-
muscovite. Dots are the experiment; solid lines are the calcula-
tion according to the electric model
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then the crystal-chemical formula of n-PbTe-Ві2Te3 will
be represented as follows:
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Table 3 – Calculated parameters of grain boundaries for the
films of PbTe-Bi2Te3 solid solutions

Material

Su
bs

tr
at

e Grain
boundary
thickness

h, nm

Grain
resistivity r0,
10–3 Ohm cm

Grain
boundary

resistivity rh,
10–2 Ohm cm

PbTe +
1% Bi2Te3

G
la

ss
ce

ra
m

ic 2.8 3.6 2.0

PbTe +
3% Bi2Te3

4.2 1.5 1.8

PbTe +
5% Bi2Te3

5.2 1.0 1.5

PbTe +
1% Bi2Te3

M
ic

a

2.8 1.0 1.5

PbTe +
3% Bi2Te3

4.2 0.5 0.6

PbTe +
5% Bi2Te3

4.3 0.4 0.5

Here VPb, VTe are the vacancies of lead and tellurium;
BiPb, TeTe are the ions of atoms in the corresponding sub-
lattices; Pbi, Теі are the ions in interstices; a is the de-
viation from stoichiometric composition in the base com-
pound; δ is the coefficient of disproportionation of the
charge state; s is the fraction of interstitial Pbi ions; х
is the composition of solid solution.

Thus, in particular, for n-PbTe-Ві2Te3, in accordance
with (6), equation of complete electrical neutrality will
be defined by the correlation

Pb Pb

•• •• •
Te Pb

V Pb V Pb

•• •• •
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i i
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where ( )( )( )2 1n A x xa asd= + - + , ( )Pb[V ] (1 )(1 ) 3A x xas d¢¢ = - - + ,

Pb[V ] (1 )A xasd¢ = - , •
Pb[Bi ] Ax= , ( )••

Te[V ] 1A xa= - , ( )••[Pb ] 1i A xas= - ,

•
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TeV V Pb 2
Pb і

q q q¢¢ = = = .

Here А = 2z/a3, z is the number of structural units in
the crystal unit cell, а is the lattice parameter.

Hall concentration of charge carriers nH will  have
the following form:

( ) ( )( )2 1Hn A x xa asd= + - + . (12)

When implementing the mechanism of substitution
of lead positions by bismuth ( +

PbBi ) with the formation of
interstitial tellurium ( 0Tei ) in n-PbTe-Ві2Te3, the Hall
concentration of charge carriers nH appreciably increases
with increasing Ві2Te3 content (Fig. 6, curve 1).

According to the presented calculations it is estab-
lished that ionized bismuth atoms in cation sublattice of
lead telluride +

PbBi  (Fig. 6, curve 2) and also vacancies of
tellurium 2+

TeV  (Fig. 6, curve 5) give the maximum con-
tribution to the formation of majority carriers. Here we
should pay attention to significant growth of concentra-
tion +

PbBi  with increasing content of doping impurity
Ві2Te3 in n-PbTe-Ві2Te3 solid solution (Fig. 6, curve 2).
As for the other point defects [ 2-

PbV ], [ -
PbV ], [ 2Pbі + ], their

d, mm
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Fig. 6 – Dependence of the concentration of dominant point de-
fects (2-7 - Ni) and Hall concentration of charge carriers (1 – nH)
in n-PbTe-Ві2Te3 on the content of Ві2Т3: 2 – [ +

PbBi ]; 3 – [ 2-
PbV ];

4 – [ -
PbV ]; 5 – [ 2+

TeV ]; 6 – [ 2Pbі + ]; 7 – [ 0Teі ]

Fig. 6 – Space diagram of the dependence of the Hall concent-
ration of charge carriers (nH) on the value of nonstoichiometry of
PbTe (a) and Ві2Те3 content (х) in n-PbTe-Bi2Te3 solid solutions

concentration in solid solution is considerably less (Fig. 6,
curves 3, 4, 6). Neutrally charged interstitial tellurium

0Teі , in spite of its significant concentration (Fig. 6, cu-
rve 7), does not change the Hall concentration of carriers.

Dependence of the Hall concentration on the initial
deviation from stoichiometry (a) in the principal matrix
and Ві2Te3 impurity content (х) is well illustrated by the
space-diagram nН-a-x (Fig. 7).

6. CONCLUSIONS

1. We have studied the structure and thermoelectric
properties of vapor-phase thin films based on n-PbTe-
Bi2Te3 solid solutions of different composition obtained
on glass ceramic and mica substrates.

2. In the framework of the electrical model of resis-
tance of polycrystalline films we have determined the
average thickness and resistivity of grain boundaries.

3. It is shown that the thickness and conductivity of
grain boundaries increase with increasing Bi2Te3 con-
tent in the solid solution.

4. Stable n-type conductivity and high concentration
of charge carriers (1019-1020 cm–3) are explained by the
substitution in n-PbTe-Bi2Te3 solid solutions of lead in
the principal matrix by bismuth ions ( 1+3

PbBi Bi+ ® ).
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