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The calculations of the scattering mechanisms of charge carriers in thin films of PbTe:Bi with 1 at. % of
bismuth is carried out. The dominant mechanisms of scattering in the investigated samples are determined. The
thickness dependence of the ratio my,/My is considered.
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I ntr oduction

The last two decades have demonsrated rapid
growth in the interest of scientigs in the practical
redlization of research results in thermoelectricity. Firgt
of al, this is the desire of humanity to receive safe and
clean energy [1-3]. Thermoeectric transformation of
energy is precisdy this and stands out. There is no
combustion of fossil fuels, no mechanical work to
convert one kind of energy (for example, therma or
mechanical) into eectric. Thermoelectric effects are due
only to the existence of a pair of materials of n- and p-
type conductivity or a set of such pairs for a more
powerful end result in energy generation.

Thermoelectric energy conversion is relevant for
several reasons. reliability and durability in work (due to
the lack of moving mechanisms), environmental
friendliness (no combustion of fuel for generating
eectricity and use of waste heat, which reduces the
global contribution to the greenhouse effect). The use of
thin-film structures leads to an improvement in the
output of thermoelectric characteristics, and reduces the
amount of material used [4-5]. At present, the vapor
phase technologies of formation of the structure of thin
film micromodule for the temperature range (450-800) K
are actively investigated on the basis of multicomponent
thermoelectric materids of the type PbTeBi(Sh),

PbTeBi(Shy)Te;, PbTe-SnTe, Pb-Ag-Sb-Te (LAST) or
Pb-Sn-Ag-Te (LATT).

Thin films are of interest to researchers because of
their different peculiarities. On the one hand, it is an
opportunity to significantly improve certain properties, in
particular, and thermoel ectric, by reducing the dimension
[6-9]. On the other hand, an important role is played by
the miniaturization of end devices. On the basis of thin
films, it is possible to create thermoelectric
micromodules that will be practical for miniature
devices, where conventiona thermoelectric modules
cannot be fitted due to their dimensions 3, 10].

|. Experiment

The thin films were obtained by evaporation in an
open vacuum of a pre-synthesized compound PbTe:Bi
with 1 at.% bismuth. As substrates, we used sital plates,
which  were subjected to preliminary chemica
purification. Evaporation temperature was Tg = 970 K,
deposition temperature — Tp = 470 K, and the deposition
time was from 3 sto t = 120 s. Technological parameters
for obtaining samples are given in Table 1.

The synthesis of the starting material was performed
by fusing the components in the vacuumed ampoules of
quartz glass (Pirex). The ampoules were made of tubes

Table 1

Technological factorsfor the condensate precipitation of PbTe:Bi in an open vacuum on a sital substrates

N sample Evaporation temperature Tg, K Deposition temperature Tp, K Deposition timet, s
1 970 470 3
2 970 470 15
3 970 470 60
4 970 470 120
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Table 2
Results of Hall measurements of investigated samples (at 300 K)
N sample Ry, cm*/C n, cm* U, cm?/Vs D, nm
1 0.60 1.0-10"° 12 54
2 0.23 2.7-10% 50 169
3 0.13 4.7-10% 51 891
4 0.25 2.5.10" 75 1890
Table3
Data from the anaysis of AFM-studies of investigated samples
. Ratio of the maximum
N Average M a>gfn? :tn;;al ue Av;?gtee;/alal ue value of lateral Average Avir;gee
height . . . . dimensionsto the roughness =
sample h dimensions dimensions roughness
a M dm, NM da, NM average Re, nm Ry, nm
my a dm/da, nm )
1 6 49 29 17 0.5 0.6
2 19 78 44 18 18 2.4
3 53 133 80 16 3.2 4.4
4 77 182 109 17 2.6 39

with an outer diameter of 20 mm and a wall thickness of
2 mm. Before loading, the ampoules were cleaned with a
mixture of nitric and hydrochloric acid. For synthesis,
AlfaAesar products of purity of 99.999% were used.
Pumping out was carried out to a pressure of 10 Pa
using a vacuum post HiCubeEco.

On the thin films obtained, Hall measurements were
made in constant electric and magnetic fields, as well as
AFM images of PbTe; Bi nanostructures were obtained.

II. Elements of the theory of calculating
carrier mobility

For the calculations of the mobility of carriersin the
bulk material, we used a variation method in which, asa
rule, a test function is selected in the form of a series of
degrees of energy, the coefficients of which are variation
parameters and determined by the condition of the best
matching of theoretical and experimental results [11].
Equations for calculation are described in detail in [12].

The features of charge carriers scattering in a bulk
PbTeBi material with different bismuth content (0.25,

000pm 020 040 060 080

0.5, 1 and 2 at.%) in the wide temperature range (300-
800 K) are presented in papers [13-14]. It is established
that in bulk materials the dominant scattering mechanism
isimpurity scattering.

If we consider the films, then we need to consider
additional mechanisms that determine the charge carriers
scattering. In particular, this is the influence of the
surface and grain boundaries.

Analytically, the contribution of the surface and
grain boundaries to total mobility can be expressed as a
ratio:

o —q. 34
et =1- —(1- p 1)
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and
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Mo 141342 R 0 4
SR- 15d

grain

respectively, where X is the length of free run, D is film
thickness, p is the reflection coefficient of the surface, R
is the reflection coefficient of the grain boundaries, and
d,., -theaverage grain size[15].

grain
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Fig. 1. AFM images of samples PbTeBi with 1 at.% bismuth: a- sample 2, b - sample 3.

172



Scattering of Charge Carriersin Thin Films PoTe:Bi

10000

1000 /\

100
o /\\
1E+16 1E+17 1E+18 1E+19 1E+20
n, cm3

4, cm?*/Vs

2 —1

a)

10000

1000

u, cm?/Vs

100

1E+16 1E+17 1E+18

n, cm*3

1E+19 1E+20

—4 3 2 —1

b)

Fig. 2. Concentration dependence of mohility (1- scattering of bulk materia, 2- surface scattering, 3- scattering on
grain boundaries, 4- total scattering) of thin films
PbTeBi with 1 a.% bismuth: a —sample 1, b— sample 4.

Calculated data of total motility of thin films PbTe:Bi with 1 at.% bismuth Tabled.
N sample 300 K 450 K 600 K 800K
! 26 14 7 2
2 59 33 17 5
3 57 30 15 s
: ® 45 23 12

I11. Analysis of results

The results of the Hall measurements of investigated
samples (N. 1-4) are presented in Table 2. The AFM
image of the samples and the data from the analysis of
AFM-studies are presented in Fig. 1 and table 3
respectively.

Using the experimental data (tables 2 and 3) and the
results of studies [13-14] using the equation (1) and (2),
the contribution of individual scattering mechanisms to
the total mobility was calcul ated.

As can be seen from the concentration dependences
of mobility (Fig. 2), the dominant mechanism is
scattering on the grain boundaries (Fig. 2, curves 3). The
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Fig. 3. Ratio of my/Mmyuk to the thickness of the
samples.

contribution of the surface to total mobility (Fig. 2,
curves 2) varies. If for the sample 1 (Fig. 2, a) the
contribution of the surfaceis significant, for the sample 4
(Fig. 2, b), the contribution of the surface is proportiona
to the total scattering mechanisms of the bulk material.
This behavior is due to a change in the thickness of the
samples.

Ratio mys/myux from the samples thickness is
presented in Fig. 3. The proximity of the ratio my /M
to unity indicates that the total mobility of these
scattering mechanisms, which is obtained taking into
account the Mattisen rule, is determined mainly by the
scattering mechanisms inherent in bulk materials. From
Fig. 3 it is noticeable that the contribution of surface
scattering disappears in the thin films with thicknesses
from 1000 nm and above.

Table 4 shows the calculated data of total mobility of
thin films PbTeBi with 1 at.% bismuth for a wide
temperature range (300-800 K). Good agreement of the
caculation (Table 4) and experimental data (Table 2)
indicates the correct choice of theoretical approaches.

Conclusions

1. The dominance of scattering on grain boundaries
for al investigated samples of thin films PbTe:Bi with 1
at.% bismuth isindicated.

2. It is established that the contribution of surface
scattering disappears in the thin films with thicknesses
from 1000 nm and above.

3. The expediency of using the proposed theoretical
approaches for calculating the mobility of charge carriers
inthin filmsis proved.
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P.O. I3ymenzen

Po3ciroBanns HoCiiB 3apsiny B TOHKHX IIiBkax PbTe:Bi

Tpuxapnamcoxuii nayionanvhuil ynisepcumem imeni Bacunss Cmeghanuxa,
M. Isano-@pankiscok, 16018, Vrpaina, E-mail: kepa@nashemisto.if.ua

ITpoBeneHO poO3paxyHKH MEXaHi3MiB PO3CiFOBaHHsS HOCIiB 3apsily B TOHKHX IuiiBkax PbTeBi i3 1 ar.%
BicMyTy. Bu3HaueHO NOMiHyIOWi MeXaHi3MH pO3CIIOBaHHS B IOCHIIDKYBaHHX 3pa3kax. Po3rissHyTo TOBIIMHHI
3aJI€XKHOCTI CITiBBLIHOIICHHS MY/ Mhyik-

KurouoBi ci10Ba: mitoMOyM Temypull, JeryBaHHs, pO3CitoBaHHS HOCIIB 3apsy, PyXJIMBICTb.
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