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Abstract—In this paper, we present the results of the study of thermoelectric materials formed by pulsed laser
deposition on sapphire substrates and representing thin MnSi1.74 films with intermediate germanium layers.
A sharp decrease in the thermal conductivity coefficient of superlattices based on manganese silicides and
germanium in comparison with single layers of manganese silicide with an equivalent thickness is shown. This
allows significantly increasing the thermoelectric figure of merit. The obtained values of the coefficient of
thermoelectric figure of merit are comparable with the known literature values that are typical for similar
structures.
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1. INTRODUCTION
In view of environmental issues associated with

operation of modern technological methods for gener-
ating electric energy, alternative energy sources, the
principle of which does not harm the environment, are
actively being developed. Solar panels, betavoltaics,
hydrogen cells, and hydrogen fuel are a small list of
directions for the development of an environmentally
friendly method for generating electric energy [1]. One
of promising research areas is the development of
thermoelectric energy converters. Thermoelectrics are
the materials producing electrical voltage when creat-
ing a temperature gradient on opposite faces.

The main parameter characterizing the perfor-
mance of the future thermoelectric energy converter is
the dimensionless thermoelectric figure of merit ZT =
α2T/σλ, where λ is the thermal conductivity coeffi-
cient, σ is the electrical conductivity, α is the Seebeck
coefficient, and T is the average temperature of the
structure.

To achieve high parameters of thermoelectric qual-
ity factor (ZT ≈ 1–3), it is necessary to develop a mate-
rial with a high electrical conductivity and low coeffi-
cient of thermal conductivity. The optimal ratio of
parameters is achieved in heavily doped semiconduc-
tors. However, a limited number of publications, in
which getting ZT greater than unity is reported, are
known for bulk semiconductor materials [2, 3]. Since
the ZT coefficient is directly related to the efficiency,

the low characteristic ZT values do not allow, in most
cases, to obtain a material competitive in comparison
with other methods of generating electric energy.
Moreover, thermal and electrical parameters included
in the formula for ZT depend on each other within the
same material: with an increase in electrical conduc-
tivity, an increase in the thermal conductivity is
observed due to an increase in the contribution to heat
transfer by free charge carriers and a Seebeck coeffi-
cient decreases due to a change in the Fermi level posi-
tion (deeper into the conduction or valence bands,
depending on the type of material conductivity).

A significant segment of modern research on the
subject [4–9] is aimed at the development of thermo-
electrics based on chemical compounds with a com-
plex crystal structure consisting of two types of signifi-
cantly different atom sizes (for example, higher man-
ganese silicide). By applying this approach, it is
possible to achieve a mismatch of phonon spectra in
order to reduce the phonon component of the thermal
conductivity coefficient [4]. Creation of superlattices
containing such materials and intermediate layers pro-
vides additional phonon scattering at heteroboundar-
ies. This approach allows reducing the thermal con-
ductivity coefficient even more significantly [10, 11].

This paper is aimed at studying the thermoelectric
properties of nanoscale films, which are single and
multilayer structures consisting of a manganese sili-
cide compound in composition close to higher man-
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Fig. 1. Schematic diagram of the studied structures: (a)
single HMS layer, (b) superlattice of HMS and Ge layers. 
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ganese silicide (HMS) MnSi1.74 (Fig. 1a) and interme-
diate germanium layers (Fig. 1b).

2. METHODOLOGY
OF THE STRUCTURE FORMATION

The films were formed by pulsed laser deposition
(PLD) in vacuum. The targets were a p-type germa-
nium plate and a higher manganese silicide target sin-
tered from nanopowders by spark plasma sintering
(SPSM 15) [12]. The use of presintered material with
a desired composition as a target allows obtaining
films with a determined manganese concentration.

Targets were sputtered by pulsed Nd : YAG lasers
operating in the Q-switched mode. The sputtered
material was deposited on a sapphire substrate, the
temperature of which was 350°C. At depositing a uni-
form MnSi1.74 film, a target of higher manganese sili-
cide was continuously sputtered during the entire
deposition process (~40 min). Upon deposition of the
MnSi1.74/Ge multilayer structure, alternate sputtering
of targets of higher manganese silicide and p-Ge was
carried out. The thickness of each layer was set by a
change in the time of sputtering of targets. Table 1
shows a list of structures with the indication of techno-
logical formation parameters of each layer. Structures
differ in relative thicknesses of layers.
PHYSICS OF THE SOLID STATE  Vol. 61  No. 12  201

Table 1. Parameters of samples obtained by spark sintering

Structure no. Targets Structure c

Struct 1 1—PSM-15 Mn
Struct 2 1—PSM 15 [MnSi1

2—Ge
Struct 3 1—SPSM 15 [MnSi1

2—Ge
Struct 4 1—SPSM 15 [MnSi1

2—Ge
All structures have the same total thickness of a
deposited film (as estimated by sputtering time), but
differ in the absolute thickness of the layers in it and
the number of periods. Structure 1 is relatively homo-
geneous MnSi1.74 layer, and this structure was formed
to compare the results.

After growth, ohmic gold-containing contacts were
formed on the surface of the studied structures by
electron beam evaporation in vacuum for the subse-
quent study of the Seebeck coefficient. The formed
contacts had thermal stability in the studied tempera-
ture range (50–450°C).

3. EXPERIMENTAL METHODOLOGY

When measuring the Seebeck coefficient, the sam-
ple edges were placed on two independent heaters, the
temperature of which was set and maintained by PID
temperature controllers. During the experiment, a
constant difference of the temperatures of around 10 K
was maintained between the sample edges. The sam-
ple was pressed to the heaters with two molybdenum
clamps (see Fig. 2) for better thermal contact between
the sample and the heater. Due to its low coefficient of
thermal expansion, molybdenum is used to prevent
mechanical damage to the structure when the metal is
heated. Flat thermocouples were placed between the
sample and the clamps while their output contacts
were attached to a thermostated area in a vacuum
chamber. Voltages of thermocouples were recorded
using the L-Card E-140 data acquisition system.
Thermocouple readings are proportional to the tem-
peratures of the upper face of the studied structure.
Voltage measured with the same type of contact
(“chromel–chromel” UCh, “alumel–alumel” UAl) are
proportional to the emerging thermo-EMF with
allowance for the thermoelectric effect of the chromel
αCh and alumel αAl. The Seebeck coefficient of the
structure: αs = αCh + UAl(αCh – αAl)/(UAl – UCh).

The main advantage of the above methodology is
the absence of the need to measure the true value of
the temperature difference since the Seebeck coeffi-
cient of the structure is determined by comparing the
9
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.7/Ge]6 SPSM 15—9′ 50
Ge—3′
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Fig. 2. Schematic diagram of the Seebeck coefficient mea-
surement: Al—alumel; Ch—chromel; Heater—ovens;
Sample—test sample; UAl, UCh—voltmeter that records
the thermo-EMF from the alumel and chromel branches,
respectively; Thot, Tcold— temperatures of “hot” and
“cold” ovens, respectively. 
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Fig. 3. Experimentally obtained temperature dependence
of the thermal conductivity coefficient: (1) single HMS
layer, (2) HMR- and Ge-based superlattices. 
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Fig. 4. Experimentally obtained temperature dependence
of the resistivity coefficient of the studied structures:
(1) structure 1, (2) structure 2, and (3, 4) structures 3 and
4, respectively. 
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emerging thermo-EMF relative to chromel and alu-
mel. The average temperature was calculated by the
formula: T = (Thot + Tcold)/2, where Thot and Tcold are
temperatures of the first and second heaters, respec-
tively (see Fig. 2).

The resistivity of the sample was measured using a
standard four-probe method.

The value of the thermal conductivity was mea-
sured by the method of frequency separation (3ω-
method) [13, 14]. During measurements of the resis-
tance and thermal conductivity coefficient, a zero
temperature difference between the faces of the sam-
ple was ensured.

All measurements were carried out in vacuum at
residual vapor pressure of 10–3 Torr to reduce heat
removal by air from heated areas of the sample and
reducing sample degradation due to atmospheric
exposure.

As a result of the studies, the temperature depen-
dences of the Seebeck coefficient, resistivity, thermal
conductivity coefficient, and thermoelectric figure of
merit of formed structures were analyzed.

4. EXPERIMENTAL RESULTS
Based on the obtained temperature dependences of

the thermal conductivity coefficient of the structures
(Fig. 3), the value of λ for a single HMS layer is com-
parable with published data [2]. In this case, we note
that the thermal conductivity coefficient at a tempera-
ture below 100°C is higher for a multilayer structure
than for a single HMS layer and is lower for a multi-
layer structure than for a single HMS layer at T >
100°C. A decrease in the thermal conductivity coeffi-
PHY
cient in a multilayer structure is due to additional pho-
non scattering at the boundary of the MnSi1.74 and Ge
layers. At temperatures below 100°C, the scattering
effect at the boundaries is leveled due to a higher value
of the thermal conductivity coefficient of Ge [15–17]
(as a result, the λ value averaged over the film thick-
ness, which is calculated using the 3ω method,
becomes higher). However, at increasing temperature,
the value of thermal conductivity coefficient of Ge is
significantly reduced, and this leads to a decrease in
the total λ value.

The temperature dependences of the electrical
resistivity (Fig. 4) show that close ρ values are specific
to all structures, with the exception of structure 4.
SICS OF THE SOLID STATE  Vol. 61  No. 12  2019
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Fig. 5. Experimentally obtained temperature dependence
of the Seebeck coefficient of the studied structures:
(1) structure 1, (4) structure 4. 
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Fig. 6. Temperature dependence of the thermoelectric fig-
ure of merit of the studied structures calculated based on
the obtained experimental data: (1) structure 1, (2) struc-
ture 2, and (3, 4) structures 3 and 4, respectively.
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Structure 1 (curve 1), which is thick single HMS layer,
has the lowest resistance. The presence of an interme-
diate Ge layer leads to an increase in resistance of all
thicknesses considered. The increase in resistance in
multilayer structures can be explained mutual diffu-
sion of Ge and Mn atoms. Mutual diffusion presum-
ably leads to the formation of additional (for example,
GeMn) phases in the film, which is accompanied by
the appearance of internal potential barriers that pre-
vent both the current f low between layers and the
increase in electrical resistance of the applied film.
The indicated effect is most pronounced for a multi-
layer structure with the smallest period (structure 4—
curve 4). In the case of a small thickness of each indi-
vidual layer, potential barriers arising from the appear-
ance of new phases most effectively block the current
transfer through this layer.

Since the temperature dependences of the Seebeck
coefficient for structures 1–3 (Fig. 5) coincide within
the error range, the graph shows the curves of struc-
tures 1 and 4. Analyzing the temperature dependence
of the Seebeck coefficient, we can conclude that the
magnitude of the effect correlates with the magnitude
of the resistivity. Thus, structure 4 with the highest
resistance has the highest thermo-EMF value. How-
ever, the thermoelectric efficiency of this layer is the
worst of the presented superlattices. The highest ZT
value (Fig. 6) was obtained for structure 2 and is 0.18,
which is comparable with the values obtained early [3,
13, 14, 18, 19].

Obviously, an increase in the film heterogeneity
due to the introduction of germanium layers has a neg-
ative effect on the current transfer for all studied struc-
tures. The increase in resistance is accompanied by a
decrease in ZT values. At the same time, the negative
effect of Ge on electrical properties is totally compen-
sated by a decrease in the thermal conductivity in mul-
PHYSICS OF THE SOLID STATE  Vol. 61  No. 12  201
tilayer structures. At optimal selection of the layer
thickness, this allows increasing the coefficient of the
thermoelectric figure of merit compared to that for
homogeneous layer of higher manganese silicide.

5. CONCLUSIONS

In this paper, we studied the thermoelectric prop-
erties of thin HMS films formed on the sapphire sub-
strate by the PLD method, as well as of superlattices
consisting of HMS layers and intermediate germa-
nium layers. The introduction of intermediate low-
resistance layers is experimentally confirmed to allow
creating an additional object of heat dissipation in the
structure, i.e., the interface between layers, which pro-
motes to reduce the thermal conductivity coefficient
at maintaining the magnitude of the Seebeck effect.

It is important to note that we show here an addi-
tional technological degree of freedom for control of
thermoelectric parameters of the superlattice by the
variation of the main and intermediate layers. This
allows completely compensating for the negative effect
of increasing the resistance at the introduction of Ge
layers and slightly increasing the ZT coefficient.
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