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In the paper the p-type of conductivity polycrystalline thin films were received on the basis of PbSnAgTe (LATT)
materials deposited on the mica-muscovite substrate. The temperature and thickness dependences of con-
ductivity, current carriers mobility and specific thermoelectric power were investigated for these films. It is
shown that scattering on acoustic phonons is the dominant mechanism at above room temperature. The presence
of oscillations in profiles of thermoelectric parameters of specific electrical conductivity and Seebeck coefficients
is experimentally obtained. The theoretical explanation of oscillations is explained within the framework of

model of rectangular potential well with infinitely high walls. The estimation of the efficiency of thermoelectric
materials, namely, the dimensionless thermoelectric figure of merit is ZT ~ (1.2-1.5).

1. Introduction

The engineering of materials for efficient and inexpensive renew-
able energy sources is the highest priority area of modern applied re-
search. The importance is due to the awareness of the exhaustion of
fossil fuels and significant emissions of greenhouse gases into the at-
mosphere after burn off that pollute the environment, damage the
ozone layer of the Earth, and cause global climate change. The studies
on the direct conversion of thermal energy into electricity are very
important. One of the main arguments is that thermoelectric energy
transformers are among the most reliable sources of electricity allowing
continuous operation for decades [1-3]. The efficiency of thermo-
electric materials is determined by the dimensionless thermoelectric
figure of merit (ZT) (otherwise: thermoelectric quality factor):

2T = S2T/( A + H1),

where S, o0, T, g, and «;, represent the Seebeck coefficient, electrical
conductivity, absolute temperature, and electronic and lattice con-
tributions to the total thermal conductivity «, respectively [1].

The most interesting and valuable materials are those that work
most efficiently in the temperature range (450-800) K. The greatest
amount of heat into environment is generated from industrial objects
just in this temperature range [4]. Therefore, the possibility of re-use of

this heat to generate thermoelectric energy has an economic and en-
vironmental value. The compounds based on IV-VI semiconductors are
the most known and promising materials for such use [5-9]. Moreover,
new materials known as LAST (Lead-Antimony-Silver-Telluride: Pb-Ag-
Sb-Te) were obtained by doping of the main matrix which were char-
acterized by high values of ZT > 1at temperatures T > 600K
[10-13]. Also, the thermoelectric properties of LAST compounds es-
sentially depend on the chemical composition [12-18]. It is also pos-
sible to change the type of conductivity of the material by controlling
the chemical composition, which makes the system particularly pro-
mising for use in power generation [19-21].

A lot of theoretical and experimental studies have shown that the
use of low-dimensional systems greatly improves the thermoelectric
properties [22-24].

One of the technologically simple solutions is to obtain 2D-systems,
in particular, thin films [25-28]. Study of the dimensional effects in
thin films makes it possible to obtain the high values of the thermo-
electric figure of merit (ZT) [1,29,30]. The manifestations of the
quantum-size effects that occur in non-doping PbTe films are of the
particular interest [31]. The anisotropy of effective masses is observed
for the materials on the base of IV-VI compounds and effective mass is
sufficiently small in the one of directions (it is m, = 0.022 m,, for p-
PbTe) [31-38]. Therefore, it is possible to improve the thermoelectric
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figure of merit due to oscillations in the profiles of specific conductivity
and the Seebeck coefficient.

The potential features of the LATT type of semiconductors (Lead-
Argentum-Tin-Telluride) [39] should be highlighted among the new
multicomponent materials. The possibility of smooth control of tech-
nological parameters predicts the possibility of obtaining cheap mate-
rial with the high ZT values.

In this paper analysis of the p-type of conductivity thin films of the
LATT system, obtained by open evaporation in vacuum on the fresh
chips (0001) of mica-muscovite substrates, was performed. The pecu-
liarities of changes of thermoelectric parameters of these films on
temperature and chemical composition have been investigated.
Particular attention is focused on the analysis of the quantum-size ef-
fects in obtained nanoscale films to improve their thermoelectric effi-
ciency.

2. Experiment

Synthesis of PbSnAgTe materials was carried out in the vacuum
quartz ampoules pressurized to residual pressure 10~ *Pa. The am-
poules were pre-cleaned, namely, by washing in a mixture of
HNO3:HCI:H,O for 3h with next multiple washing by distilled water
and alcohol, and drying in an oven at T = (450-500) K [12].

For synthesis high-purity initial components were used: purified
Lead with 99.99% of the main component, and Silver, Tin and
Tellurium with purified of 99.999%. The vacuum ampules with initial
components were placed in a muffle furnace horizontally. To avoid a
sharp increase of the tellurium steam pressure in the ampoule and to
create conditions for the best mixing of molten components, the
synthesis was carried out in several stages: heating up to 500 °C (the
temperature change velocity was 17 °C/min), next 1h of exposure;
heating up to 700 °C (7 °C/min), 3 h of exposure; heating up to 1020 °C
(11 °C/min), 1 h of exposure; cooling to 900 °C (4 °C/min); quenching in
the air.

The phase composition and structure of the synthesized ingots were
investigated by X-diffraction methods on the STOE STADI P automatic
diffractometer (manufactured by STOE & Cie GmbH, Germany) with a
linear position-precision detector PSD according to the modified
Giniere geometry scheme. Calculation of theoretical diffraction patterns
for known compounds for phase identification and definition of unit
cell parameters was performed with software packages STOE
WinXPOW (version 3.03) and PowderCell (version 2.4). Refinement of
crystalline structure phases for studied samples in the isotropic ap-
proximation for atomic displacement parameters was carried out by the
Rietveld method using PseudoVoigt profile function with the help of
FullProf.2k (version 5.30) from the WinPLOTR software package.
Perhaps the predominant orientation (texture) of main phase grains was
determined by function of the Marsh-Dallas prevailing orientation.
Quantitative phase analysis was performed by refining the Rietveld
method using Hill and Howard's technique [40].

The studied samples were obtained by depositing of the vapor of
synthesized PbTe [41], Pbq4SnsAgsTesy, PbigSnoAgsTesy and
Pb;gAg,Te,o materials in vacuum under fresh chips (0001) mica-mus-
covite substrates. The temperature of the evaporator was T = 870K,
and the temperature of the substrates was Tp = 470 K. The thickness of
the films was determined by deposition time within (1-3) min and
measured using a micro-interferometer MII-4 and Dektak XT profilo-
grapher with digital image processing methods.

The Hall measurements of electrical parameters of the thin films
were carried out at the temperature T = (290-390) K in constant
magnetic field at the automated device DHM-1 [42]. The measured
sample had four Hall's and two current contacts. The silver was de-
posited for forming Ohmic contact. The current through the samples
was ~1mA. The magnetic field with induction B = 1.2 T directed
perpendicular to the film plane.

The X-ray fluorescence spectrum was obtained using the Expert-3L
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spectrometer (channel width (118 + 7) eV).

An integral method was used to measure the Seebeck coefficient S.
In this case the one edge of the film had constant temperature, and the
temperature of the other edge was changed. The edges of the film are
attached to massive copper plates to provide a constant temperature.
The temperature was measured using platinum thermistors.
Measurement error is no more than 5%. The type of charge carriers is
determined by the sign of the Hall constant Ry and of the Seebeck
coefficient S.

Heat transfer properties of films as being the parameter of im-
portance in thermoelectric devices were studied by contactless optical
method of transient grating, using laser-based system “Optopicotest”
developed in the Institute of Physics, National academy of sciences of
Belarus [43]. Accordingly to the approach, free surface of film is irra-
diated by two interfering beams at 533 nm wavelength from pulsed
laser. Thermal dilation of subsurface layer of film caused by laser ra-
diation absorption appeared to be spatially modulated so that a relief
transient grating is recorded. The grating of thermoreflectance is also
formed on the film surface. However, its yield to the diffracted signal is
experimentally estimated to be small in comparison with that of the
relief grating. Heat transfer vector lies in film surface and is directed
parallel to the grating vector.

The transient gratings is readout by beam from He-Ne CW laser in
reflection mode and intensity of diffracted signal is detected with
proper temporal resolution. Lifetime and spacing of thermal grating are
the parameters to be measured experimentally. The in-plane thermal
diffusivity of films is calculated by using theoretical model worked out,
taking into account the results of Johnson [44].

3. Results and discussion

The diffraction patterns of the Pb;¢Sn,AgsTeso and Pby4SnyAg,Tesq
solid solutions are shown in Fig. 1. The main phase is PbTe, the
structural type is NaCl, and the additional phase is Ag;o¢Te;. For the
samples with less content of the tin, the elementary cell parameter is
6.4402(2) A, and with a larger one is 6.4413(3) A.

The chemical analysis of the PbTe film was carried out using X-ray
fluorescence spectra. The identification of the chemical elements was
carried out according to the energies in which the main peaks on the
spectrum were observed and compared with the tabular data. In this
case, there were no additional chemical elements in the investigated
film (Fig. 2). The background peaks correspond to the chemical com-
position of the mica-muscovite substrate. The mass ratio Pb: Te for PbTe
film on the mica-muscovite substrate is 65: 35 within the relative
error + 3% (Table 1). Also, there is a small amount of oxygen ~0.5% in
the film. We can summarize that the processes of adsorption of the
oxygen by surface and its penetration into the depth of the film for
these compositions are negligible.

The AFM-images of the films surface of the research samples are
shown in Fig. 3. All the samples have a polycrystalline structure. The
features of the carriers transport mechanisms in polycrystalline films
are determined both by the volume of grain and inter-granular barriers
[45]. However, as it was reported before [39,45], for the films of the
studied compositions the effect of the boundaries is significant for low
temperatures T < 170 K. Therefore, for the studied temperature range
T = (290-390) K, the effects associated with scattering on the grain
boundary were not considered.

The Hall's mobility is the main parameter that characterizes the
mechanisms of electron transport. It rapidly decreases with temperature
(Fig. 4). The temperature dependence of the carrier mobility in the
coordinates Inp due In T will be linear (Fig. 4b). We see that the
coefficient of inclination is very close to —5/2 for all studied compo-
sitions. Such value of the angular coefficient is most generally found for
PbTe compounds at high carrier concentrations and temperatures above
300K [25,31,36]. For the nondegenerate statistics of carriers, the car-
rier mobility (in this case, the holes) due to scattering on long-wave
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Fig. 1. The diffraction patterns of the Pb;sSn,Ag,Tesy (XXIV) and

Pb;4Sn4Ag,Tes (XXIX) solid solutions (a) and the fragment of the diffracto-
gram in the region of the detected of reflexes of the additional phases (b).

acoustic oscillations was determined by the formula
Uy ~ m—S/ZT—S/Z' (1)

It should be noted that the effective mass of PbTe also increases with
increasing of the temperature according to the law of m®* for holes for
the investigated temperature range (300-400) K [36]. This is explained
by the fact that with increasing of the temperature the number of car-
riers with high energy increases, which is characterized by large ef-
fective mass. Taking into account the temperature dependence of the
effective mass we can obtain the index of degree —5/2. Moreover, the
main mechanism of carrier scattering is the scattering on acoustic
phonons.
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Table 1
The mass ratio of chemical elements for PbTe films on the mica-
muscovite substrate.

Chemical element Mass ratio, %

s0 0.578 + 0.115
52Te 35.066 + 2.274
82pp 64.324 + 2,972

Calculation data for chemical formulas

Chemical formula Mass ratio, %

PbO
PbTe

7.954
92.007

PbisAg:Tey

Fig. 3. AFM-images of the surface of Pb,,, , »Sn,Ag,Te, films on mica-muscovite
substrates (thickness of all films d = 1.08 um, temperature of substrate
Ts = 500 K).

Temperature dependences of the specific electrical conductivity (o),
of the concentration of current carriers (p), of the Seebeck coefficient
(S), and of the thermoelectric power (S%0) for the films based on
PbSnAgTe compounds deposited on the mica-muscovite substrates are
shown in Figs. 5-7, respectively.

For non-doping PbTe and Pb;gAg,Tey, films an activation me-
chanism of conductivity is observed. That is, the conductivity increases
with increasing of the temperature according to the formula [31]

_ _ Eq
o = gy exp( kBT) @

The activation energies were determined from the experimental
data. They are 59.8 meV and 60.4 meV for PbTe and Pb;gAgsTes,

PbTe

0 2% 30 35
E, keV

Fig. 2. X-ray fluorescence spectrum of PbTe film on mica-muscovite substrate.
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Fig. 4. Temperature dependence of Hall mobility (1) (a), and logarithm de-
pendence of mobility (Iny) due (InT) (b) for the films of the next compositions:
A - PbTe, H - Pb,4SnyAg,Tes, ¢ - PbigSnyAgoTeso, @ - PbigAgoTes on fresh
(0001) mica-muscovite substrate. Points are the experiment, and lines — ap-
proximation by formula (1).
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Fig. 5. Temperature dependence of the specific electrical conductivity (o) for
the films of the next compositions: A - PbTe, Ml - Pbi4SnsAg,Tes, & -
Pb;6SnyAg,Teso, @ - PbigAgsTeoso on fresh (0001) mica-muscovite substrates.
Solid lines — calculation by formula (3), dashed lines — approximation by for-
mula (2).
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Fig. 6. Temperature dependence of Hall concentration (p) for the films of the

next compositions: A - PbTe, [l - Pb14SnsAg,Tes, ¢ - PbigSnsAgsTes), @ -
Pb;gAg,Teyo on fresh (0001) mica-muscovite substrates.

respectively. It can be seen that for Pb;4SnsAg,Te,y and
Pb16SnyAg,Tes films the conductivity decreases with increasing of the
temperature. Such decreasing of conductivity with increasing of the
temperature is explained by the decrease carrier mobility, since the
concentration for these samples (Fig. 6) weakly depends on the tem-
perature in this temperature range [31]:
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Fig. 7. Temperature dependence of specific thermoelectric power (520) for the
films of following compositions: A - PbTe, M - Pbi,Sn;Ag.Tes;, ¢ —
Pb;6SnyAg,Tenn, @ — PbygAgsTeso on fresh (0001) mica-muscovite substrate.
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The temperature dependence of the Hall carrier concentration (p) is
shown in Fig. 6. All investigated samples have the p-type of con-
ductivity. This is confirmed by measurements of the Seebeck coefficient
(S) (Fig. 7a). The admixture of silver in the PbTe exhibits amphoteric
properties, and it reduces the thermal conductivity [17,25]. But there
are no significant changes for electrical parameters. We obtained the p-
type of conductivity after addition of the Tin atoms. Moreover, the
carrier concentration increases with increasing of the content of Tin
(Fig. 6).

The increasing of the Seebeck coefficient (S) and the thermoelectric
power (S%0) with increasing of the temperature (Fig. 7) is observed for
all compositions of the studied films. Moreover, it is the largest for
Pb;4Sny Ag,Te, films due to the high values of their Seebeck coefficient
and conductivity values.

The behavior of the dependence curves of the Seebeck coefficient
and the concentration for some sample compositions are different.
Therefore, the description of the S(T) dependences is carried out, as-
suming that the charge carrier statistics of the film can be degenerate or
non-degenerate.

For a non-degenerate case the Seebeck coefficient (S) is defined as

o = epy;

S = 3k + const, 3ks = 129MkB/K
2 e 2e @
We suggested in (4) that the concentration, effective mass, and the
dispersion parameter (r) are not temperature dependent.
For the degenerate statistics of charge carriers, the Seebeck coeffi-
cient increases proportionally with the increase of temperature

S 2312 m* (r + 3/2)

35/3eh2p2/3 -T + const.

5)

As it is shown in Fig. 4 the carrier statistics are nondegenerate for
Pb;16Sn,Ag,Teso and PbigAg,Tey, films, and the coefficient before In(T)
is very close to the theoretically predicted value. A slight deviation can
be due to the temperature dependence of concentration, effective mass,
and dispersion parameter. For the Pb;4Sn4Ag,Tes film the electron gas
of the current carriers is degenerate, and the Seebeck coefficient in-
creases proportionally with the increase of temperature (T). Also, the
carriers concentration for this composition is the highest and it is
1.1-10'® em 3. Such behavior of the carriers in Pb14Sn4Ag,Tey films
allows them to be used to realize the quantum-size effects.

The thermal conductivity was the smallest for the bulk samples
Pb14SnyAg,Te,y and equaled « = 3107 3W/(cm’K) [26]. Thus, it is
possible to estimate the value of the thermoelectric figure of merit (ZT).
This makes it possible to assume that the films based on this chemical
composition will be characterized by high thermoelectric efficiency
ZT = 1 at temperature of 380K (see Fig. 8). Consequently, the films on
the base of Pb;4SnsAg>Teso can be used as p-branches for the high-
efficiency thermoelectric energy converters.

Also the coefficient of the thermal conductivity can be defined from
investigation of the behavior of thermal diffusivity.

Films whose thickness is larger than 1 um were selected for the in-



L. Nykyruy et al.

1,2 1
T

0,8 /

0,6 4 /s

> ’
/
0,4 4 ,’

0.2 A I
.,l

T T T T T’]I(
200 310 330 35 370 390

Fig. 8. Temperature dependence of the thermoelectric figure of merit (ZT) for
Pb,4Sn4Ag,Tes films deposited on fresh (0001) mica-muscovite substrate.

0

plane thermal diffusivity measurement. This is because theoretical es-
timations show that with grating spacing 5 um used in experiment, the
results of measurement provide effective thermal diffusivity of system
film/substrate rather than that of film itself if film thickness is less than
1 pm.

Thermal excitation of films was carried out by laser pulses of 8 ns
duration and energy density of about 3mJ/cm? Diameter of the ex-
citation beam on the sample plane was 1.5 mm. Accordingly to calcu-
lation with film absorption coefficient of order 510* cm ™! an average
temperature in the excitation spot at the moment of laser beam action
rose about 60 °C above room temperature. The height of the surface
relief as determined from the diffraction efficiency of thermal grating
was several A°.

Typical oscillogram of diffracted signal decay is shown in Fig. 9.

It worth to note that thermal diffusivity of non-doped bulk single
crystalline PbTe is 1.810~2cm?/s [46] whereas the same material in
form of 5um thick film grown on BaF, substrate gives 1.3-10 % cm?/s
[43]. Authors see this reduction is because of high dislocation density in
film due to the lattice parameter mismatch. Similar tendency of the
thermal diffusivity lowering one can notice in Table 2.

The estimate of the thermal conductivity can be carried out in ac-
counting of model of the Debye's phonons spectrum:

x = aCpD.
5. Sample Pb1gSnoAgsTesq
> Film thickness 1 mkm.
E_ 44 The grating spacing 5 mkm
.5 Lifetime of thermal grating 1,1 mks
8 31 Thermal diffusivity 0,65x10"%cm?/s
!'%
B 27
©
c o s
2 1
n
0
-1 T T T T T 1
-0,5 0,0 0,5 1,0 1,5 2,0 2,5
Time, mks

Fig. 9. Kinetics of the diffraction signal for the Pb;sSn,Ag.Tey film. After the
recording noise, the rapidly increasing part of the kinetics is determined by the
time of the exciting pulse duration. The decaying component of the signal is
used for thermal diffusivity calculation. The main results of the measurements
conducted are summarized in Table 2.
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Table 2
Thermal diffusivity for investigated LATT films on mica-muscovite sub-
strate.

Type of the film Thermal diffusivity, 10~ % cm?/s

Non-doped PbTe 1.4-1.5
Pb;gAg>Teso 1.0-0.9
Pb;4SnsAg,Tesg 0.8-0.9
Pb6SnAg-Tesg 0.6-0.8

In this equation a is the thermal diffusivity, D is density of the
material, Cp is heat capacity.

On the basis of our data for the studied materials it is easy to obtain,
x~ 0.002449 W/(cm'K) at 300 K. Therefore, in this case the estimated
thermoelectric figure of merit is ZT ~0.5 for 300K and ZT ~1.17 at
400 K.

However, a series of publications indicates the possibility of
quantum-size effects realization in thin semiconductor films [22-25].
The authors of these publications showed significantly improved ther-
moelectric parameters.

The quantum-size effects cause the oscillations of thermoelectric
parameters.

The ostent of the quantum-size effects can be observed experimen-
tally from the AFM-analysis. The AFM-images of the film surface is
presented in Fig. 10. We see that the surface of the observed films is
smooth, although it is possible to observe some pyramidal hetero-
geneities (Fig. 10). As shown on profilograms of surface, the average
height of these inhomogeneities is H = 1.7 nm (Fig. 10b). It should also
be noted that the average roughness of the film surface is S, = 0.35 nm
(thickness of the film is d = 100 nm). This satisfies one of the terms for
the ostent of the quantum-size effect that the film should be sufficiently
homogeneous in thickness. Thus, the Pb;4SnsAg.Tey, film has a high
homogeneity and a smooth surface. There are also no defects of mac-
roscopic size (pores, cracks, etc.) (Fig. 11).

The coefficient of mirroring of carriers dispersion on surface can be
estimated from the Zaiman model, knowing the surface roughness by
the formula [17]:

167322
2

p =exp(— ).

(6)

The calculated value of the coefficient of mirroring is p = 0.99 at
the run length A = 100 nm, which is very close to “1”. Therefore, we
can assume that the carriers scattering in thin films based on
Pb14Sn4Ag,Teyy is fully mirroring.

For the dimensional quantization, it is also necessary that the size of
the crystallites exceeds the thickness of the films (d), in order to avoid
the effect of scattering on the grain boundaries. For example, the AFM
data shown that the experimental value of the grain size was
D = 430 nm at the thickness d = 100 nm, which is four times more than
the thickness of the film.

b)

T 7 R}

Fig. 10. 3D- AFM-image (a) and profilogram of surface (b) of the
Pb;4SnsAg,Tey, thin films deposited of (0001) mica-muscovite substrate
(thickness d = 100 nm).
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Fig. 11. Microphotography of the boundary of substrate section (film mea-
suring is 120 X 120 microns).
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Fig. 12. The thickness dependence of the specific conductivity (o) (a) and Hall
mobility () (b) for Pb,4SnsAg,Tes films deposited on (0001) mica-muscovite
substrate in the case of degenerate electron gas. Points are the experiment.

It is necessary to check the possibility of realizing the quantum-size
effect in these films [23]. For Pb;4SnsAgsTesq films (m*; = 0.021 m,
and m*| = 0.31 mg) [33] with thickness d = 10 nm, the distance be-
tween adjacent sub-bands define as AE = ¢; (2n + 1). We received AE
=~ 538 meV for n = 1, and the thermal blurring of sub-bands at room
temperature is kgT = 25.8 meV. Thereby, the condition that at least
several sub-bands are located under the Fermi level was executed. The
high carrier's mobility in thin films is satisfied with the condition of
long path length (Fig. 12). The de Broglie wavelength (Ap = 2Ad)
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Fig. 13. The dependence of logarithm of mobility (Inp) due the logarithm of
temperature (In T) for Pb;4SnsAg,Tesq films.

exceeds the roughness of the films (S, = 0.35nm).

One of the assumptions of the theory of quantum-size effect is the
electron energy independent relaxation time [33]. Therefore, the car-
rier scattering on acoustic phonons in two-dimensional film is con-
sidered. To verify this assertion, the measurements of the temperature
dependence of the Hall mobility of current carriers in thin film (with
thickness d = 80 nm) were carried out. Consider the dependence of In
(W = f (InT) to determine the carrier scattering mechanism (Fig. 13).
The figure shows that the angular coefficient is —1.5. Therefore, the
dominant carrier scattering mechanism is the scattering of carriers on
long-wave acoustic oscillations [25]. And for scattering on acoustic
phonons, the relaxation time does not depend on the energy (z = 70).

All of the above terms confirm the possibility of interpreting the
observed oscillations of thermoelectric parameters within the frame-
work of the quantum-size effect theory.

In Figs. 12 and 13 the dependences of the specific electrical con-
ductivity (o), Hall mobility (i), and the Seebeck coefficient (S) are
shown for the thin films of Pb;4SnsAg,Teypat room temperature
T = 300K. As we can see from experimental data the oscillations are
observed in the profiles of the thermoelectric parameters o(d), p(d), S
(d) and S%0(d) in the thickness range d = (20-270) nm. Figs. 12, 14 and
15 show that the period of oscillations is (40-50) nm.

It is worth noting that the maxima and minima on the o(d) and p(d)
dependences coincide. Accordingly, the maxima and minima of the

S, uV/K
350 A
300 -
250 A
200 A
|
150 -
d, nm
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Fig. 14. The thickness dependence of the Seebeck coefficient (S) for
Pb;4Sn4Ag,Tey, films deposited on (0001) mica-muscovite substrates in the
case of degenerate electron gas. Points are the experiment, line is a calculation.



L. Nykyruy et al.

S’, ptW/K’cm

8 A
|

6 -

4 A

2 -

[ ]
d, nm
0 50 100 150 200 250 300

Fig. 15. The thickness dependence of the specific thermoelectric power (5%0)

for Pby4SnyAg.Texofilms deposited on (0001) mica-muscovite substrate in the
case of degenerate electron gas. Points are the experiment, line is a calculation.

dependences S (d) and S20 (d) coincide. However, the minimum of
conductivity (o) corresponds to the maximum of the Seebeck coefficient
(S).

The model of the potential well with a flat bottom and infinitely
high walls was used to describe of the experimental data for the
Seebeck coefficient (S) and the thermoelectric power (S20). We should
consider the degenerate electron gas. We note that in the case of scat-
tering by acoustic phonons, the relaxation time does not depend on
energy [33] (t = 10). In this case, the Seebeck coefficient is defined as
[25]:

1 oo sin(27l8;
g ks (3T 6 — 5 + 212, S‘n(ﬂ” )] :
e [ErCGor— 3+ 220, S‘“g;;’jﬂ —ayr, cos((;;tzaw
e Mzv1/2 1/2 & " sin(27lSy)
o= 1 + B(2s - L sin(27ldr)
i 2 o(( ) ( ) )| F( ¥ ) 5 121 e

cos(27rl<§F)
a ,Z} (nl)?
where 6, = (1)'/2, q = sz( )2
The Fermi energy for films with thickness (d) will be determined as
follows:

2
(n() + 1)(2”0 + 1)5 + ﬂﬂd

Ep(d) = 1 ’
6 my ho

where ng is subband number.

It is known that an increase in the width of quantum well on half-
wave Fermi leads to the appearance of new filled sub-band below the
Fermi level. At the width of the filling of new band in the density of
states we observe a jump’, which leads to an oscillatory behavior that is
shown in the figures.

On the curve S(d), at thickness corresponding to beginning of the
filling of new sub-band, a sharp ‘jump’ occurs on the finite value, just as
it does on the curve of the density of states. However, in experimental
curves the sharp ‘jumps’ is not observed, which is due to the blurring of
levels by the order of magnitude h/z. It can be seen from the figures
that for small thickness films (~ 50 nm) the amplitude of oscillations is
large. The amplitude gradually decreases at the increases of thickness,
and at certain thickness it should be close to zero. That is, we get a
monotonous change in transport coefficients. In this case, quantization
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of the energy spectrum is eliminated and classical regularities will be
performed.

It is shown on thickness dependence of thermoelectric figure of
merit that the exist of quantum oscillations with a period of (40-50) nm
and it reaches values of S%c to 6 uW/K?m at room temperature
(Fig. 15). We take into account that the thermal conductivity of thin
film is determined mainly by its substrate, since the volume of the film
is small enough. Therefore, we can approximately estimate the value of
ZT. The thermal conductivity of mica-muscovite is x = 2.410 73 W/
(cm'K) [47]. This result is fully consistent with the above mentioned in
this paper for considering thermal diffusivity. Then, the thermoelectric
figure of merit ZT = 0.75atT = 300K, and ZT is about 1.5 at 400 K.

These results are much higher than the previous ones. Therefore,
taking into account the quantum-size effects it is possible to obtain
material with considerably better properties. Furthermore, these results
are significantly exceeds such values for thick films or for bulk materials
at same temperature.

4. Conclusions

For the first time — the thin films on the basis of new thermoelectric
materials — LATT, such as Pb;4SnsAg,Tesq, PbigSnyAg,Tey, and
Pb;gAg,Teyo compounds deposited on mica-muscovite substrates were
investigated. All these thin films were characterized by the presence of
homogeneously distributed surface nanoscale objects of the pyramidal
form.

The temperature and thickness dependences of thermoelectric
properties of LATT materials were researched. It is established that the
dominant carrier scattering mechanism at temperature range
(450-800) K is scattering on acoustic phonons.

For the first time the quantum-size oscillations of thermoelectric
parameters have been taken into account, which made it possible to
determine the conditions for obtaining their maximum values. It was
shown that the Pb;,Sn Ag,Te,q films have the highest thermoelectric
figure of merit in comparison with the other researched compositions
ZT ~ (1.2-1.5) at 400 K. These values are much higher in comparison
with the bulk materials based on these compounds.
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