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Abstract 
Silicon compounds have a wide range of electrical properties. In particular, the possibility of creating thermoelectric 
converters based on them looks extremely attractive. The use of most silicides as thermoelectrics today is limited by their 
low efficiency. The development of approaches consisting in the creation of low-dimensional structures using non-
equilibrium formation methods is one of the priority directions for improving the properties of thermoelectric generators. 
Determination of the effect of technological regimes on the structure, phase-chemical composition and thermoelectric 
properties of metal-silicide structures is a key task, the solution of which will allow creating highly efficient thermoelectric 
generators based on them.
Thin-film structures with a layer thickness of ~50 nm formed at different growth temperatures by pulsed laser deposition 
on two types of substrates: sapphire and gallium arsenide coated with an Al2O3 nanolayer were studied in this work. On 
the formed samples, a chemical analysis and a study of the phase composition were performed. Chemical analysis was 
carried out by X-ray photoelectron spectroscopy with the chemical composition depth profiling. The phase composition 
was studied by Raman spectroscopy. In addition, analysis of the elements in the films was carried out by X-ray spectral 
microanalysis based on a scanning electron microscope. To determine the thermoelectric properties of the formed thin-film 
structures, the temperature dependences of the Seebeck coefficient and the electrical conductivity coefficient were recorded.
The dependence of the thermoelectric characteristics of iron silicide films on the phase composition is analyzed. In particular, 
measurements of the thermoelectric properties of FeSix thin-film structures registered the manifestation of a strong 
thermoelectric effect in layers with the maximum number of chemical bonds between iron and silicon. The parameters of 
the growth process at which the most effective formation of iron-silicon chemical bonds is achieved were determined using 
the method of X-ray photoelectron spectroscopy. Line shifts from the beta phase of iron disilicide were found in the Raman 
spectra and the reasons for their appearance were proposed.
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1. Introduction
The high potential for the practical application 

of thermoelectric materials is of considerable 
interest to scientific groups. Materials based 
on tellurides and selenides of lead and bismuth 
today are among the champions in terms of the 
efficiency of thermoelectric conversion [1-2]. 
At the same time, there is an active search and 
development of thermoelectric generators based 
on silicides of transition d-metals (Mn, Fe, Co, 
etc.) [3]. Interest in thermoelectrics based on 
silicides is caused, first of all, by the presence of 
well-established technical processes for creating 
silicon systems. The variety of phases in metal 
silicides makes it possible to vary their electronic 
and photonic properties over a wide range [4-6]. 
This applies to the same extent to thermoelectric 
properties.

The dimensionless value of the thermoelectric 
quality factor ZT  =  (a2sT)/c determines the 
efficiency of converting thermal energy into 
electrical energy at an average absolute 
temperature T. Due to the high complexity of 
the experimental determination of thermal 
conductivity in films, another characteristic is 
often used that determines the efficiency of a 
thermoelectric generator: it is the power factor 
W = a2s [µW/K2·m].

The main problem of increasing the efficiency 
of the thermoelectric parameters of the material 
is that the thermoelectric quality factor ZT 
is proportional to the electrical conductivity 
s and inversely proportional to the thermal 
conductivity coefficient c of the material. Wherein 
the coefficients s and c of the material cannot 
change independently. An increase in electrical 
conductivity simultaneously reduces the thermo-
EMF coefficient a and leads to an increase in the 
thermal conductivity of the material.

To reduce the thermal conductivity, the 
phonon contribution is usually suppressed using 
defect engineering: 1) the introduction of a high 
concentration of a substitutional impurity with 
the creation of a large number of defects due 
to interstitial atoms [7]; 2) the formation of a 
nanocrystalline structure with a decrease in 
thermal conductivity due to the presence of a 
high concentration of grain boundaries on which 
phonon vibrations [8] are effectively scattered; 
3) the formation of thin films or multilayer 

structures. In the last two cases the thickness 
of the crystallite or film becomes an additional 
degree of freedom in controlling the value of ZT.

In this work, thin films of iron silicides 
with different Fe content grown at different 
temperatures are considered. As a method of 
film formation, we used the method of pulsed 
laser deposition (PLD) in a vacuum, which has 
proven itself as a cheap, versatile, and productive 
method for creating thin-film materials [9]. The 
study of iron silicides seems promising due to the 
significant difference in the properties of their 
phases. Interest in the b-FeSi2 phase in addition 
to its direct and small band gap [10] arises when 
this material is used as a thermoelectric energy 
converter for the range near and below room 
temperature [11].

At the moment, the maximum ZT for materials 
based on iron silicides is 0.4 and 0.2 for n- and 
p-type semiconductors, respectively. [12]. It is 
also known that the presence of nanoclusters 
of this phase formed in epitaxial layers leads 
to a decrease in the thermal conductivity [13]. 
The complex of phases of iron silicides (Fe3Si, 
FeSi and FeSi2) in the future may have better 
thermoelectric properties than these phases 
separately. Structures with thin films, in which 
the set and content of iron silicide phases are 
balanced, can potentially act as an efficient 
thermoelectric converter. Thus, the necessary 
objective is to determine the phase-chemical 
composition of thermoelectric systems based 
on FeSix.

2. Experimental technique
The structures were formed by pulsed laser 

deposition in a vacuum chamber with a residual 
gas pressure of ~ 1·10–6 Torr. 

The composite target was sputtered from the 
Si and Fe sectors by an LQ-529A pulsed YAG:Nd 
laser operating at the second harmonic with 
l  =  0.532  µm. The laser radiation power was 
~200 mJ and the pulse duration was 10 ns with 
a frequency of 10 Hz. The size of the silicon and 
iron sectors determined the total content of each 
of the elements in the resulting film. During the 
first stages, films with a high content of Fe were 
created, when the angles of the iron sector were 
– Fe = 240° and – Fe = 120°. Then the angle was 
reduced to – Fe = 90°. Sputtering was performed 
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at substrate temperatures of 200, 400, 500, and 
550 °C for 40 minutes. The material deposition 
rate was 1 – 2 nm/min, the average film thickness 
was ~  60  nm. The deposition was carried out 
on two types of substrates: a sapphire (R-cut) 
and a GaAs (100) substrate with a 20-nm Al2O3 
layer deposited by vacuum electron evaporation. 
The choice of substrates is determined by two 
factors. Firstly, the sapphire substrate does not 
allow diffusion of material, primarily d-metal 
[14]. Coating the gallium arsenide substrate 
with a layer of Al2O3 also effectively stops this 
process. [15]. Second, phase states were originally 
supposed to be recorded by Raman spectroscopy 
(RS), but the use of a cheap silicon substrate 
complicates the applying of RS due to the 
presence of a high-intensity silicon signal from 
the substrate. As a result, films on a sapphire 
substrate were used as reference films, while 
films on a gallium arsenide substrate with an 
Al2O3 layer were used to assess the possibility of 
forming layers on a semiconductor.

The chemical analysis of the FeSix/sapphire 
and FeSix/Al2O3/GaAs structures was carried 
out by X-ray photoelectron spectroscopy (XPS). 
The spectrometer is part of the Multiprobe 
RM ultra-high vacuum measuring complex 
(Omicron Nanotechnology GmbH, Germany). 
To excite the emission of photoelectrons, Mg Ka 
radiation was used, and Fe 2p, Si 2s, Si 2p, O 1s, 
C  1s photoelectron (PE) lines were recorded. 
The analysis area diameter was 3 mm. The 
depth profiling of the composition was carried 
out by sputtering the layers with Ar+ ions with 
an energy of 1 keV at an angle of 45° relative to 
the sample surface. The numerical values of the 
concentrations were calculated in accordance 
with the previously developed method [16]. 

The chemical shift for the bonding of iron 
with silicon is not recorded by XPS and this is 
a serious obstacle in the interpretation of PE 
lines. The determination of the presence of iron 
silicide compounds was carried out using the 
approaches given in [17-18]. To determine the 
presence of a phase related to iron silicides we 
used the peaks of photoelectron energy losses 
on plasmon oscillations, which are recorded for 
silicides to the left of the main Fe 2p doublet at 
an energy of ~ 730 eV and are absent in the PE 
spectrum for metallic iron. The intensity ratio of 

the plasmon loss lines and the main Fe 2p doublet 
is approximately 1:2. This feature made it possible 
to estimate the concentration of iron in chemical 
bonding with silicon.

Raman spectra were recorded on an NTEGRA 
Spectra Raman spectroscopy complex (NT-MDT, 
Zelenograd) using lasers with a wavelength of 
473  nm. The radiation was focused by a 100× 
objective lens with a numerical aperture of 
NA = 0.9. The power of unfocused laser radiation 
measured with a silicon photodetector 11PD100-
Si (Standa Ltd, Lithuania) varied in the range from 
1  mW to 1  µW. The Raman scattering spectra 
were recorded in the reflection scheme at room 
temperature. RS was carried out in the range of 
50–900 cm–1 with a resolution of 0.7 cm–1.

Electron microscopic imaging, elemental 
analysis, and element mapping were carried out 
on a SEM JSM IT-300LV (JEOL, Japan) with an 
X-MaxN 20 X-ray energy-dispersive spectroscopy 
set (Oxford Instruments, UK). The measurements 
were carried out under high vacuum conditions 
with an electron probe energy of 20  keV. In 
addition to SEM the surface topography of FeSix 
film was studied using a SolverPro atomic force 
microscope (NT-MDT, Zelenograd) in semicontact 
mode.

The temperature dependences of the Seebeck 
coefficient a and conductivity s were measured in 
a Janis CCS-300S/202 closed-loop cryostat with 
a temperature range of 10–400  K. The sample 
was pressed with one face to the heater resistor 
and the other was pressed against a massive heat 
sink connected to the cooled cryostat rod. To heat 
up the resistor a Keithley 6221 current source-
meter with a current measurement/maintenance 
accuracy of ~  2  nA was used. The temperature 
gradient was stabilized with a LakeShore 335 
temperature controller with feedback. The 
temperature gradient was 10 K with an accuracy 
of 0.1 K. The thermo-EMF signal was measured 
using a Keithley 2000 meter [19].

3. Results and discussion
The behaviour of the depth distribution 

profiles of chemical elements (Fig. 1) demonstrates 
that, at high Fe concentrations, spatial separation 
of Si and Fe occurs. It can be seen from Fig. 1a 
that near the heterointerface the Fe/Si ratio is 
greater than one and vice versa on the surface. 
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This circumstance can be explained by the 
inhomogeneity of the flow of atoms over time 
during laser deposition. With a decrease in the 
proportion of metal this inhomogeneity decreases 
(Fig. 1 b). At the same time a large number of Fe 
atoms in the layer facilitates the penetration 
of oxygen atoms into the system (Fig. 1 a). At a 
lower Fe concentration, the presence of oxygen 
is not detected. This indicates the concentration 
dependence of the efficiency of diffusion of 
oxygen atoms deep into the sample.

It can also be concluded from the behaviour of 
the Al, O, Si, and Fe profiles at the layer/substrate 
heterointerface that the Al2O3 layer effectively 
functions as a diffusion barrier. Subsequently, it 
was determined that the phase distribution is the 
same for both substrates.

At the same time, the presence of Fe oxide at 
the film/Al2O3 heterointerface (Fig. 1a) indicates 
the redundancy and physical adsorption of O 
atoms to Al2O3 layers. The composition of the 
SiFex film itself mainly consists of iron silicides 
which is determined by the distribution profiles 
of the Fe-Si chemical bond. At the same time, the 
presence of elemental iron (Fe-Fe bonds) is also 
recorded and its volume fraction depends on the 
concentration. At a Fe concentration of 55 at.% 
only about 30 at.% is spent on the formation 
of Fe-Si bonds which is about 54 % of the total 
number of metal atoms. In turn, a decrease in the 
Fe concentration to 40 at.% leads to the fact that 

already about 90 % of iron atoms form a chemical 
bond with Si atoms.

The nonequilibrium process of pulsed laser 
deposition leads to fluctuations in the distribution 
profiles of Fe-Fe and Fe-Si chemical bonds. In 
addition, the applied film formation technology 
is characterized by the presence of defects on the 
surface [20]. Drop-like defects are formed due to 
the presence in the flow of large particles of the 
substance emitted from the target. Using the 
method of X-ray spectral analysis performed on 
the basis of SEM (Fig. 2 a) it was determined that 
the droplets on the surface consist of both iron 
and silicon (Fig. 2 b, c). The average size of objects 
consisting of Si significantly exceeds the diameter 
of objects consisting of Fe atoms (Fig. 2 b, c) which 
is caused by different thermodynamic conditions 
of laser evaporation of the combined Si/Fe target.

Further studies were aimed at studying the 
phase composition of thin-film structures of iron 
silicides created by the PLD method with the 
angle of the iron sector of the sample – Fe = 90° 
since they demonstrated the almost complete 
combination of iron with silicon, on the one 
hand, and still a high concentration of additional 
phases, providing in the future a decrease in the 
phonon part of the thermal conductivity, on the 
other hand. Raman spectra were recorded for 
FeSix films obtained at different temperatures of 
the Al2O3/GaAs substrate (Fig. 3). In all presented 
Raman spectra one can distinguish peaks related 
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Fig. 1. Depth distribution profile of the concentration of chemical elements and chemical bonds in an SiFex 
film grown on an Al2O3/GaAs substrate supersaturated with iron with an iron sector angle of – Fe = 240° (a) 
and with a reduced iron content with an iron sector angle of – Fe = 90° (b)
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to the GaAs substrate: one of them is located at 
268 cm-1 and corresponds to the transverse optical 
component (TO-mode), the second at 291 cm-1 
belongs to the longitudinal optical component 
(LO-mode) [21]. Their presence is associated with 
a small thickness of the film and Al2O3 stop layer, 
as a result of which the signal is detected from 
the gallium arsenide substrate.

Depending on the substrate temperature 
during the formation of FeSix films, significant 
changes are observed in the Raman spectra. 
At a substrate temperature of 200 °C the main 
contribution to the spectrum is made by a wide 
continuum related to amorphous silicon in which 
broad lines can be distinguished in the region 
of 180  cm–1 related to the transverse acoustic 
mode (TA) and in the region of 480 cm–1 related 
to the transverse optical mode (TO) [22]. The 
remaining modes from amorphous silicon are 
weakly expressed, in particular, at 300  cm–1 a 
longitudinal acoustic LA mode is recorded and 
at 410 cm–1 a longitudinal optical LO mode can 
be found [22]. Also, on the spectrum, there is a 
weakly pronounced shoulder at 160 cm–1 related 
to the vibrations of the Fe-Fe bonds [23]. 

Increasing the substrate temperature to 
400 °C leads to the appearance of clearly defined 
lines at frequencies: 193  cm–1 with a nearby 
shoulder at ~  180  cm–1, ~  246  cm–1 and weakly 
pronounced broad lines in the regions of 340 cm–1 
and 385 cm–1. There is also a broad maximum at 
~480 cm–1 which is related to the transverse optical 
mode (TO) in amorphous silicon. The presence 
of lines related to vibrations of Fe-Fe bonds at 
193 cm–1 and 246 cm–1 in the Raman spectrum 
indicates the formation of a b-FeSi2 crystalline 

phase in the film [23]. Lines in the regions of 
340 cm–1 and 385 cm–1 may be present, on the 
one hand, due to the structural imperfection of 
the film by analogy with the observed peaks in 
nonstoichiometric NiSi2 [24] and due to second-
order scattering, on the other hand [25].

A further increase in the substrate temperature, 
up to 550 °C leads to a narrowing and an increase 
in the intensity of the peaks at 193  cm–1 and 
246 cm–1, as well as to the appearance of a peak 
at ~ 521 cm–1 which belongs to the TO mode of 
crystalline silicon [26].

It is worth paying attention to the presence 
of a shift by 2 cm–1 in the position of the peak 
at 246  cm–1 related to b-FeSi2. This shift was 
registered when comparing the spectra of films 
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Fig. 2. Topography and elemental composition of the FeSix film surface grown at a substrate temperature of 
500°C: a) SEM surface image; b) Si distribution map in the Si Ka1 emission line; and c) Fe distribution map in 
the Fe Ka1 emission line

Fig. 3. Raman spectra recorded for FeSix/Al2O3/GaAs 
thin-film structures formed at different substrate 
temperatures in the PLD process
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formed at 400 °C and 500 °C. One of the reasons 
for it can be defects, impurities, lattice distortions 
of the b-phase of iron disilicide [27]. Another 
circumstance leading to a shift may be the 
appearance of a nanocrystalline b-FeSi2 phase by 
analogy with crystalline silicon [28].

The measurements of Seebeck coefficients, 
electrical conductivity and calculation of the 
power factor were carried out for all structures 
obtained at substrate temperatures of 200, 400, 
500, and 550 °С. For all these structures a target 
with an iron sector – Fe = 90° during the PLD 
process was used. The characteristic temperature 
dependences of these parameters are shown in 
Fig. 4 a–c. Additionally, measurements were made 
for structures supersaturated with iron in the 
range of medium temperatures (~ 300–600 °C). 
The temperature dependence of the power factor 

for specimens with iron attachment angles on the 
target – Fe = 120° and – Fe = 240° and a substrate 
growth temperature of 200 °С is shown in Fig. 4 d.

The electrical conductivity of FeSix films at 
the same x depends significantly on the substrate 
temperature during growth and decreases as 
it increases. Presumably, this is due to the 
relaxation of the silicon lattice the formation of 
iron precipitates and iron silicides [29] in the layer 
which leads to an increase in the layer resistance. 
The highest value of the Seebeck coefficient a for 
samples in which an almost complete combination 
of iron and silicon has occurred (the angle of iron 
in the evaporated target – Fe = 90°) is recorded in 
the low temperature region of about 100 K and its 
value is ~ 150 µV/K. At lower temperatures a could 
not be recorded due to a sharp increase in the 
electrical resistance of the film at temperatures 
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Fig. 4. Temperature dependence of the electrical conductivity coefficient, Seebeck coefficient and power factor 
for samples with iron sector on a target of – Fe = 90° (a–c) and temperature dependence of the power factor 
for a Fe-supersaturated film with iron sectors on targets of – Fe = 120° and – Fe = 240° (d)
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below 150 K. The maximum calculated value of 
the power factor W (Fig.  4  a) is ~  20  µW/K2·m. 
Thus, a sufficiently high value of a is levelled 
by the low conductivity of thermoelectric films, 
formed when the iron angle in the evaporated 
target is – Fe = 90°.

Despite the fact that the electrical conductivity 
of films supersaturated with iron is 4 orders 
of magnitude higher at temperatures of 300–
600  K, the power factor reaches values only 
up to tenths of µW/K2·m (Fig. 4 d). This is due 
to the low efficiency of their thermoelectric 
conversion, when the maximum value of the 
Seebeck coefficient does not exceed 10  µV/K. 
The presence of a minimum in the temperature 
dependence of the power factor is due to the 
transition to intrinsic conductivity while the 
value of the Seebeck coefficient is minimal. 
Thus, a simple increase in electrical conductivity 
due to an increase in the iron content does not 
remove the problem of increasing the power 
factor, and the solution to this problem lies in the 
area of optimizing the content of metal-silicide 
compounds, when the Seebeck coefficient is 
directly proportional to their amount.

4. Conclusion
The application of X-ray photoelectron 

spectroscopy and Raman spectroscopy made it 
possible to find the parameters for the formation 
of FeSix films by pulsed laser deposition, in 
which iron is almost completely combined with 
silicon, while the Fe concentration remains at 
a high level of 40  at.%. XPS depth profiling of 
the composition of thin-film structures made it 
possible to determine that an additional Al2O3 
stop layer formed on a semiconductor substrate 
by high-vacuum electron evaporation effectively 
prevents the diffusion-active metal penetrating 
from the film into the substrate. This is an 
important technological aspect in the formation 
of structures under nonequilibrium conditions 
of the method of pulsed laser deposition and 
allows the use of a wide range of substrates for 
the creation of film and multilayer structures with 
high quality heterointerfaces. Thermoelectric 
measurements have shown that it is possible 
to obtain a high thermoelectric effect for films 
where the iron silicide phase is effectively formed. 
However, for such structures it is necessary to 

increase the thermoelectric conversion power 
factor by increasing the electrical conductivity. 
This can be facilitated by choosing the growth 
temperature or parameters of postgrowth 
annealing of structures that do not lead to the 
formation of undesirable inclusions in the film 
material, as well as additional doping of the films 
with other materials.
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