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This work presents a comprehensive investigation of the temperature-dependent electrical and thermal 
transport properties of tungsten silicides, including mono-, di-, and higher-order phases. A comparative 
analysis of experimental data is performed with particular emphasis on electronic structure, charge-
carrier characteristics, and phase-dependent transport behavior. The results indicate that di- and higher-
order tungsten silicides exhibit semiconductor-like properties, with electrical resistivities in the range of 
50–85 μΩ·cm at 300 K. Nuclear magnetic resonance spectroscopy was employed to examine the local 
electronic environment of tungsten atoms and their interaction with surrounding silicon nuclei, revealing 
structural imperfections such as defects, grain boundaries, and secondary-phase inclusions that influence 
charge transport. The temperature dependences of electrical conductivity, thermal conductivity, Seebeck 
coefficient, and thermoelectric quality factor were systematically studied over the temperature range of 
300–800 K. The analysis demonstrates that higher-order tungsten silicides exhibit the most favorable 
thermoelectric characteristics among the investigated phases, highlighting their potential for use in high-
temperature thermoelectric energy conversion and sensing applications, as well as their promise for further 
optimization through controlled doping strategies.

Keywords: tungsten silicide, diffusion, phase analytics, electrical conductivity, thermal conductivity, 
thermoEMF.
PACS number(s): 72.20.Pa, 72.15.Jf, 72.80.Ga.

1. Introduction

Tungsten silicides synthesized via diffusion dop-
ing of monocrystalline silicon are promising materi-
als for applications in micro- and nanoelectronics as 
well as solar engineering, owing to their high thermal 
stability, excellent electrical conductivity, and strong 
resistance to oxidation [1–4]. Transition metal sili-
cides, particularly those based on tungsten, constitute 
an important class of intermetallic compounds that 
are widely employed in silicon-based technologies 
due to their compatibility with standard fabrication 
processes, chemical stability, and favorable electron-
ic properties.

Beyond their established use in electrical contacts 
and Schottky barrier structures, tungsten silicides 
have attracted increasing interest as potential ther-

moelectric materials. The performance of thermo-
electric materials is commonly evaluated using the 
dimensionless figure of merit Q=ZT, which depends 
on the Seebeck coefficient α, electrical conductivity 
σ and thermal conductivity æ, and is expressed as:

                             (1)

A deep understanding of the thermoelectric be-
havior of tungsten silicides is essential for the de-
velopment of miniaturized temperature sensors and 
solid-state energy conversion devices [5].

Among the wide range of thermoelectric mate-
rials investigated, transition metal silicides–particu-
larly tungsten silicide phases such as WSi₂ and W₅Si₃ 
have garnered special attention. These materials offer 
several advantages, including high-temperature sta-
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bility, resistance to oxidation, relatively low cost, and 
environmental compatibility compared with conven-
tional thermoelectric compounds based on tellurium 
or lead [6–8].

Despite these advantages, the thermoelectric 
properties of tungsten silicides remain insufficiently 
explored. Improving their thermoelectric efficiency 
requires a detailed analysis of their electronic struc-
ture and thermal transport behavior, as well as an 
understanding of the influence of phase composition, 
microstructure, and doping. In this paper, we investi-
gate the thermoelectric properties of various tungsten 
silicide phases to evaluate their potential for applica-
tion in high-temperature thermoelectric energy con-
verters [9–12].

Tungsten silicides are promising materials for 
high-temperature thermoelectric applications due to 
their unique combination of structural stability, elec-
tronic properties, and thermal characteristics. Despite 
numerous studies on individual properties of tung-
sten silicides, there remains a lack of comprehensive 
understanding of how their crystal structure, defect 
states, and electronic environment collectively influ-
ence their thermoelectric performance [13-15].

The aim of this study is a comprehensive inves-
tigation of the formation, structure, defect states, and 
electronic properties of mono-, di-, and higher-order 
tungsten silicides, as well as their thermoelectric 
characteristics, with the goal of identifying the phas-
es most promising for high-temperature thermoelec-
tric converters.

The novelty of this work lies in its integrated ap-
proach: we simultaneously investigate the formation, 
crystalline structure, microstructural defects, elec-
tronic conductivity, and thermoelectric properties of 
various tungsten silicides. By correlating structural 
features and electronic behavior with thermoelec-
tric performance, this study provides a detailed un-
derstanding of the material’s behavior and identifies 
the specific tungsten silicide phases most suitable for 
high-temperature thermoelectric devices.

This research therefore bridges the gap between 
fundamental materials characterization and applied 
thermoelectric performance, offering new insights 
into the design of advanced materials for high-tem-
perature energy conversion.

 
2. Experimental 

Tungsten silicides of different stoichiometries 
(WSi, WSi₂, and W₅Si₃) were synthesized by solid-
state diffusion between high-purity tungsten and 

single-crystal silicon substrates. The samples were 
prepared in a horizontal diffusion furnace (SUOL-
4 type). The diffusion process was carried out at 
temperatures between 1000 and 1200 °C for 40–45 
hours, conditions chosen to ensure the formation of 
monosilicide, disilicide, and higher silicide phases, 
as observed in previous studies of tungsten–silicon 
phase interactions. After diffusion annealing, the 
samples were cooled to room temperature inside the 
furnace to minimize thermal stresses. 

The phase composition and crystal structure of 
the synthesized silicides were investigated using 
X-ray diffraction (XRD) using Cu Kα radiation. 
Diffraction patterns were collected in the 2θ range 
of 20–80°. Lattice parameters for each phase were 
refined using the Rietveld method. The obtained 
structural characteristics were found to correlate di-
rectly with the differences in thermal and electronic 
transport properties discussed later, particularly the 
increased structural complexity of the W₅Si₃ phase, 
which contributes to enhanced phonon scattering 
and, consequently, reduced thermal conductivity.

To analyze the local chemical environment of sil-
icon atoms within each phase, 29Si Nuclear Magnetic 
Resonance (NMR) spectroscopy was performed. The 
spectra were recorded at room temperature using a 
standard solid-state NMR setup with magic-angle 
spinning (MAS). Distinct chemical shifts and line 
broadening were used to distinguish between silicon 
sites in WSi, WSi₂, and W₅Si₃. Broadened lines in 
the higher silicide phase indicated the presence of 
multiple non-equivalent silicon sites and structural 
defects, which later manifested in enhanced phonon 
scattering and reduced thermal conductivity.

Electrical conductivity (σ) was measured in the 
temperature range 300–800 K using the standard 
four-probe technique. Rectangular specimens were 
prepared from the reacted silicide layers, and plati-
num leads were attached using high-temperature 
silver paste. Temperature stability during measure-
ments was maintained within ±1 K. The resulting 
temperature dependence of σ confirmed metallic 
behavior for WSi and semiconducting behavior for 
WSi₂ and W₅Si₃, in agreement with their respective 
electronic structures.

Thermal conductivity (κ) was determined using 
the laser flash analysis (LFA) method. The thermal 
diffusivity (æ) was measured directly, while thermal 
conductivity was calculated according to

                        (2)
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where ρ is the density (determined by Archimedes’ 
method) and Cp is the heat capacity (measured using 
differential scanning calorimetry, DSC).

This technique enabled accurate measurement 
of the temperature dependence of κ for all phases, 
revealing the lowest thermal conductivity for W₅Si₃ 
due to its complex tetragonal structure and higher de-
fect concentration.

The Seebeck coefficient (α) was measured simul-
taneously with electrical conductivity using a differ-
ential DC method. A temperature gradient of approx-
imately 10–15 K was applied across the sample, and 
the resulting thermoelectric voltage was recorded. 
Measurements were repeated during heating from 
300 to 800 K.

In solid-state NMR spectroscopy, chemical shift 
(δ) is a sensitive indicator of the electron density 
around the nucleus. A strongly negative δ value typi-
cally corresponds to high levels of shielding, char-
acteristic of metallic systems. A broad spectral line 
indicates electron inhomogeneity, as well as the influ-
ence of shielding anisotropy. The structures of W₅Si₂ 
and W₅Si₃ belong to different types of intermetallic 

compounds, resulting in different environments for 
the silicon atoms. The study was conducted using a 
Varian Mercury VX-400 NMR system.

This approach captured the expected monotonic 
increase of α with temperature and showed the high-
est Seebeck coefficient in W₅Si₃, consistent with 
its semiconducting nature and enhanced density of 
states near the Fermi level.

3. Results and discussion

The electrical conductivity, thermal conductiv-
ity and coefficient of thermo-EMF were measured in 
the temperature range of 300-800 K using standard 
techniques.

Fig. 1 shows the temperature dependence of the 
electrical conductivity of mono-, di- and higher sili-
cides of tungsten. A noticeable decrease in electri-
cal conductivity is observed for all tungsten silicide 
phases in Fig. 1. This trend is consistent with the ex-
pected increase in phonon scattering at elevated tem-
peratures, which reduces charge-carrier mobility and 
thus lowers the overall conductivity.

Figure 1 – Temperature dependences of electrical conductivity  
of various phases of tungsten silicides.

Tungsten monosilicide has the highest electri-
cal conductivity, which is due to its metallic nature 
and dense crystal lattice [16]. The tungsten dilicide 
behaves as a semiconductor and takes an intermedi-
ate value between the electrical conductivity of the 
mono- and higher tungsten silicide. The highest tung-
sten silicide has a minimum electrical conductivity, 

characteristic of a more silicon phase with semicon-
ductor properties [17,18].

Fig. 2 shows the temperature dependence of ther-
mal conductivity of various phases of tungsten sili-
cides. In all three phases, a decrease in thermal con-
ductivity with an increase in temperature is observed 
due to increased phonon-phonon scattering [19]. 
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Monosilicide has the highest thermal conductivity 
(æ = 80 W/m • K at T = 300 K) – a dense crystal-
line structure and high contribution of the electronic 

component. The smallest thermal conductivity (æ = 
24 W/m • K at T = 300 K) is also observed in higher 
tungsten silicide.

Figure 2 – Temperature dependences of thermal conductivity  
various phases of tungsten silicides.

The disilicide of the tungsten is æ = f (t) occupies 
an intermediate value (æ = 56 W/m • K at T = 300 
K). Less thermal conductivity of the di- and higher 

tungsten silicide is due to their complex structure and 
an increase in scattering at the phonons, on grains 
boundaries and defects of the crystal lattice [20,21].

Figure 3 – Temperature dependences of the coefficient  
of thermoEMF of various phases of tungsten silicides.

Fig. 3 shows the temperature dependence of 
the coefficient of thermoEMF of various phases of 
tungsten silicides. With an increase in temperature, 
the thermoEMF coefficient increases, which is 

typical for semiconductors and metals with a high 
density of states at the level of Fermi. The high-
est silicide of tungsten α = 40 to 60 μV/k, which 
is associated with its more pronounced semicon-
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ductor properties [22]. The tungsten dilicide has  
α = 25 μV/k (at T = 300  K) to 48 μV/k (at 
T  =  800  K). Monosilicide demonstrates the 

smallest coefficient: α = 25 μV/k (at T = 300 K) up 
to 30 μV/k (at T = 800 K), which is characteristic 
of metal phases [23].

Figure 4 – Temperature dependencies of thermoelectric Q factor  
for various phases of tungsten silicides.

Fig. 4 shows the temperature dependence of 
thermoelectric Q factor Q = ZT. This parameter de-
pends on the coefficient of thermoEMF, electrical 
conductivity and thermal conductivity. The maxi-
mum value of thermoelectric quality is observed in 
the highest silicide of the tungsten [24,25]. In this 
phase of tungsten silicides, despite the low electri-
cal conductivity (Fig. 1), the high Seebeck coef-
ficient (Fig. 3) and low thermal conductivity (Fig. 

2) provides improved thermoelectric properties. 
The highest values of the Seebeck coefficient are 
observed in the highest silicide of the tungsten due 
to the fact that it increases the energy gap and den-
sity of states near the level of farm. This phase is 
a promising material for thermoelectric converters. 
The monosilicide of the tungsten shows the low val-
ues of Q-due to the low coefficient of thermoEMF 
and high thermal conductivity.

Figure 5 – NMR spectra of WSi2 and W5Si2.
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Fig.5 shows the relative signal intensity (Y-axis) 
as a function of the chemical shift δ (ppm, X-axis) 
for two tungsten silicides. The solid-state ²⁹Si NMR 
spectra clearly distinguish the silicon environments in 
the phases WSi₂ and W₅Si₃, allowing their structural 
and electronic features to be compared. The spectrum 
of WSi₂ exhibits a pronounced and relatively sym-
metric maximum in the region of –700 to –900 ppm, 
with high relative intensity. This indicates a narrow 
distribution of local electronic environments around 
silicon, consistent with a well-ordered crystal struc-
ture and the predominance of a single crystallograph-
ic Si site. The negative chemical shift is governed by 
a substantial Knight shift contribution, resulting from 
the high density of conduction electrons associated 
with tungsten.

In contrast, the spectrum of W₅Si₃ appears as a 
broad, asymmetric band extending toward –1100 to 
–1200 ppm, with substantially lower intensity. Such 
line broadening reflects the presence of multiple non-
equivalent Si sites and a pronounced heterogeneity of 
local electronic states. The more negative chemical 
shift values indicate an enhanced metallic character 
of this phase, leading to a stronger Knight shift con-
tribution. The overall broad signal width confirms a 
wide distribution of electron density on silicon at-
oms, which is characteristic of silicides with higher 
degrees of metal–metal interaction.

Thus, the comparative analysis of the spectra 
shows that WSi₂ possesses a more ordered structure 
with a narrower shielding distribution, while W₅Si₃ 
exhibits significant electronic and structural hetero-
geneity, resulting in substantial line broadening and 
a shift of the resonance toward more negative values. 

Solid-state ²⁹Si NMR spectroscopy is a powerful 
tool for probing the local electronic environments in 
transition-metal silicides, where the chemical shift is 
strongly influenced by conduction-electron density, 
metal–metal bonding, and the number of crystal-
lographically distinct Si sites. Previous systematic 
studies [26] have shown that ²⁹Si isotropic shifts in 
such compounds may span a remarkably wide range, 
from moderately negative values (−200 to −600 
ppm) in weakly metallic silicides to highly negative 
shifts reaching −1000 ppm or more in phases with 
pronounced metallic behavior. This broad variation 
is primarily attributed to the Knight shift, which 
reflects the Fermi-contact interaction between the 
conduction electrons of the transition metal and the 
silicon nuclei. Consequently, heavy transition-metal 
silicides containing W, Mo, Re, or Ru typically ex-
hibit the most negative shifts, along with significant 
line broadening.

The present NMR results align well with these 
established trends. The ²⁹Si spectrum of WSi₂ shows 
a relatively sharp and symmetric resonance centered 
between −700 and −900 ppm. Such a line shape is 
characteristic of phases with a well-ordered crystal 
structure and a single dominant Si site, resulting in 
a narrow distribution of local electronic environ-
ments. Comparable chemical-shift magnitudes have 
been reported for structurally ordered disilicides 
such as MoSi₂ and RuSi₂, which also exhibit moder-
ate Knight-shift contributions while retaining a rela-
tively uniform electronic environment.

In contrast, the spectrum of W₅Si₃ displays a 
broad, asymmetric resonance extending to much 
more negative values (approximately −1100 to 
−1200 ppm). This behavior is fully consistent with 
earlier observations for higher-order transition-
metal silicides [27,28], where multiple non-equiv-
alent Si sites, enhanced metallicity, and strong 
metal–metal interactions lead to a large Knight 
shift as well as substantial broadening of the spec-
tral line. Such a broadened resonance typically 
reflects a wide distribution of conduction-electron 
density at the Si sites, arising from both intrinsic 
structural complexity and electronic heterogene-
ity. Furthermore, studies employing temperature-
dependent ²⁹Si NMR [29] have demonstrated that 
highly metallic silicides often exhibit pronounced 
shift anisotropy and strong sensitivity to structural 
defects, grain boundaries, and site disorder–fea-
tures also consistent with the line broadening ob-
served in W₅Si₃.

The obtained results are consistent with the 
general understanding of charge and heat transport 
mechanisms in transition-metal silicides and agree 
well with previously published data [30-32]. The 
measured temperature dependence of electrical con-
ductivity shows a monotonic decrease of σ with in-
creasing temperature for all phases studied. This 
behavior is typical for materials in which phonon 
scattering dominates at elevated temperatures. Simi-
lar σ(T) trends were previously reported for MoSi₂, 
TaSi₂, and WSi₂ by [30], confirming the universal 
nature of phonon-limited transport in silicides with 
rigid crystal lattices.

The metallic behavior of monosilicide WSi can 
be attributed to the presence of dense d-bands near 
the Fermi level, which ensure high carrier mobility. 
According to earlier studies on monosilicides of tran-
sition metals (WSi, MoSi, TiSi), these phases typi-
cally exhibit very low Seebeck coefficients due to the 
predominant electronic contribution to conductivity 
[30,31]. Our results fully support these findings: the 



77

A.T. Mamadalimov et al.                                                                       Phys. Sci. Technol., Vol. 12 (No. 3-4), 2025: 71-79

Seebeck coefficient of WSi remains within 25–30 
µV/K over the 300–800 K temperature range.

Tungsten disilicide WSi₂ shows behavior character-
istic of a narrow-band semiconductor. The performed 
NMR analysis reveals a highly symmetric silicon en-
vironment and broader spectral lines compared to WSi, 
in agreement with literature data on partially ordered 
silicon sublattices in disilicides [31]. As previously 
noted by [31], semiconductor-like disilicides display 
an increase in the Seebeck coefficient with temperature. 
This trend is also observed here: α increases by nearly a 
factor of two between 300 and 800 K.

The most noteworthy behavior is observed in 
the higher tungsten silicide W₅Si₃. According to the 
results, this phase exhibits the lowest thermal con-
ductivity and the highest Seebeck coefficient among 
the materials studied. A similar effect was reported 
by [32] for Nb- and Ta-doped W₅Si₃, where reduced 
thermal conductivity was attributed to the complex-
ity of the crystal structure and enhanced phonon scat-
tering at structural defects. Our NMR data, showing 
multiple nonequivalent silicon sites and broadened 
spectral lines, also indicate defect-rich local environ-
ments, which likely contribute to the observed sup-
pression of lattice thermal conductivity.

A promising direction for further improvement of 
the thermoelectric performance of WSi₂ and W₅Si₃ 
is doping with transition metals such as Nb, Ta, or 
Re. Previous studies [32] have shown that doping 
enhances phonon scattering and can significantly in-
crease ZT. The defect-related features revealed by 
our NMR measurements also suggest that controlled 
manipulation of structural disorder and point defects 
could serve as an effective tool for optimizing the 
thermoelectric properties of tungsten silicides.

4. Conclusion

In this study, the formation and properties of 
tungsten silicides were comprehensively investi-
gated. Using X-ray diffraction, scanning electron 
microscopy, and nuclear magnetic resonance tech-

niques, the formation of mono-, di-, and higher-order 
tungsten silicides was confirmed during diffusion 
annealing at temperatures ranging from 850 to 1000 
°C. The study demonstrated the formation of inter-
metallic compounds, specifically identifying mono-, 
di-, and higher tungsten silicides, with their crystal-
line structures characterized and lattice parameters 
determined.

The electronic properties of these silicides were 
also examined. It was found that the di- and higher-
order tungsten silicides exhibit semiconductor-type 
conductivity, with specific resistances measured at 
50–85 μΩ·cm at 300 K. Nuclear magnetic resonance 
(NMR) spectra provided insights into the influence of 
the tungsten electronic environment on the silicon nu-
cleus, revealing the presence of defects, grain bound-
aries, and inclusions. These structural imperfections 
were reflected in the spectral lines, contributing to the 
understanding of the material’s microstructure.

Thermoelectric performance was evaluated 
through temperature-dependent measurements of 
electrical conductivity, thermal conductivity, the 
Seebeck coefficient, and thermodynamic volume in 
the range of 300–800 K. Among the tungsten silicides 
studied, the highest-order silicide exhibited the most 
favorable thermoelectric properties, indicating its po-
tential as a promising candidate for high-temperature 
thermoelectric energy conversion applications. The 
WSi₂ phase exhibits a relatively narrow and sym-
metric resonance in the region of –700 to –900 ppm, 
indicating a more ordered silicon environment with 
a single dominant crystallographic site. In contrast, 
the spectrum of W₅Si₃ is significantly broader and 
shifted toward more negative chemical shift values 
(down to –1200 ppm), reflecting a higher degree of 
structural and electronic heterogeneity and multiple 
non-equivalent Si positions.

Overall, the results provide a detailed under-
standing of the structural, electronic, and thermoelec-
tric characteristics of tungsten silicides, highlighting 
their suitability for advanced thermoelectric devices 
operating at elevated temperatures.
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