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Abstract—The values of the thermoelectric power, layer resistivity and thermal conductivity of a MnxSi1 – x
nanoscale layer and MnxSi1 – x/Si superlattice on silicon depending on the growth temperature in the range
T = 300–600 K are found experimentally. The contribution of the nanoscale film and substrate to the ther-
moelectric effect is discussed. The thermoelectric figure of merit of a single manganese-ssilicide layer, super-
lattice, and layer/substrate system is estimated. The largest figure of merit ZT = 0.59 ± 0.06 is found for
Mn0.2Si0.8 at T = 600 K.
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1. INTRODUCTION
In recent decades, substantial progress has been

attained in the field of the development and study of
the properties of nanostructured thermoelectric mate-
rials. The specific features of the electronic structure
of nanoscale objects can lead to a significant increase
in coefficients that define the thermoelectric conver-
sion efficiency. These specific features are due to the
fact that the density of energy states near the Fermi
level increases in nanoscale states and to the appear-
ance of numerous interfaces, atomic defects, and
other structural imperfections, which effectively scat-
ter phonons but weakly affect the transport of charge
carriers. Lattice thermal conductivity decreases due to
phonon scattering at point defects and interfaces. This
results in an increase in the figure of merit of the
nanoscale thermoelectric material compared with a
single-crystal sample.

For example, the thermoelectric figure of merit of
nanostructured materials based on classic systems
Bi2Te3, PbTe, SiGe, etc. turned out to be considerably
higher compared with crystal analogs [1].

The selection of materials is based on requirements
to the value of the efficiency of the thermoelectric
converter and to the range of operating temperatures
(each of the listed materials has the largest efficiency
in a comparatively narrow temperature range). Higher
manganese silicide is considered a promising material
for the range of 400–600 K [2]. We can note studies on
the development of nanostructures based on bulk
manganese silicide [3–5]. We previously obtained
polycrystalline thin films with an ultrafine granular
crystal structure [6] and improved formation technol-
ogies of similar structures. In this study, we measured

coefficients of the thermoelectric power, thermal con-
ductivity, and resistivity of thin manganese-silicide
layers and nanoscale MnxSi1 – x/Si superlattices grown
on Si substrates and determined their thermoelectric
figure of merit.

2. EXPERIMENTAL

The formation of thin MnxSi1 – x layers and
MnxSi1 – x/Si nanostructures was performed using set-
up for pulsed laser deposition in vacuum by means of
the sequential sputtering of Si (B-doped p-type Si
with a resistivity of 12 Ω/sq.) and Mn targets. The
composition of the layers was specified by the ratio of
the sputtering times of Si and Mn targets. In this study,
we formed layers with the ratio of sputtering times
tMn/tSi = 1/4, which approximately corresponds to the
composition Mn0.2Si0.8. Homogeneous manganese-
silicide layers were deposited on Si(100) substrates
(B-doped p-type Si with a resistivity of 0.005 Ω/sq.) at
a temperature of T = 300°C (sample A). This tempera-
ture mode is optimal for the formation of materials
with superstructure ordering as was found in previous
experiments [4, 6]. A multilayered structure, which
consists of ten alternating nanoscale MnxSi1 – x and Si
layers ([MnxSi1 – x/Si]10—sample B) was formed under
the same conditions on Si(100) substrates. The com-
position of manganese silicide in homogeneous layers
and in the superlattice periods of the MnxSi1 – x coin-
cides. The total layer thickness was estimated by the
growth time being in both cases ~44 nm. A schematic
of the structures is shown in Fig. 1a.
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Studies into the crystal structure of the formed
manganese-silicide layers are carried out through the
use of reflection electron diffractometry. Figure 1c
shows the electron diffraction pattern of the surface of
the manganese-silicide layer (sample A). Compara-
tively spread rings are observed in the electron diffrac-
tion pattern, which corresponds to the fine-grained
polycrystalline structure. We note that the view of
electron diffraction patterns for all studied structures
is identical and corresponds to the fine-grained struc-
ture. The formation of layers with this type of crystal-
line structure is associated with selected deposition
modes [4, 6]. It is considered that the formation of
thermoelectric materials with a polycrystalline struc-
ture is preferential because phonon scattering at grain
boundaries leads to a decrease in the phonon compo-
nent of the thermal conductivity and, consequently, to
an increase in the coefficient of the thermoelectric fig-
ure of merit [6].

To determine the Seebeck coefficient and resistiv-
ity, Au-based ohmic contacts were deposited onto the
surface of structures. The thermoelectric power and
resistivity were measured in a vacuum chamber at a
residual pressure of 10–3 Torr in the temperature range
300–600 K. When measuring the thermoelectric
power, the sample was located on a conducting graph-
ite plate heated by the radiation of a halogen lamp and
was electrically insulated from it by a thin mica layer.
The temperature gradient between the sample edges
was formed by means of increased heat removal from
one edge (the cold end). The graphite plate tempera-
ture was set and maintained constant (±1 K). The
temperature of the hot and cold sample ends was
recorded using thermocouples. The temperature dif-
ference at the sample ends increases under experimen-
tal conditions with an increase in the heater tempera-
ture. The measurement circuit of the resistivity of the
layers coincided with the that of the thermoelectric
power, but heat removal at the sample ends was not
different (i.e., the sample was maintained at a constant
temperature in the range under study). Vacuum
pumping to 10–3 Torr was performed to decrease heat
removal from the heated sample regions by the air
medium [7].

The thermal-conductivity coefficient was mea-
sured using the same vacuum system. To measure the
thermal-conductivity coefficient, we used the fre-
quency separation method (3w method). The essence
of the method consists in measurement of the tem-
perature gradient formed in the measured material due
to current f low along a thin metallic conductor spe-
cially deposited onto the surface of this material [8–
10]. The metal conductor (“a hot strip”) serves simul-
taneously as the heating source and a temperature sen-
sor (the variation in temperature is recorded by a vari-
ation in the strip resistance).

In our measurement circuit, a metallic strip was
deposited onto a thin dielectric layer (10-nm Al2O3

Fig. 1. (a) Schematics of the studied structures: A is
the MnxSi1 – x/Si structure and B is the [MnxSi1 – x/Si]10/Si
superlattice; (b) equivalent electric circuit of the structure
containing layers based on manganese silicide deposited
onto the Si substrate. Directions of the currents of current
sources and polarities of the source of thermoelectric
power are denoted conditionally and can differ from the
true ones; and (c) electron diffraction pattern of the sur-
face of the MnxSi1 – x layer (A) deposited onto the Si(100)
substrate.
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layer) in order to avoid leakage of the electric current
to the conducting semiconductor structure. To mea-
sure the thermal conductivity of thin manganese-sili-
cide films and take into account the thermal conduc-
tivity of the Al2O3 layer, we used the improved mea-
surement procedure of thin films proposed in [11–13].
The essence of the procedure consists in consideration
of the film as a thermal resistor varying the maximal
substrate temperature. The comparison of this result
with the results of measuring the thermal-conductivity
coefficient of a substrate makes it possible to calculate
the target thermal-conductivity coefficient of the
layer.

3. MEASUREMENT OF THE SEEBECK 
COEFFICIENT

Figure 2 shows the temperature dependences of the
Seebeck coefficient for MnxSi1 – x layers (curve 1) and
[MnxSi1 – x/Si]10 superlattices (curve 2) formed on Si
substrates. The temperature dependence of the ther-
moelectric power of the Si substrate is also presented
on the plot (curve 3). The Seebeck coefficient for the
Si substrate is negative in the larger part of the tem-
perature range, which corresponds to hole conductiv-
ity [14]. We note an abrupt peak at a temperature of
~540 K in the temperature dependence of the Seebeck
coefficient. Herewith, the thermoelectric power
changes sign to positive in a narrow temperature range
near 540 K, which is apparently caused by the thermal
activation of deep donor centers (the estimated value
of the activation energy is 50 meV).

The value of both the thermoelectric power and the
Seebeck coefficient is negative in the studied tempera-
ture range, which also corresponds to hole conductiv-
ity. The Seebeck coefficient steadily increases in abso-

lute value in the range of 330–600 K (the coefficient
sign <0 herewith). The largest value was –0.12 mV/K
at 600 K. We note that the magnitude of the Seebeck
coefficient in the temperature range of 300–400 K
coincides within the experimental error with the value
found for the Si substrate, which can evidence the
influence of the substrate on the thermoelectric power
in the given temperature range. The thermoelectric
power of the studied structures at T > 400 K exceeds
that for the Si substrate, which evidences the influence
of the deposited layer on the observed Seebeck effect.

4. MEASUREMENT OF THE LAYER 
RESISTANCE

Temperature dependences of the resistance of
structures are presented in Fig. 3. The resistance of the
Si substrate slightly depends on temperature in the
studied range and lies within the limits of 10–20 Ω/□
(curve 3). Apparently, we have impurity conduction of
the low-ohmic substrate over the entire temperature
range, which is determined by the doping level
(~1019 cm–3). The temperature dependences of the resis-
tance of the MnxSi1 – x layer and the [MnxSi1 – x/Si]10
structure are presented in Fig. 3 (curves 1 and 2,
respectively). A weak dependence of the layer resis-
tance on the measurement temperature in the selected
range is found for the structure with a single manga-
nese-silicide layer. On the contrary, the resistance for
the structure with the [MnxSi1 – x/Si]10 superlattice
steadily decreases with increasing temperature, and
the resistance of the structure with the [MnxSi1 – x/Si]10
superlattice is close to the substrate resistance near
room temperature.

Fig. 2. Temperature dependence of the Seebeck coeffi-
cient: (1) single MnxSi1 – x layer (sample A), (2) superlat-
tice (sample B), and (3) Si substrate with the resistivity of
0.005 Ω/sq.
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Fig. 3. Temperature dependence of the layer resistance:
(1) single MnxSi1 – x layer (sample A), (2) superlattice
(sample B), and (3) Si substrate.
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5. RESULTS AND DISCUSSION
To take into account the influence of substrates on

the Seebeck coefficient, we proposed the simplest
model based on consideration of the equivalent elec-
tric circuit (Fig. 1b). The thermoelectric power of the
film and a substrate are taken into account by current
sources If and Isub, respectively. Resistors Rf and Rsub
take into account the resistances of the film and the
substrate at the average temperature (Th – Tc)/2,
where Th is the temperature of the “hot” sample end
and Tc is the temperature of the “cold” sample end.
The thermoelectric power of the substrate is

(1)
while the thermoelectric power of the film is

(2)

Let us accept that the film resistance in the perpen-
dicular direction (between the contact and the sub-
strate) is much smaller than the resistance along the
film (between the contact to the “hot” and “cold”
sample ends). This assumption is justified if the con-
tact formed on the structure surface is diffusive and
simultaneously ensures an electrical connection both
to the substrate and to the layer. The possible presence
of a potential barrier between the manganese-silicide
layer and the Si substrate is taken into account by
means of introducing additional resistors R1 and R2. In
the case of the formation of a potential barrier between
the contacts to the “hot” and “cold” sample ends, an
additional contact thermoelectric power can appear,
which is taken into account by source εx in the equiva-
lent circuit.

When considering the simplest case (R1 = R2 = 0,
εx = 0), which corresponds to the MnxSi1 – x/Si low-
barrier contact, we can show that the measured ther-
moelectric power associated with the substrate equals

(3)

which is smaller than the thermoelectric power of the
substrate by quantity (Rsub + Rf)/Rf. The substrate con-
tribution to the thermoelectric power is determined by
the ratio of the substrate and film resistances. The
contribution of the thermoelectric power of the film to
the total measured magnitude of the thermoelectric
power ( ) similarly depends on the substrate resis-
tance:

(4)

For a low-ohmic substrate, this contribution is mini-
mal, while in the case Rsub ≫ Rf (Rsub/(Rsub + Rf) ≈ 1), the
contribution of the thermoelectric power of a film is
maximal and equals εf .

The considered equivalent circuit allows us to ana-
lyze the results of studying the MnxSi1 – x/KDB-0.005
and [MnxSi1 – x/Si]10/KDB-0.005 systems. The mag-

ε =sub sub sub,I R

ε = .f f fI R

ε = +sub sub sub sub' /( ),f fI R R R R

ε'
f

ε = +sub sub
' /( ).f f f fI R R R R

nitude of the thermoelectric power of both a single
manganese-silicide layer and superlattice in the tem-
perature range of 300–400 K is close to the thermo-
electric power of the substrate, while the layer resis-
tance is comparable or higher than the substrate resis-
tance. This fact evidences an insignificant
contribution of the studied layers to the measured
thermoelectric power (apparently, the main contribu-
tion in the range of 300–400 K is provided by the sub-
strate). When increasing the measurement tempera-
ture above 400 K, the thermoelectric power of both
structures abruptly increases and becomes higher than
the thermoelectric power of the substrate. By virtue of
the fact that the resistances of the layers and the sub-
strate in the mentioned range are also comparable
(while the superlattice resistance is somewhat lower
than that of the substrate), we can assume that the lay-
ers under study introduce the main contribution to the
Seebeck coefficient. Herewith, the contribution εsub of
the substrate is reduced to a certain value in the total
thermoelectric power due to inclusion of the parallel
substrate resistance into the equivalent circuit. We also
note the appearance of the local maximum at 550 K in
the temperature dependences of the Seebeck coeffi-
cient found for both structures. The assumption that
this maximum is associated with the contribution
εsub of the substrate to the Seebeck coefficient (the
thermoelectric power of the Si substrate is positive
at the mentioned temperature) is quite justified.

6. ESTIMATION OF THE THERMOELECTRIC 
FIGURE OF MERIT

To estimate the efficiency of the thermoelectric
conversion of the formed structures, we calculated the
thermoelectric figure of merit coefficient. The term
“thermoelectric figure of merit” is usually understood
as a dimensionless coefficient, which is determined as

(5)

where α is the Seebeck coefficient, which determines
the voltage formed by an element at a specified tem-
perature difference; σ is the electrical conductivity;
T is the temperature; and λ is the thermal-conductiv-
ity coefficient.

To calculate the coefficient ZT of the studied lay-
ers, we calculated the magnitude α from the depen-
dences presented in Fig. 2 applying formulas (3) and
(4) in correspondence with the assumption of the
equivalent circuit and the principle of superposition.
Starting from (4), the true value of the Seebeck coeffi-
cient of the film can be written as

(6)

where αsub is the measured value of the Seebeck coef-
ficient of the substrate and αmes is the measured value

= α σ λ2 / ,ZT T

α = α + − α +mes sub sub sub sub( )/ ( )/ ,f f fR R R R R R
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of the Seebeck coefficient for the film/substrate struc-
tures.

The electrical conductivity of the films was calcu-
lated from dependences presented in Fig. 3 by the for-
mula for parallel resistors:

(7)

where Rmes is the measured resistance of film/sub-
strate structures.

The thermal-conductivity coefficient was mea-
sured in the temperature range 300–450 K. The results
are shown in Table 1. Leakage currents from a metallic
strip (heating sources and measurer) into measured
semiconductor layers through a dielectric become
substantial at a temperature above 450 K. This effect

= −sub mes mes sub/( ),fR R R R R

substantially increases the measurement error of λ. To
find the estimate of λ for temperatures of 480–600 K,
let us refer to published data [2, 15]. In cited publica-
tions, the measured values of the thermal-conductivity
coefficient λ are presented for higher manganese sili-
cide: in the temperature range of 300–600 K, λ ≈
2 W/(m K) and is almost independent of the measure-
ment temperature. In our study, we found close
although smaller values of λ for the temperature range
of 300–450 K, which can be associated with the fact
that the structures under study are polycrystals, while
the magnitude of λ for polycrystals is usually lower
than for a single crystal. Admitting the invariability of
the thermal-conductivity coefficient for the studied
layers at 450 K < T < 600 K, let us accept as a rough
estimation that λ equals 1 W/(m K) in the temperature
range of 480–600 K.

Based on our calculations and presented consider-
ations, we calculated the thermoelectric figure of merit
according to formula (5). The results for layers
MnxSi1 – x/Si and [MnxSi1 – x/Si]10/Si are presented in
Fig. 4 and in Table 2. The results are acquired starting
from an assumption of the isotropic character of the
thermal conductivity (the thermal-conductivity coef-
ficient in the direction perpendicular to the layer plane
is close to the in-plane thermal-conductivity coeffi-
cient). A steady increase in ZT takes place for both
types of structures with an increase in the measure-
ment temperature to 600 K. According to known pub-
lished data, the maximum of the figure of merit for the
higher manganese silicide is observed near the tem-
perature of 700 K being ~0.2 [2, 6, 15]. This fact allows
us to assume that our value ZT = 0.59 ± 0.06 is close
to maximal. We also note that the measured values of
ZT in the low-temperature region are inexact because
of a considerable contribution of Rsub of the substrate.
However, by virtue of a low Seebeck coefficient for

Table 1. Measured and published values of the thermal-conductivity coefficients of the manganese-silicide layers and
[MnxSi1 – x/Si]10 superlattices

Sample
T, K

300 350 400 450 500 550 600

λ(A), W/(m K) 1.54 ± 0.25 1.27 ± 0.21 1.2 ± 0.21 1.15 ± 0.19 − − −
λ(B), W/(m K) 1.77 ± 0.31 1.36 ± 0.22 1.26 ± 0.21 1.05 ± 0.19 − − −

According to published data [2, 15] 2.3 2.3 2.3 2.3 2.3 2.3 2.4

Fig. 4. Temperature dependence of the coefficient of the
thermoelectric figure of merit (ZT) of structures A (curve 1)
and B (curve 2).
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Table 2. Values of the coefficient of the thermoelectric figure of merit for studied structures

*Maximal found values are presented as ZT. **When calculating the averaged ZT coefficient, averaged values of the thermal conductiv-
ity and resistance were used.

Sample no. Layer type ZT of the layer* averaged ZT**
A MnxSi1 − x 0.59 ± 0.06 (0.92 ± 0.1) × 10−4

B [MnxSi1 − x/Si]10 0.37 ± 0.04 (0.67 ± 0.1) × 10−4

Si Substrate 10−6
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studied layers in the mentioned range, these values
have no practical interest.

7. CONCLUSIONS

Thus, it is shown that the use of nanoscale layers
based on manganese silicide with an ultrafine-grained
polycrystalline structure makes it possible to acquire
an increased thermoelectric figure of merit. We note
that investigations did not reveal a substantial differ-
ence between the thermoelectric power and ZT for
structures based on homogeneously doped MnxSi1 – x
layers and [MnxSi1 – x/Si]10 superlattices. We can
assume that by virtue of the diffusion of manganese
atoms and similar growth modes, the samples have
similar crystal structures. The total decrease in the
manganese concentration apparently does not lead to
a substantial variation in the thermoelectric-power
mechanisms in the structures.

We should also emphasize that the values of ZT
presented in Fig. 4 are fundamental thermoelectric
characteristics of MnxSi1 – x or [MnxSi1 – x/Si]10 layers
because they were found by calculation of the resis-
tance of these layers and by estimation of their contri-
bution to the thermoelectric power. From the practical
viewpoint, in order to estimate ZT, we should consider
the properties of the entire structure, i.e., the substrate
with the layer deposited onto it. To estimate the coef-
ficient of the thermoelectric figure of merit, we should
consider the values of the thermoelectric power found
directly for the studied structure and introduce the
averaged value of the resistivity taking into account the
substrate resistance and the averaged value of the ther-
mal conductivity. Such an analysis was performed,
and the data are presented in Table 2. It is seen that the
thus calculated values are substantially underesti-
mated relative to the values of ZT for the studied lay-
ers. It is evident that thermoelectric materials based on
nanoscale layers do not make it possible to accumulate
a sufficient amount of electric charge to create high-
power supply sources (we speak about the total power
rather than the specific power). At the same time, the
thermoelectric figure of merit for the structure with a
film is considerably larger than ZT found for the Si
substrate. Therefore, we can conclude that the use of
nanoscale films has practical potential.
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