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With the help of the AFM-images analysis, using the discrete Fourier transformation, the autocorrelation
function for the azimuthal angle φ and the amount of normal distributions for the polar angle ρ we have
investigated the orientation process of structure formation of the nanocrystals in vapor-phase condensates
of PbTe-Bi2Te3 solid solution on glass ceramics. It was detected that the substrate of glass ceramics does not
depend on a particular orientation of crystallites. We determined that objects, which had been created by
the planes of the cube, rhombic dodecahedron and their combinations, are formed on the sample surface. It
was demonstrated the dependence between the average sizes of nanocrystals, their growth rate and the
deposition time. We established the character of the dependence of the density distribution of the polar angle
ρ and the Bi2Te3 content and duration of deposition.
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1. INTRODUCTION

Due to their unique properties, nanosized materials
occupy a leading position in modern materials science.
The development of science and technology is closely con-
nected with the improvement of the existing and elabo-
ration of new methods of obtaining and study of the na-
nosized structures. Quantum-size effects, which create
completely new opportunities for application of the giv-
en materials in different fields of science and engineer-
ing, take place with the transition to the nanostructured
materials [1].

Multi-component solid solutions allowing to vary in
a rather wide range the material parameters find more
applications in the production of new semiconductor de-
vices. In particular, solid solutions based on lead tellu-
ride have proved to be important industrial materials,
which can be widely used in thermoelectricity [2-4]. We
should note that PbTe is an efficient thermoelectric ma-
terial in the medium-temperature region of (500-750) K
[2, 5], and solid solutions on its basis allow to obtain a
material with improved parameters necessary for the
production of thermoelectric units.

As for the thin-film condensate of PbTe-Bi2Te3 solid
solution, it opens new possibilities of its practical appli-
cation conditioned by the features of formation of sepa-
rate nanostructures [6].

In order to obtain thin-film condensates, the vapor-
phase vacuum technologies are widely used [2-7]. The
morphological changes of the surface of built up layers
on account of the mechanical stresses conditioned by the
mismatch in the lattice constants, linear expansion coef-
ficients of condensates and substrates, on which they are
deposited, occur in their implementation.

Development of the atomic force microscopy (AFM)
and other methods of high resolution opens new opportu-
nities for observation and analysis of the growth stages
and formation of nano-objects of different sizes. Study of
the orientation and structural features of formation of na-

nocrystals on the surface of thin films is an important step
in the development of modern thin-film materials science.

Therefore, in this work, which is a logical extension of
the previous investigations [8, 9], based on the analysis
of the AFM-images we present the results of the study of
the statistical regularities in the processes of the orienta-
tion structure-formation of nanocrystals in vapor-phase
PbTe-Bi2Te3 condensates on glass ceramic substrates.

2. MATERIALS AND METHODS OF STUDY

PbTe-Bi2Te3 condensates are obtained by the method
of open evaporation in vacuum. Plates of polycrystalline
glass ceramics, which were chemically pre-cleaned, were
used as the substrates. Pre-synthesized solid solution
PbTe-Bi2Te3, in which content of Bi2Te3 was varied in the
range of (1-5) mol. %, served as the material for deposi-
tion. Evaporation temperature TE was equal to 970 K,
and deposition temperature ТS was 470 K. Deposition
duration t was varied within (15-75) s. Thickness of the
obtained condensate was measured using microinterfe-
rometer MII-4.

The surface topology of the samples was determined
by the AFM-method Nanoscope 3a Dimension 3000 (Di-
gital Instruments, USA) in the periodic contact mode.
The measurements are performed in the central part of
the samples using serial silicon probes NSG-11 with the
nominal rounding radius of the point to 10 nm. Square
field of the condensate of size of 1 mm2 is represented by
the array of 5122 points.

By the results of the AFM-investigations in the en-
vironment of Gwyddion software, we have determined
the average sizes of nanostructures in the normal hc and
lateral Dc to the substrate surface directions (Table 1).
Based on the obtained results, we have plotted the de-
pendences of these characteristics and the rate of their
change on the deposition duration.

We have also determined the averaged polar r and
azimuthal j angles for all points of the condensates sur-
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faces. The obtained experimental results were analyzed
by using the discrete Fourier transformation F(k) of the
function f(n) according to

F(k) = Σf(n)exp(– in2pk / N) (1)

and the autocorrelation function C(l)

C(l) = (Σf(l + n)f(n) / N)1/2 (2)

of the distribution of the azimuthal angle j of nano-
objects in accordance with [8, 9].

The values of the polar angles r were approximated
by the sum of two normal distributions

f(ρ) = A1exp(–(ρ – ρm1)2/s12)/(2p s12)1/2 +
+ A2exp(–(ρ – ρm2)2/s22)/(2p s22)1/2. (3)

Phase composition of the synthesized PbTe-Bi2Te3
solid solution was determined by the X-ray radiography
on the device DRON-3 by the powder method in chrome
radiation in the Bragg-Brentano geometry in the range
of scan angles 20º ≤ 2θ ≤ 110º. Processing of the results
of the X-ray phase analysis was carried out by the me-
thod of Rietveld refinement using the FulProf program
package. The studied samples, which passed through dif-
ferent stages of preparation and processing, were found
to be almost equal. Pb1 – xBixTe of the NaCl structural
type can be considered the main phase (Fm-3m space
group) with the parameter of the unit face-centered cu-
bic cell of a = 6.4564.

3. EXPERIMENTAL RESULTS AND DISCUSSION

Some of the results of the AFM-study of the surface
of PbTe-Bi2Te3 condensates deposited on the substrates
of glass ceramics are illustrated in Fig. 1 and Fig. 2 and
represented in Table 1. We should note that the main
feature of glass ceramics is the fact that this material
contains  a  great  amount  of  fine  (< 1 mm) crystallites
connected by a glassy intercrystalline interlayer; there-
fore, epitaxial objects on its surface can be formed on
separate planes of crystallites. Pores, cavities and other
defects are absent, as a rule, in the bulk of this materi-
al, and its good heat resistance (linear extension coeffi-
cient α ≈ (5-10)·10 – 7 1/K) and rather high heat conduc-

tivity (2.1-5.5 W/m·K) make the material interesting for
application as the substrate in the study of the growth
features of epitaxial vapor-phase structures. The process
parameters play no less important role during deposition,
since they determine the processes of nucleation, growth
and formation of separate dome-shaped islands on the
condensate surface.

Thus, the processes which include nucleation of a new
phase in the form of separate dome-shaped islet nano-
formations of the height of (10-45) nm and diameter of
(30-65) nm (Fig. 1a; Table 1) take place for the studied
samples on the initial deposition stages at the optimized
values of the evaporation (TE = 970 K) and substrate
(TS = 470 K) temperatures. Then, nucleation of new is-
lets ceases, and molecules adsorbed on the surface par-
ticipate in the growth of the already formed structures.

On the late deposition stages (t = 60-75 s) the coa-
lescence mode is realized, at which merging of individ-
ual nanostructures occurs that conditions the decrease
in their density and increase in the normal and lateral
sizes resulting in the increase in the surface roughness
(Fig. 1c, Table 1).

We should note that with increasing total thickness
d of  the  condensates  (Table  1,  Fig.  2a,  curve 1, ) with
deposition time t, the average normal hс and lateral Dc
sizes of nanocrystals have a tendency to saturation (see
Fig. 2a, curves 2, ; 3, ), and their growth rates hс/t
and Dс/t decrease (Fig. 2b, curves 2, ; 3, ). This effect
is explained by the fact that with increasing deposition
duration, the nanostructures become more massive and,
correspondingly, each attachment of the same number
of atoms or clusters to a certain islet will contribute a
smaller share to the growth of the given nanostructure
in the normal or lateral direction. At that, deposition
rate d/t is  characterized by a  certain minimum in the
average time interval (Fig. 2b, curve 1, ).

The controlled growth of the thin-film structures with
the necessary properties can be realized by the growth
processes. Description of the real kinetics of formation of
new phase nuclei and further filling of the deposited sur-
face is one of the main problems of the theory of the first-
order surface phase transitions. The authors of [10] study
the kinetic growth model of a thin film on a solid subst-
rate under the condition of two-dimensional nucleation.

Table 1 – Technological factors and the most probable values of the polar angle rm of the bimodal distribution and coefficients of
comparison of the contributions of different-shaped planes Kj and Kr od nanostructures in the vapor-phase PbTe-Bi2Te3 conden-
sates on glass ceramics

Sample No Content of х, % Bi2Te3 t*, s d*, nm rm1 ± s1 rm2 ± s2 Kr Kj

4

5

15 270 12 ± 6 22 ± 10 4.9 1.3
5 30 410 20 ± 10 36 ± 13 0.7 0.8
6 45 540 27 ± 12 50 ± 13 3.7 0.4
7 60 810 27 ± 4 50 ± 13 1.8 0.2
8 75 1220 21 ± 11 41 ± 12 0.1 1.6

16

3

15 160 11 ± 6 24 ± 13 2.7 1.0
15 30 270 9 ± 5 23 ± 16 0.7 3.2
14 60 1000 12 ± 10 33 ± 17 1.5 3.9
13 75 1220 23 ± 11 52 ± 10 4.2 0.4
24

1

15 410 14 ± 8 28 ± 13 0.4 1.0
23 30 630 9 ± 6 21 ± 12 0.7 1.2
22 60 920 12 ± 6 27 ± 14 1.3 1.4
21 75 2030 11 ± 6 38 ± 16 1.3 2.1

Notation: t* – deposition time; d* – condensate thickness
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Fig. 1 – 3D AFM-images (I), profilograms (II) and histograms of the height distribution (III) of the surface of vapor-phase
PbTe-5 mol. % Bi2Te3 condensates obtained on the substrates of glass ceramics for the deposition time t, s: 15 (a, No4), 30
(b, No5) and 60 (c, No7); TE = 970 K, TS = 470 K

a b

Fig. 2 – Dependences of the film thickness d ( , 1) and average normal hc ( , 2) and lateral Dc ( , 3) sizes of nanocrystyallites
(a); their deposition d/τ ( ,  1)  and growth hс/t ( , 2), Dс/t ( , 3) rates of vapor-phase PbTe-5 mol. % Bi2Te3 condensates on the
substrates of glass ceramics on the deposition time t, s; TE = 970 K, TS = 470 K
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Fig. 3 – Typical autocorrelation distribution functions of the
azimuthal angle j of nanocrystals in vapor-phase condensates
PbTe-5 mol. % Bi2Te3 on glass ceramics for deposition time t, s:
15 (a, sample No4), 30 (b, No5), 45 (c, No6); Table 1

Fig. 4 – Typical autocorrelation distribution functions of the
azimuthal angle j of nanocrystals in vapor-phase condensates
PbTe-3 mol. % Bi2Te3 on glass ceramics for deposition time t, s:
15 (a, sample No16), 30 (b, No15), 60 (c, No14); Table 1

In conditions of a large supersaturation of the gas phase,
they obtained the solutions for the distribution function
of islets in sizes on the initial growth stage, substrate
filling factor on the coalescence stage, vertical growth rate
of the film and its surface roughness. In particular, the
authors theoretically proved that after the beginning of
nucleation, the following law takes place: the average
islet size grows in proportion to deposition time as t1/2.

In this connection, time dependences of the average
normal hс and lateral Dс sizes for the chosen set of sam-
ples (see Fig. 2a) were approximated in our study by the
function of the form of y = axb, where y = hc, Dc; а is  a
proportionality factor (а = h0, D0); х = τ; b is the expo-
nent. As a result, we obtained the value of b for the ave-
rage normal sizes hс, which was equal to b = 0.62 ± 0.14
and can be approximately considered as b ≈ ½. For the
average lateral sizes Dс b = 0.44 ± 0.08, i.e. in this case

b ≈ ½, too. So, the growth of the average normal hс and
lateral Dс sizes of PbTe-Bi2Te3 nanostructures is really
proportional to t1/2 that is confirmed experimentally.

The orientation features and crystallographic forms of
nanocrystals in the vapor-phase condensates were deter-
mined by their averaged azimuthal j and polar ρ angles
in accordance with [8].

The discrete Fourier transformation (1) and the auto-
correlation function (2) of the distribution of the azimu-
thal angle j of  surface  elements  of  the  samples  AFM-
images were used for the analysis.

In order to reveal the influence of the substrate on
the orientation of the objects on the film surface, which
can be represented by the orientation of the 3-d and 4-th
order axes, we introduced the coefficient characterizing
the ratio of the components amplitudes of the third and
fourth harmonics of the Fourier transformation Fk:

 j, degree

 j, degree

 j, degree  j, degree

 j, degree

 j, degree
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a b c
Fig 5 – AFM-images of the surface of PbTe-1 mol. % Bi2Te3 samples obtained at the deposition time t = 75 s (a, No21) and t = 60 s
(b, No22) and also the scaled-up parts of them, on which the cube edges are depicted (c)

Fig. 6 – Gnome-stereographic projections of the objects on the films (No6, No7, No13) surface (the top row); cube and rhombic
dodecahedron, if polar axis is directed along [111] and rhombic dodecahedron, if polar axis is directed along [001] (the low row).
The objects are listed from left to right

Kφ = F3 / F4.

The values of this coefficient are given in Table 1.
With increasing deposition time for 5 mol. % Bi2Te3,

the lateral symmetry is changed from the 2-nd (the 3-d
order axis is present and weakly expressed) order (see
Fig. 3a) firstly to the 4-th (the 3-d order axis is also ex-
hibited) (Fig. 3b) and then to the 3-d (Fig. 3c) orders.

For deposition times of 60 s (sample No7) and 75 s
(sample No8), the order of symmetry is changed again
from the 3-d to the 4-th one (Table 1). We should note,
if for small times Kj = 4.9, then for large times this va-
lue decreases to Kj = 0.1, i.e. it is possible to state that
with increasing deposition time, contribution of the 3-d
order axis relative to the contribution of the 4-th order
axis sharply decreases.

With increasing deposition time for 3 mol. % Bi2Te3,
the lateral symmetry is changed from the 3-d (to a lesser
extent, 6-th) order (see Fig. 4a) firstly to the 4-th (3-d)

(Fig. 4b), and then to 2-nd (3-d, 4-th) (Fig. 4c) orders.
As for the ratio of the components amplitudes of the 3-d
and 4-th harmonics of the Fourier transformation Kj,
then the contribution of figures symmetrical with respect
to the 3-d order axis over the figures symmetrical with
respect to the 4-th order axis is changed from Kj = 0.7
(at t = 30 s) to Kj = 4.2 (at t = 75 s), i.e. exceeds the 3-d
order axis (Table 1).

For all deposition times at 1 mol. % Bi2Te3, the 2-nd
order lateral symmetry is a dominant one, and the con-
tributions of the 3-d, 4-th and 6-th order axes are com-
mensurable, although at small deposition times the con-
tribution of the 4-th order axis exceeds the contribution
of the 3-d and 6-th order axes.

Thus, the axis perpendicular to the film surface is not
clearly expressed, and hence it follows that glass ceramic
substrate does not specify the chosen orientation to PbTe
crystallites or specifies a free orientation. Increase in the
Bi2Te3 content leads to the 3-d order axis dominance.
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a b

Fig. 7 – Compound form containing faces {100} and {110} (a),
additionally depicted horizontal plane (111) (b). Contribution of
swifter cube faces increases downwards

On all the samples except No21, on which twins are
observed (Fig. 5), the 6-th order axis is not a dominant
one, and the 3-d order axis is present everywhere that
implies the formation of crystallites of the cubic system.
Trigonal and tetragonal large pyramids as well as cube
faces and edges are present in Fig. 5. Mismatch in the
orientation of crystallites is manifested. The same situ-
ation was typical for the PbTe:Sb samples deposited on
glass ceramics [8].

Now let us consider the individual objects in order to
determine the simple crystallographic forms. To this end,
we found orientation of their planes on the film surface.
Triangular pyramids of the sample No6 are formed by
the cube planes {100}, and of the sample No7 – by the
rhombic dodecahedron planes {110}; at that plane (111)
is parallel to the substrate. The object faces of the sam-
ple No13 correspond to the compound planes that com-
bines cube and rhombic dodecahedron faces; here plane
(001) is parallel to the substrate. The indicated above
forms are shown in Fig. 6 using the gnome-stereographic
projections. Compound forms also with the pentagon-
dodecahedron faces {120} are revealed on the surface of
other films.

Different contributions of the faces of simple forms
in the compound form are presented in Fig. 7, on which
we show three cube faces (100), (010), (001) and three
rhombic dodecahedron faces (110), (101), (011). Axis 6
is more clearly manifested with increasing contribution
of the cube faces, and when contributions are commen-
surable, then axis 3 will prevail again.

a

b

c
Fig. 8 – Dependence of the distribution density of polar angle r
of nanocrystals in the vapor-phase PbTe-Bi2Te3 condensates on
glass ceramics on the deposition time for Bi2Te3, mol. %: 1 (a),
3 (b), 5 (c); numbers near the curves correspond to the samples
numbers in Table 1

Distribution density of the polar angle r was ap-
proximated by the sum of two normal distributions (3).
In Table 1 we present the ratio of the right-to-left term
amplitudes Kr. As seen from Table 1, polar angle of the
dominant distribution is within the range of 20º-30º.
22.21º is the angle between the normal to the faces of
the form {123} and direction [111]; this is the 3-d order
axis in crystals of the cubic system. Swifter forms {110},
{120}, {100} appear with increasing content of Bi2Te3
and deposition time.

As seen from Fig.  8a,  b,  distribution has  a  bimodal
nature. The dominant maximum is shifted towards larg-
er angles with increasing deposition time. Presence of the
peak at 22º is observed from both Table 1 and Fig. 8a.
At doping by 5 mol. % Bi2Te3, bimodal distribution is not
almost exhibited and both peaks merge into one (Fig. 8c).
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4. CONCLUSIONS

1. Crystallographic forms of nanocrystals and their
orientation features in thin-film condensates of РbТе-
Вi2Те3 solid solutions grown on glass ceramic substrates
by open evaporation in vacuum at the optimized evapo-
ration TE = 970 K and deposition TS = 470 K tempera-
tures are studied by the analysis of the AFM-images.
Deposition time varied in the range of t = 15-75 s.

2. It is established that with increasing deposition
time, average sizes of nano-objects in the normal hс and
lateral Dc to the substrate surface directions increase
in proportion to t1/2 and retain a tendency to saturation,
and their growth rate decreases.

3. It is determined that glass ceramic substrate does
not specify a certain orientation to crystallites; and the
objects formed by the cube and rhombic dodecahedron

planes and their combinations are generated on the sa-
mples surface.

4. It is shown that at small content of Bi2Te3, distri-
bution density of the polar angle r has a bimodal nature;
at that, the dominant maximum is shifted towards lar-
ger angles with increasing deposition time. At 5 mol. %
Bi2Te3, bimodal distribution is not almost exhibited, and
both peaks merge into one.
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