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A B S T R A C T

Understanding the thermal transport behaviors in the crystal lattice is important for designing semiconducting 
materials in thermal management. In this work, we investigate the mechanism of the decrease in thermal 
properties of β-FeSi2 when Co dopant is introduced to the host crystal. The crystallite size decreases as Co doping 
increases from 0 to 5 %. The micro-strain and stress increase with increasing doping levels. The decrease in 
crystallite size and increase in micro-strain/stress indicate the origin of phonons scattering and lattice softening, 
leading to the reduction in thermal conductivity. This study provides insights into the correlation between the 
crystal properties evolution and thermal transport in metal silicide compounds which could be useful in thermal- 
to-energy conversion applications.

1. Introduction

It has been a challenge to understand thermal transport behaviors in 
the crystal lattice, especially when dopants are introduced to the host 
crystal. Understanding thermal transport phenomena is essential to 
designing semiconducting materials in various electronic applications. 
Especially, thermoelectric (TE) generators that can directly convert 
thermal energy to electricity have gained attention in energy conversion 
technology and thermal management in electronics [1,2]. The TE con
version efficiency of the device is mainly proportional to material per
formance which is called the dimensionless figure of merit (ZT). The ZT 
value is equal to ZT = S2Tρ− 1κ− 1, where S is the Seebeck coefficient, T is 
temperature, ρ is electrical resistivity, κ is the total thermal conductivity 
contributed by electronic and lattice thermal conductivity (κ = κe+ κl) 
and the term S2ρ− 1 is usually called the power factor (PF) [3]. The 
improvement of ZT can be obtained by both increasing the power factor 
and reducing thermal conductivity. The reduction in thermal conduc
tivity remains the main challenge as it may also affect the power factor. 
Therefore, understanding the mechanism of thermal conductivity 
reduction needs to be further discussed in-depth.

Semiconducting iron silicide (β-FeSi2) compounds have attracted 
attention in TE applications operating at high temperatures due to their 
ability to withstand oxidation and exhibit good thermal stability. The 
reduction of thermal conductivity of the materials can be obtained by 

nanostructuring techniques [4] and doping with heavier elements [5]. 
Previous studies found the addition of dopants such as Ge [5], Ru [6], 
Mn [7,8], Ir [9], Ni [10,11], Os [12], and Co [13–16], lead to decreases 
in thermal conductivity, suggesting that those dopants act as heavy el
ements and scatter the phonons in the β-FeSi2 system. In other materials, 
it was pointed out that dopant also induces internal strain, resulting in 
lattice softening and phonon scattering in PbTe [17] and half Heusler 
compounds [18]. The phonons travel fast without dopant, resulting in 
high thermal conductivity. When dopant is introduced to the host 
crystal, it may induce tensile strain and compressive strain, where the 
speed of phonon can be slowed down (lattice softening) and relaxation 
time will be shorter (phonon scattering), resulting in a reduction in 
lattice thermal conductivity.

The Co element is considered one of the effective dopants to improve 
the TE performance of the β-FeSi2 system [13–16,19], where it helps to 
improve the power factor and reduce the thermal conductivity. How
ever, the mechanism of strain-induced effect on the thermal conduc
tivity in the Co-doped β-FeSi2 system has not been investigated. In this 
work, we investigate in detail the effect of strain induced by Co on 
β-FeSi2 and its relations with the thermal conductivity. In addition, the 
crystal quality (crystallite size) of Co-doped β-FeSi2 is also reported. It is 
expected that the crystallite size should also have an impact on the 
thermal properties. The compounds of Fe1-xCoxSi2 (where x ranges from 
0 to 0.05) were chosen for the analysis because the optimum doping 
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levels for improving TE performance are within this range [19–24].

2. Experimental methods

The raw elements of Fe grain (99.9 % up), Si grain (99.999 %), and 
Co powder (99 % up) were weighed (total mass of 20g) following the 
composition range of Fe1-xCoxSi2 (0≤ x ≤ 0.05). To make the ingots, the 
mixtures of raw elements were arc-melted in an Ar atmosphere under 
10− 3 Pa. The ingots were flipped and remelted three times to ensure 
homogeneity. The obtained ingots were sliced into appropriate pieces 
(7mm × 7mm × 1.5 mm) by a numerical control wire-cutting machine 
(EC-3025, Makino) for thermal conductivity measurement. The arc- 
melted ingots were in the metallic phases (α-Fe2Si5 + ε-FeSi). There
fore, the heat treatments at 1423K for 3h and followed by 1113K for 20h 
were applied to transform the metallic phases into the semiconducting 
phase (β-FeSi2) [25]. It should be noted the first step of heat treatment is 
to further homogenize the distribution of the material, while the second 
step is for the transformation of semiconducting β-FeSi2.

The total thermal conductivity (κT) was evaluated with the help of a 
power efficiency measurement system (PEM2, ULVAC, Inc). The κT can 
be evaluated by the following equation: 

κT =
qA
ΔT

1
LW
t

(1) 

Where q is the heat flow density through the copper block, A is the cross- 
section area of the copper block, ΔT is the temperature difference of the 
sample, and L, W, and t are the sample’s lengths, width, and thickness, 
respectively. PEM-2 can evaluate the q from the known thermal con
ductivity values of copper blocks. The value of q was calculated in the 
software. Therefore, κT can be calculated from the above equation. In 
addition, the sample has carbon sheets inserted at the top and bottom to 
ensure good thermal contact with the PEM-2 measurement. The elec
tronic thermal conductivity (κE) was calculated from the Wiedemann–
Franz law using the values of electrical resistivity (ρ) and the Seebeck 
coefficient (S) measured by the ResiTest8300 apparatus (TOYO Co.). 
The details of κE calculation will be discussed in the next section: Results 
and discussion. The lattice thermal conductivity (κL) is the subtraction of 
total thermal conductivity with electronic thermal conductivity (κL = κT 
− κE). The microstructures were characterized by a scanning electron 
microscope (SEM, VE-8800 KEYENCE). The Rietveld refinement method 
was used to calculate the crystal parameters from the X-ray diffraction 
(XRD) data measured by the X-ray diffractometer equipped with Cu Kα 
radiation (High-resolution SmartLab, RIGAKU). The standard crystal 
data were referred to the Inorganic Crystal Structure Database (ICSD), 
where code #5257-ICSD [26], #41997-ICSD [27], and #9119-ICSD 
[28] were used for α-phase, ε-phase, and β-phase, respectively. The full 
width at half maximum (FWHM) values obtained from Rietveld refine
ment were used to evaluate crystalline quality such as the crystallite size 
and micro-strain.

3. Results and discussion

The thermal conductivity of Fe1-xCoxSi2 with x dependence at room 
temperature is plotted in Fig. 1. The trend indicates that the lattice 
thermal conductivity (κL) decreases from 7.67 to 5.13 Wm− 1K− 1 as x 
increases from 0 to 0.05. In contrast to κL, the value of the electronic 
thermal conductivity (κE) is quite small, and it increases from 7.57 ×
10− 5 to 4.86 × 10− 2 Wm− 1K− 1 as x increases from 0 to 0.05, respec
tively. The electronic thermal conductivity (κE) is calculated by Wie
demann–Franz law: κE = L0T/ρ, where L0 is Lorenz number, T is 
temperature, and ρ is the electrical resistivity. This implies that ρ is 
inversely proportional to κE. The ρ values are measured by four probes 
method and the results are plotted in Fig. S1 (Supporting Information). It 
is shown that the ρ of the non-doped samples is about two orders of 
magnitude higher than that of the Co-doped samples. Therefore, since 

the ρ is inversely proportional to κE, the κE of the non-doped sample is 
lower than that of Co-doped samples. Next, the L0 is calculated from the 
Seebeck coefficient (S). In the case of acoustic phonon scattering (scat
tering factor r = − 1/2), L0 is defined by Ref. [29]: 

L0 =

(
kB

e
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where Fn(η) =
∫∞

0
χn

1+eχ− η dχ, χ = E
kBT , η = EF

kBT, and EF is the Fermi energy. 
The relationship between η and the Seebeck coefficient (S) is expressed 
by: 

S= ±
kB

e

(

2
F1(η)
F0(η)

− η
)

(3) 

From Equation (3), η can be determined by fitting the experimental 
value of absolute |S| at room temperature. Thus, L0 can be consequently 
evaluated from Equation (2). The measured ρ is plotted in Fig. S1 and 
the calculated L0 and the measured S are plotted in Fig. S2 (Supporting 
Information). Then, κE can be calculated by using the Wiedemann–Franz 
law.

However, compared to κL, the value of κE is so small and negligible. 
As shown in the inset of Fig. 1, the total thermal conductivity (κT) has the 
same trends as κL and it decreases from 7.67 to 5.18 Wm− 1K− 1 with 
increasing x from 0 to 0.05, indicating that κL is dominant to κT. These 
thermal conductivity values of arc-melted samples are larger than those 
prepared by spark plasma sintering (3.95 Wm− 1K− 1) [19], which is 
probably due to the difference in crystallite sizes. Since our fabrication 
process of all samples is the same, the reduction of total thermal con
ductivity (κT) should be mainly caused by Co substitution, where the 
phonons scattering or lattice softening should happen in the crystal 
lattice. In addition, since the κT of the non-doped sample is higher than 
that of the Co-doped samples, it must also have a larger crystallite size 
and less phonon scattering. Then, we further investigate the mechanism 
of how the Co atom influences the host β-FeSi2 crystal.

The variation of microstructure in non-doped β-FeSi2 is shown in 

Fig. 1. The thermal conductivity of Fe1-xCoxSi2 with x dependence at 300 K 
from our previous work in Ref. [13]. The lattice thermal conductivity is the 
subtraction of total thermal conductivity with electronic thermal conductivity 
(κL = κT − κE) plotted on the left axis. The electronic part (κE) is plotted on the 
right axis. The inset plots the total thermal conductivity (κT).
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Fig. 2(a)–(b). Before heat treatment, there is a grain of ε-phase (bright) 
and α-phase (dark). After heat treatment at 1423 K for 3 h and followed 
by 1113 K for 20 h, the microstructure became homogeneous, indicating 
the formation of semiconducting β-phase. This tendency agrees with the 
report of Dabrowski et al. [24]. In addition, as shown in Fig. S3 in 
Supporting Information, after heat treatment, the surface morphology of 
all samples (0 ≤ x ≤ 0.05) is homogeneous, indicating only semi
conducting β-phase. No secondary phase is observed for all heat-treated 
samples. However, according to Rietveld’s refinement results from 
Table S1 in Supporting Information, the semiconducting β-phase of the 
non-doped sample (96.98 %) is slightly higher than that of Co-doped 
samples (~90 %, suggesting that the addition of Co causes the forma
tion of a secondary metallic phase (ε-FeSi and α-Fe2Si5). However, the 
amount of semiconducting β-phase could be maintained higher than 90 
% for all samples. The pore is formed because of the fast cooling from the 
copper heart in the arc melting process and pore size is enlarged after the 
heat treatment when the volume β-FeSi2 differs from metallic ε-FeSi and 
α-Fe2Si5. Fig. 2 (c) shows the Rietveld refinement of 5 % Co-doped 
β-FeSi2. It shows a goodness of fitting in the β-phase with the trace of 
the ε-phase on the right side of the indexed peak (421). In Table S1 of 
Supporting Information, the reliability factor for all samples of the 
weighted diffraction pattern Rwp is 3.043 % < Rwp < 3.268 %, and the 
index S = Rwp/Re representing a comparison with Re corresponding to 
the statistically expected minimum Rwp is 3.988 < S < 4.171. This 
suggests that goodness of fitting is obtained. The highest intensity is 
observed at (202/220)-plane. The highest intensity is useful for 
analyzing the crystalline quality [30]. Therefore, we further use this 
plane for evaluating the crystallite size and micro-strain.

Fig. 3 (a) shows the tendency full width at half maximum (FWHM, β) 

and the change in diffraction angle (θ) dependence with Co doping (x). 

The β values are obtained as 
̅̅̅̅̅̅̅̅̅̅̅̅
β2

exp−
√

β2
i , where βexp is the FWHM of 

samples 0 ≤ x≤0.05 and βi = 0.079◦ is the diffraction X-ray broadening 
by the instrument (SmartLab, RIGAKU) [31]. The β values tend to 
decrease with increasing x, indicating that the quality of FeSi2 becomes 
degraded when Co is introduced to the based material. In addition, the θ 
value decreases with x (i.e. the diffraction angle is shifted to the left 
(smaller value), indicating that the tensile strain happens in the system 
[32]. Compared to the non-doped sample, it is clear from Fig. 3 (b) that 
the peak at the (202)/(220) plane of Co-doped samples shifts to the left 
side (smaller θ values). In general, tensile strain increases the molecular 
bond length and decreases the force constant, reducing the vibration 
frequency and shifting the diffraction angle to a smaller value. In 
contrast, compressive strain shifts the diffraction angle to a higher value. 
The increase in tensile strain leads to a decrease in lattice thermal 
conductivity. We then investigate the crystallite sizes and micro-strain. 
Scherrer’s formula can be used to evaluate crystallite size (D) as the 
following equation [33]: 

D=
Kλ

β cos θ
(4) 

The assumption is that Scherrer’s constant (K) is 0.9, which means 
that the crystallite is cubic in shape with a side length of D and the shape 
of the X-ray diffraction peak is approximated by a Gaussian function 
[31]. The λ is the X-ray wavelength of Cu K-α having a value of 1.5418 Å. 
The β is the true FWHM in radian (rad), and θ is the diffraction angle at 
the (202) or (220) plane. Previous report also used FWHM at this 
(202)/(220) plane, because this plane has the maximum intensity [30]. 

Fig. 2. (a) SEM micrograph of pure FeSi2 before heat treatment and (b) after heat treatment. The arrows indicate the grain of ε, α, β-phase, and pores. (c) Rietveld 
refinement of 5 % Co-doped FeSi2. The indexed peaks are the peaks of β-phase and the arrow shows the trace of ε-phase on the right of (421)-plane. The highest 
intensity is obtained at (202)/(220)-plane.
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Therefore, we can obtain the FWHM from the Rietveld analysis. By using 
Equation (4), the D values with Co doping dependence can be obtained 
and the data are plotted in Fig. 3 (c). The crystallite size decreases from 
~103.57 nm to ~72.49 nm with increasing x. The crystallite size of our 
sample is slightly bigger than that prepared by the spark plasma sin
tering method (~50 nm) as reported by Abbassi et al. [19]. However, we 
could see from the current study that the decrease in crystallite size 
could also be the reason for thermal conductivity reduction. More grain 
boundaries are probably formed, resulting in increasing phonon scat
tering and reducing phonon mean free path. In addition, The relation
ship between micro-strain (ε), FWHM(β), and θ can be expressed by the 
following formula [34]: 

ε= β cos θ
4

(5) 

In addition, micro-stress (σ) can be then calculated by Ref. [35]: 

σ = Eε (6) 

Where the ε can be obtained from Equation (2) and E is Young’s 
modulus having values of 348.4 GPa [36]. Therefore, we can evaluate ε 
and σ from Equations (5) and (6). In Fig. 3 (d), the micro-strain (ε) 
increases from ~0.00033 to ~0.00047 with increasing Co doping. As the 
ε increases, the micro-stress (σ) also increases because of their propor
tionality. As shown in the inset of Fig. 3(d), The σ increases from ~0.11 
GPa to ~0.16 GPa as x increases from 0 to 0.05. We have proven our 
consideration above that the lattice thermal conductivity of the FeSi2 
system decreases due to the increase in internal strain/stress of the 
system while Co occupies the host FeSi2. The lattice thermal conduc
tivity is characterized by Ref. [37]: 

κL =(1 /3)Cvν2
gτ = (1 /3)Cvνgl (7) 

where Cv is the specific heat at constant volume, νg is phonon group 
velocity, τ is relaxation time, and l is phonon mean free path. As 

Fig. 3. (a) Full width at half maximum (FWHM, β) and diffraction angle (θ) with x dependence. (b) The peak intensity at 202/220-plane, where the dash straight line 
and arrow is a guide showing the transition of the peak shifting to the left due to tensile strain. (c) Crystallite size (D) and (d) micro-strain (ε) with x dependence. The 
inset plots the data of stress (σ).

Fig. 4. Schematic illustration of Co dopant induced the tensile strain to the 
β-FeSi2 system, leading to lattice softening (top) and the crystallite size 
decrease, leading to phonon scattering (bottom). The lattice softening decreases 
the phonon velocity while the small crystallite size decreases phonon relaxation 
time. Both lattice softening and phonon scattering contribute to the reduction in 
thermal conductivity.
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illustrated in Fig. 4, the dopant Co induces the tensile strain and de
creases the crystallite size. As a result, the phonon velocity becomes 
slower, and the relaxation time is smaller due to lattice softening and 
phonon scattering, respectively.

The lattice softening causes a reduction in phonon velocity because it 
weakens the bonds between atoms, making the lattice less rigid. Phonon 
vibrations which usually carry heat, travel faster in a stiffer lattice. 
When the lattice softens, these vibrations slow down due to decreased 
stiffness and lower vibrational frequencies. Since phonon velocity is 
important for heat transfer, a reduction in velocity results in lower 
thermal conductivity. Thus, softer lattices cause more phonon scattering 
and decrease the efficient movement of heat through the material.

The small crystallite sizes form more grain boundaries that act as 
barriers to phonon transport, leading to a reduction in phonon relaxa
tion time (the average time between phonon collisions). Shorter relax
ation times increase phonon scattering, reducing the efficiency of heat 
transfer and consequently decreasing thermal conductivity. In thermo
electric application, it is important that smaller crystallites create more 
barriers in the phonon path, leading to a reduction in thermal 
conductivity.

4. Conclusion

In summary, we found that the Co doing increases the tensile strain 
of β-FeSi2 crystal. In addition, the Co substitution also decreases the 
crystallite size of the host crystal. The increase of tensile strain and 
decrease in crystallite size lead to lattice softening and phonon scat
tering, indicating the origin of the reduction of thermal conductivity. 
This study could be beneficial for understanding the correlation between 
thermal transport and crystal properties of metal silicides.
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