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INFLUENCE OF THE BEHAVIOR OF CHARGE CARRIERS ON THE
THERMOELECTRIC PROPERTIES OF PbTe:Bi THIN FILMS

The influence of technological factors of thin film deposition by the method of open evaporation in
vacuum on the realization of charge carrier scattering processes is investigated. The contribution to the
transport phenomena of carrier scattering for PbTe:Bi films deposited on the muscovite mica and glass
ceramic (sitall) (0001) substrates are determined. In particular, the surface-bound carriers (Fuchs and
Sondheimer theory) and grain boundaries (Meijdes and Shatskis theory) are analyzed. The choice of the
type of substrate material and the temperature modes of the deposition changed the structure of the film
surface and, accordingly, the values of thermoelectric parameters of the initial material. In particular,
the selection of experimental modes allows manipulating the grain size and the thickness of the film.
Glass ceramic (sitall) substrates contribute to a significantly smaller grain size compared with the use
of mica substrates. It is shown that the effects of grain boundaries scattering are dominant for all films.
The surface effects are only significant for sufficiently thin films the thickness of which is commensurate
with the mean free path of charge carriers. Bibl. 46, Fig. 3, Table 3.
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Introduction

The thermoelectric energy conversion annually increases the potential of its practical application.
This is caused by a number of factors: the possibility of direct conversion of heat into electricity without
the use of mobile mechanisms, positive environmental impact, reliability and accuracy in operation [1, 2].
Thus, the conversion of the heat of exhaust gases into electric energy at combustion of various types of
fuels has a positive effect on the global reduction of the greenhouse effect [3 —5]. Sometimes only
thermoelectricity allows electricity generation when there are no other available sources, such as power
lines.

The quality of final devices — thermoelectric modules, or individual thermoelements, is
conventionally determined by the value of the dimensionless thermoelectric figure of merit ZT:

2
2r=59r7. (1)
X

where S is the Seebeck coefficient, ¢ is the electrical conductivity, y is the coefficient of thermal
conductivity, T is the absolute temperature, Z is the thermoelectric figure of merit of the thermoelectric
material.
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The value of ZT for most modern industrial thermoelements is 0.4 — 0.7 [6] or for the best within 1.0
[7]. For the studies of laboratory materials, this value is significantly higher: 1.1 for doped SnTe [8, 9]
1.6 — 1.8 for PbTe; Se, [10], 1.7 for Mg3Sb, [11] or 2.2 for PbigAg,Tey [12, 13].

Concerning final industrial devices — thermoelectric generators, their efficiency values are (4 — 6) %
[6, 14]. These are sufficiently high values taking into account almost free of charge sources of heat for the
generation of thermoelectric energy. These efficiency values provide a decent economic competition for
thermoelectric generating devices to other alternative energy sources. On the other hand, thermoelectric
devices are characterized by the reliability, durability in operation and have a positive effect on the
improvement of environmental situation.

The thin-film thermoelectric devices deserve special attention [15 — 18]. They have a number of
features. On the one hand, they generate several fold less energy than traditional macroscopic devices. But,
on the other hand, the thin-film micro-generators of energy are indispensable for use in miniature devices,
for example, for medicine or electronics. Also, one should note their significantly lower cost and higher
technical characteristics. Thus, [19] shows the possibility of achieving ZT ~ 2.5 for PbSeyosTeo o/ PbTe,
PbSnSeTe / PbTe or BiyTe; / SbyTe; quantum dot heterostructures. The thin films arouse the interest of
researchers due to their different peculiarities. On the one hand, it is the possibility of significant
improvement of certain features, in particular, thermoelectric properties, due to diminishing their size
[20 — 24]. On the other hand, an important role is played by the miniaturization of final devices. On the
basis of thin films it is possible to create thermoelectric micro-modules that will have practical use in
miniature devices, where conventional thermoelectric modules cannot be placed due to their dimensions
[25 -27].

This paper analyzes the possibility of using bismuth doped PbTe thin films for thermoelectric energy
conversion. For this purpose, the study of the thermoelectric properties of PhTe:Bi thin films deposited on
mica and sitall substrates was performed.

Experiment

The PbTe:Bi doped films were obtained by vapour phase deposition using open vacuum evaporation
method. As materials, freshly cleaved muscovite mica and sitall (0001) substrates were chosen. For the
films on mica substrates the following technological modes were used: the temperature of evaporator was
Tr=970 K, and the temperature of the substrates varied 7= (420 —470) K. The thickness of thin films
within (0.08 — 1.2) pm was sometimes set by the time of deposition (5 —45) min and determined using
microinterferometer MII-4 and the Dektak XT profilograph with application of the digital image
processing methods. When the films were deposited on the sitall substrates, the temperature of the
evaporator varied in the range of Tz = (920 — 1020) K, the temperature of the substrates varied in range of
Ts=(420-520) K, and the deposition time was chosen from t=3sec to 120 sec. The presence of
specially designed oven that included five heaters of substrates made it possible to obtain films of different
thicknesses in one technological process.

Four Hall and two current contacts were applied on the measurement sample. Electrical parameters
were measured in constant electric and magnetic fields. The magnetic field is directed perpendicular to the
film surface at induction of 2 T. Silver films were used as ohmic contacts. The current through the sample
was ~ 3 mA.

The structure of the films was investigated by Atomic Force Microscopy (AFM) methods using
Nanoscope 3a Dimension 3000 (Digital Instruments USA). Measurements were made in the central part of
the samples using serial silicon probes NSG-11. The AFM data were processed in the Gwyddion program
(surface topology, nanocrystal size, etc.). The AFM images of the surface of obtained films are shown in
Fig. 1, and the technological modes for these PhTe:Bi films are given in Table 1. The grain sizes on the
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surface of the crystallites were determined by processing the images obtained on Nexus 412 A microscope
using the specialized INNOVATEST Hardworx software package.
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Fig. 1. 2D and 3D AFM-images of PbTe:Bi surface condensates deposited on (0001)
cleavages of muscovite mica (1) and sitall (II) substrates in different technological modes:
a:Ts=420K, Tg =970 K, =900 sec (I), = 60 sec (II),

b: Ts=470K, Tg =970 K, 7= 900 sec (I), = 60 sec (II),
c:Ts=470K, T =970 K, 7= 300 sec (), =15 sec (I).
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Table 1

Technological modes for the PbTe:Bi thin films deposited on (0001) fresh cleavages of muscovite mica and sitall
substrates and their morphological characteristics

E t Substrat .. A
Sample Substrate vaporator HDSHAte Deposition | Thickness d, Average verage
) temperature temperature . . roughness R,

No material time T, sec nm height h,,, m

Tg, K Tg, K nm
2m mica 970 470 300 320 16 1.8
4m mica 970 470 900 670 47 2.2
7m mica 970 420 900 1080 35 1.2
4c sitall 970 420 15 108 14 1.3
5¢ sitall 970 420 60 540 9 0.6
l4c sitall 970 470 60 890 53 32

Fig. 2. The image of the surface of the PbTe:Bi films
deposited on mica (a, sample 4m, Table 1)
and sitall (b, sample 14c, Table 1) substrates.
Surface image obtained at 400x magnification with
Nexus 412 A optical microscope (INNOVATEST).

Theory

To optimize the parameters of thermoelectric material, it is necessary to correctly describe the
dynamics of the electron and phonon subsystems of the material. As regards the bulk materials, these issues
are well described, for example, in surveys [28 — 32]. Often, with sufficiently high accuracy, we can restrict
ourselves to taking into account the scattering of charge carriers by acoustic phonons. Sometimes, the
interaction of charge carriers with optical phonons or vacancies can play a certain role, especially when the
inelastic effects of electron-phonon interaction are significant or a strongly degenerate material is
considered.

If thin films are under study, then additional mechanisms should be considered that determine the
total contribution of charge carriers scattering. In particular, this is the influence of the surface and grain
boundaries.

The consideration of the surface scattering, as well as size-related effects, can have a significant
effect on the finite material properties [33]. The first explanations of these effects were given by Fuchs and
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Sondheimer [34, 35] by the example of metallic films. As shown in these papers, the influence of the
surface and interfaces is determined by the corresponding inelastic scattering of the carriers. The mean free
path of the carriers is statistically uniformly distributed over the bulk of material. Therefore, it is
considered that the surface itself plays a dominant role in such distribution of the values of the mean free
path values. According to this model, the resistivity is determined by next ratio:

k
F_ @
pEs @ p(k)
where
ko103 01 ) 1-e¥
———_(1-p)] E_——J—dt 3)
D (k) ko2 13 0 )1 pe

Here, pgsis the resistivity due to the influence of the film surface, py is the value of resistance for the
bulk material, k& = ¢4 is the ratio where 4, is mean free path in the bulk material, p — the proportion of
elastically scattered electrons by the film surface. If p =0, we obtain the maximum value for p, which
completely corresponds to the surface scattering. Assuming that p =1 we have mirror surfaces, which
indicates the dominance of volume scattering and neglecting the surface influence.

Analytically, the contribution of these mechanisms to total mobility can be expressed by following ratio:

u 32

=1-—(1-p), 4)
Hpulk 8D

where A is mean free path, D is film thickness, p is surface reflection coefficient .

Mayadas and M. Shatzkes developed the Fuchs and Sondheimer theory for the case of taking into
account carrier scattering on grain boundaries [36]. The main parameter in this case was the grain size D:

-1

p—0:{1—2a+3a2—3a3ln(1+lﬂ (5)
pMS 3 (03

where o = %[%) , R is grain boundary reflection coefficient which takes on the values from 0 to 1.

Then, taking into account the influence of grain boundaries on the charge carrier mobility is
determined by ratio [36]:

b__ —— ©)
Hbulk 1+ 1.34()
R~ dgrain

where d g4y is the average grain size.

In [37], a certain combined model was proposed for thin films. The values of the p and R
coefficients were taken in this case from the experimental results. Accordingly, the total resistance was
determined:

Psum =PFES +PMS —P0- (7)

The appropriate combinations of values p and R were selected [38] for the best agreement with the
experimental data.

ISSN 1607-8829 Journal of Thermoelectricity Ne3, 2018 19



L.I. Nykyruy, O.M. Voznyak, Y.S. Yavorskiy, V.A. Shenderovskiy, R.O. Dzumedzey, O.B. Kostyuk, R.I. Zapukhlyak
Influence of the behavior of charge carriers on the thermoelectric properties OF PbTe:Bi thin films

Results and discussion

The analysis of the AFM images was performed for reasons of determining the influence of surface
temperature, deposition time, and substrate material on the surface of the resulting condensates. In this way
one can get information on the mechanisms of the nucleation and growth of the obtained thin films. The
theoretical basis for explaining these processes is rather fully formulated in [39, 40].

As can be seen from Fig.1, irrespective of the deposition conditions and substrate material, the
PbTe:Bi thin films tend to formation and growth of individual pyramidal structures. The formation of
three-dimensional individual initial islands indicates the implementation of the Folmer-Weber growth
mechanism. However, there are some differences, depending on the choice of substrate material. Thus, it is
clearly seen that pyramidal nanoislands of correct cut with a triangular basis grow on mica crystalline
substrates. No formation of the objects of clear symmetry group is observed on polycrystalline sitall
substrates. However, in both cases, it can be argued that there is certain degree of uniformity in the
distribution of nanoobjects along the film surface, for which, both normal and lateral dimensions exceed
the mean free path of charge carriers and make up (50 — 200) nanometers.

The analysis of the deposition time shows a certain pattern. The time of deposition is the most
significant factor that forms the geometry of nanostructures surface. The change in the substrate
temperature slightly changes their average height, while the change in the deposition time (in particular,
decrease) causes the formation of several fold smaller nanoislands in the lateral direction. As regards the
substitution of substrate for sitall, it can be seen that the dimensions of pyramidal structures are affected by
the change in the deposition time and the change in the substrate temperature. Still, the choice of substrate
temperature is more decisive in their geometry. Thus, a slight change in temperature can cause an increase
in the size of nanoislands by almost 10 times. Therefore, in the case of sitall, one can definitely assert the
implementation of the Folmer-Weber mechanism of nucleation. As for monocrystalline mica substrates, the
growth rate is slightly slower, although the deposition time was much longer. But on the basis of the fact
that monocrystalline substrates are more structurally perfect, one can assume that in this case the
implementation of the nucleation mechanism of the Stranky-Krastanov can be more obvious. When this
occurs, the layer growth is first realized, and then three-dimensional islands are formed on the surface.

On the other hand, the logarithmic normal distribution is observed along the heights of surface
nanostructures for both substrate materials, which is confirmed by the AFM data and described in [41].
This indicates the perfection of the deposited material within the grain. Therefore, when considering
thermoelectric parameters, the effects that are realized in the bulk materials and the specific effects
associated with the surface are more significant.

As shown in [42], the transition from the bulk materials to films substantially reduces the value of
the coefficient of thermal conductivity. According to (1), this leads to significant increase of the
thermoelectric O-factor.

The scattering mechanisms for the bulk materials that determine thermoelectric parameters are
studied in detail, for example, in [31]. Therefore, in this publication an estimation of the effects associated
with the contribution of surface to total scattering of charge carriers was made. In particular, the influence
of the surface according to with expression (4) and the influence of grain boundaries according to
expression (6) were estimated. The analysis was performed for thin films deposited on different substrates,
since different structure of substrates can contribute to the implementation of various scattering
mechanisms.

As for the calculated values, it is necessary to pay special attention to the values of the mean free
path of carriers. Different papers presented different meanings, which were, however, approximately of the
same order. In particular, a A value of 40 nm [43], 10 nm [44], or an interval from 10 nm to 100 nm [45]
were obtained. The first two values are calculated, derived from the ab initio methods. Our calculations,

20 Journal of Thermoelectricity Ne3, 2018 ISSN 1607-8829



L.I. Nykyruy, O.M. Voznyak, Y.S. Yavorskiy, V.A. Shenderovskiy, R.O. Dzumedzey, O.B. Kostyuk, R.I. Zapukhlyak
Influence of the behavior of charge carriers on the thermoelectric properties OF PbTe:Bi thin films

according to method [46] showed a value of 72 nm, which is in good agreement with the results of the
above studies.

The grain size was determined using a Nexus 412 A (INNOVATEST) optical microscope.

The technological modes and characteristics of deposited films are presented in Tables 2-3.

Table 2
Technological parameters of the deposited PbTe:Bi thin films obtained on muscovite mica
(samples 2m, 4m, 7m) and sitall (samples 4c, 5S¢, 14c) substrates.
E - A A -
vapo Substrate Depo- . . Verage vera
No rator . Thick- Grain | height value ge
Subs- tempe- sition
sam- tempe- ) ness size, wm of rough-
trate rature time ’
ples rature T K d, nm nanostruc- ness
T, Sec
T K 5 tures b, nm | R, nm
2m mica 970 470 300 320 60 16 1.8
4c sitall 970 420 15 108
0.4 14 1.3
5c sitall 970 420 60 540
0.8 9 0.6
14c sitall 970 470 60 890
3 53 3.2
Table 3

Experimental values of specific conductivity o, the Hall coefficient Ry, carrier concentration n (p),
and charge carrier mobility u of PbTe:Bi thin films obtained on muscovite mica (samples 2m, 4m, 7m)
and sitall (samples 4c, 5c, 14c) substrates.

Sample c, Ry, n(p), u,
No Qlem?! cm’/C cm” cm?/V s
2m 627 -0.039 -1.6:10%° 24.2
4m 480 -0.030 2.1-10%° 14.4
7m 44.0 -0.101 -6.2:10% 4.4
4¢ 6.60 3.49 8.3-10" 23
5¢ 74.5 0.27 8.3-10" 20
14¢ 384 0.13 8.3-10" 51
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Fig. 3. The relation of , obtained by taking into account

The estimate of the effect of charge carrier scattering on the surface and at the intergrain boundaries
is shown in Fig. 3. The proximity of the ratio u/p,. to unity indicates that the total mobility obtained by
the Mattisen rule is determined mainly by the scattering mechanisms inherent in the bulk materials (carrier
scattering on phonons or vacancies). The greater the deviation from the unity, the greater the influence of
surface effects. As can be seen in Fig. 3, account of the surface mobility iz (the Fuchsian and Zondheim
theory) is significant for the sample 4c. This is well explained if we analyze the thickness of all studied
films. It is for this sample that the thickness is the smallest and is 108 nm (Table 2).

If we consider the influence of intergrain boundaries, this effect will be dominant for all films (curve
2 — Fig. 3) and determined by mobility s (the Mayadas and Shatzkes theory).

The effect of film thickness D is in good agreement with the experimental data and the use of a
combined model (s + prs) for quantitative estimation of the contributions of surface and grain boundaries
to the values of mobility and electrical conductivity. The good agreement between the calculated and the
experimental data occurs, provided that the reflection coefficients p and R vary with thickness. This can
happen when the main contribution to the measured values causes the grain boundaries to be taken into
account. That is, it can be assumed that with increasing film thickness, in the first stages the key role is
played by the nucleation processes of the film, which are responsible for the formation of grain boundaries
and lead to high values of electrical conductivity (samples PbTe:Bi deposited on mica 2m, 4m, Table 2).
These results are in good agreement with the data [38], where the authors analyze correlations between the
thickness and size of surface formations with the time of growth.

Conclusion

The role of the effects associated with the surface in the analysis of charge carrier scattering
mechanisms and, consequently, their influence on the thermoelectric properties of thin films are
determined. The dominant influence of carrier scattering on intergrain boundaries (the Mayadas and
Shatzkes theory) is established, regardless of the grain size. The influence of the surface effects, which is
described by the Fuchs and Sondheimer theory, becomes significant with decreasing the thickness of films.
In particular, for PhTe:Bi, the surface of the film substantially affects transport phenomena for thicknesses
~ 100 nm, that is, for thin films whose thickness is commensurate with the mean free path. The obtained
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results allow setting the technological regimes for optimization of the material parameters in order to
obtain the maximum values of thermoelectric figure of merit Z7.
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BILJIMB NOBEJAIHKU HOCIIB 3APSIIY HA TEPMOEJEKTPAUYHI
BJIACTUBOCTI TOHKHUX IIJIIBOK PbTe:Bi

Jlocniodceno 6naue MexHoN02IYHUX (DAKMOPIE O0CAONCEHHsT MOHKUX NIIBOK MemoOOM GIOKpUMO20
BUNAPOBYBAHHA ) BAKYYMI HA peanizayito npoyecieé poscitosanusa Hociie 3apsaoy. [na nuieox PbTe:Bi,
ocadoicenux Ha nioxnaoku (0001) criodu-myckogim ma cumany GUSHAYEHO 6HECOK Y MPAHCNOPMHI
ABUWA MEXAHI3MIB PO3CTIOBAHHSA HOCIIB, N0OG A3anUX i3 nogepxHeio (meopis @ykca i 3ondeetimepa) ma i3
mexcamu 3epen (meopia Meiisdeca ma I[llaykuca). Bubopom muny mamepiany niokiaoku ma
MEeMREPAMYPHUX PENCUMIE OCAOICEHHS 3MIHIOBANU CMPYKMYPY NOGEPXHI NII6KU Md, 6i0N0GIOHO,
mepmoeNeKmpudHi napamempu euxioHozo mamepiany. 3okpema, nioOip eKCnepuMeHmarbHUx pexcumia
00360/19€ MAHINYII08AMU POMIPAMU 3epeH ma moswunolo niieku. CK1o-Kepamiuni niOKAaoku i3
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cumany Cnpusiloms OMPUMAHHIO CYMMEEO MEHWUX PO3MIPI8 3epeH y NOPIGHAHHI i3 GUKOPUCMAHHAM
nioknaoox i3 cmoou. Iloxkazano, wo egexmu, nog’s3ami i3 PO3CIIOBAHHAM HA MEICAX 3ePeH €
Oominytouumu 05 6cix niieox. Ilosepxmesi s egpekmu cmaroms cymmesumu auuie 0as 00CMAMHbLO
MOHKUX NIIGOK, OJIsL AKUX MOSWUHA CRIBMIDHA 13 008ICUHOIO 8LIbHO20 npobiey Hocii 3apsdy. Bion.46,
puc.3, mabn.2.
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HOCIiB.
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BJIMSIHUE MOBEJIEHUS HOCUTEJIEN 3APSIJIA HA
TEPMODJIEKTPUUYECKUE CBOMCTBA TOHKHX IUIEHOK PbTe:Bi

Hccnedosano  enusnue MeEXHONO2UHECKUX —(DAKMOPOE  OCANCOCHUs. MOHKUX —NIEHOK MemoOoM
OMKPBIMO20 UCNAPEHUsi 8 BAKYYMe HA peanu3ayuio npoyeccos paccesivus Hocumenei sapaoa. J{is
naenok PbTe:Bi, ocasxcoennvix na noonoxcxku (0001) carodvi-myckoeum u cumania onpeoeieH 83HOC 8
MPAHCNOPMHbIe A6NIeHUS MEXAHUZMOG PACCEsHUs HOCUMeNnel, C8A3AHHbIX C NOGEPXHOCMbIO (meopusi
Dykca u 3omndeetimepa) u c epanuyamu sepen (meopus Meiisndeca u Illaykuca). Bvibopom muna
Mamepuana nOONONHCKU U MEMNEPAMYPHBIX PENHCUMOB OCANCOCHUSL USMEHSIU CIMPYKIMYDY HOBEPXHOCTIU
NJIEHKU U, COOMBEMCMBEHHO, 3HAYEHUsL MEPMOINEKMPULECKUX RAPAMEMPO8 UCXO0H020 Mamepuand. B
yacmuocmu, N00OOP IKCNEPUMEHMATLHBIX PEHCUMOE NO360Iem MAHUNYIUPOBAMb PASMEPAMU 3EPEH U
monwunou nienxku. Cmexnoxepamuyeckue RHOONONCKU U3 CUMALLA CHOCOOCMBYIOM  NOLYYEHUIO
CYUIeCMBEHHO MEHbULUX PAZMEPO8 3ePeH UCXOOHbIX NICHOK 8 CDABHEHUU C UCNONb308AHUEM NOONOHCEK
uz cmoowl. Iokazano, umo s¢ghexmol, ceésazanHvle ¢ paccessHueM HA 2PAHUYAX 3EPEH, SGISIOMCI
domuHupyrowumu 01 ecex nieHoxk. Iloeepxnocmmuvie dice d¢hghexkmvl CMAHOBAMC CYUeCMBEHHBIMU
MONLKO O OOCMAMOYHO MOHKUX NAEHOK, MOMWYUHA KOMOPbIX COPA3ZMEPHA C ONUHOU C80000HO20
npobeea nocumeneti 3apsoa. bubn.46, puc.3, maon.2.
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