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We investigate the phase fraction in Co and Ni-doped p-FeSiy. For the p-Fe;.,Co,Siz, the formation of the a-phase
is more dominant than the e-phase. In contrast, for the p-Fe;,Ni,Siy, the increase in the e-phase is more dominant
than the a-phase. This result indicates the phase transition in p-FeSiy is dependent on the amount and type of
dopant. This study offers a solution to evaluate the phase fraction of Co and Ni-doped B-FeSi,. Therefore, we
could identify the range of optimum dopant concentration to prepare Co and Ni-doped p-FeSi; for thermoelectric
application with a preferable phase.

1. Introduction

Iron silicide is an abundant and eco-friendly compound having three
types of crystal structures namely tetragonal a-phase (a-Fe,Sis with P4/
mmm space group) [1], cubic e-phase (e-FeSi with P2;3 space group) [2],
and orthorhombic B-phase (B-FeSiy with Cmce space group) [3]. It should
be noted that a and e-phases are metal and not suitable for thermo-
electric (TE) application because of the small Seebeck coefficient (S =
-AV/AT, where AV is the voltage and AT is the temperature difference
across the material). Among these three phases, semiconducting p-FeSiy
with a small band gap (Eg ~ 0.7eV) has been classified as a potential
candidate in TE applications due to strong oxidation resistance and good
thermal stability [4-6]. The performance of TE material is theoretically
defined by the dimensionless figure of merits (ZT = S?Tp~ 'k ~, where S
is the Seebeck coefficient, T is temperature, p is the electrical resistivity,
and « is the thermal conductivity). The term $%p~! is usually known as
the power factor (PF). Due to low carrier density (ny) and narrow band
gap, the bipolar effect occurs in the pure p-FeSi; system, resulting in the
deterioration of the |S|, especially at high temperatures [7]. In addition,
the electrical resistivity of non-doped p-FeSiy is also high because of low
ny [8,9]. Consequently, the ZT value of pristine p-FeSis is low (ZT = 2 x
10~* at 100 K) [10] and this limits its application in thermoelectricity.
To solve this issue, researchers have been trying to alloy pure p-FeSiz
with the elements having more valence electrons to either Fe or Si sites
for increasing the ny. However, by adding the dopants, the metallic
phases are formed, making the reduction in |S|. The analysis of impurity
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phases was based on the SEM image and XRD patterns [11-17], whereas
the quantitative analysis of phases’ occupation with Co and Ni depen-
dence in the B-FeSiy has not been reported. The quantitative analysis of
phase fraction is important for designing a good f-FeSi, for TE appli-
cation because the phase transition of this material is very sensitive to
the dopants.

In this work, we quantitatively report the analysis of the phase
fraction of Co-doped p-Fe;.,Co,Siz (0 < x < 0.10) and Ni-doped p-Fe;.
yNiySiz (0 <y < 0.03) prepared by direct arc melting and heat treatment
process. We choose x < 0.10 and y < 0.03 because the optimum con-
dition of Co and Ni amount for improving the TE performance of $-FeSiy
is smaller than 10% and 3%, respectively.

2. Experimental methods

The raw elements of iron (Fe grain 99.9% up), silicon (Si grain,
99.999%)), cobalt (Co powder, 99% up), and nickel (Ni grain 99.9%)
were prepared to follow the composition ratio of Fe; ,Co,Siz (0 <x <
0.10) and Ni-doped Fe;.yNi,Siz (0 < y < 0.03). The raw materials were
arc-melted under an argon atmosphere. Vacuum sealing was employed
to remove the residual air before the heat treatment process. Two steps
of heat treatment were applied. The first step is at 1423 K for 3 h and the
second step is at 1113 K for 20 h. The first step of heat treatment is to
further homogenize the material distribution and the second step is to
transform the metallic phase (a-FeySis + e-FeSi) to the semiconducting
phase (B-FeSiy). This heat treatment was followed in the previous report
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Fig. 1. Rietveld refinement of (a) non-doped FeSi,, (b) x = 0.10, Fe.99C00.10Si2, where the inset shows XRD patterns of x = 0.06 and x = 0.07, and (c) y = 0.03,
Fep.97Nip.03Si2, where the inset shows XRD patterns of y = 0.001 and x = 0.005. The indexed peaks are f-phase and arrows indicate the peak of metallic € and a-phase.
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Fig. 2. SEM images of (a) non-doped FeSi, with only p-phase is observed, (b) x
= 0.10, Fep.90C00.10Si2 where the B, €, and a-phases are observed, and (c) y =
0.03, Feg.97Nig.03Siz where the p and e-phases are observed.

[4], where the optimum condition was identified.

The powder X-ray diffraction (XRD) patterns were measured by
using an X-ray generator with Cu Ka radiation (High-resolution Smar-
tLab, Rigaku). The measured XRD data were then used for the Rietveld
analysis by utilizing the RIETAN-FP program. The crystal standard data
were taken from Inorganic Crystal Structure Database (ICSD), where the
code 9119-ICSD was used for p-phase [3], code 41997-ICSD was used for
e-phase [18], and code 5257-ICSD for a-phase [19]. In addition, the
surface microstructure was observed by a 3D Real Surface View Mi-
croscope (VE8800, KEYENCE). The Seebeck coefficient (S) and electrical
resistivity (p) were measured by using ResiTest8300 (TOYO Co.) and
home-built apparatus. The thermal conductivity was measured by a
power efficiency measurement system (PEM-2, ULVAGC, Inc).

3. Results and discussion

The Rietveld refinement of the samples after the heat treatment
process is plotted in Fig. 1. For non-doped FeSis, the majority of f-phase
is obtained with a small peak of e-phase at a diffraction angle of 26 =
45.2° (in Fig. 1(a)). In Fig. 1(b), for Co doping, the peak of e-phase at 26
= 45.2° increases if we compare it to a non-doped sample. This pattern is
similar to the previous report of Dabrowski et al. when 3% of Co is added
to B-FeSip [11]. In addition, the peak of a-phase also significantly in-
creases at 20 = 37.6° because of the high amount (10%) of dopant. The
presence of a-phase agrees with the previous of Ito et al. when co-doping
(Cu + Co) is introduced to p-FeSiy [13], indicating that the a-phase is
formed when more impurities/dopants are added. On the other hand, in
Fig. 1(c), the Ni addition only increases the peak of the e-phase. This
tendency is the same as the previous report for Ni-doped p-FeSiy
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prepared by mechanical milling and hot-pressing method reported by
Nagai et al. [15].

Fig. 2 shows the microstructures visualized by SEM measurement.
For non-doped FeSiy, there is no presence of metallic phases, indicating
almost a single p-phase is obtained (in Fig. 2(a)). This result agrees with
the previous report of Dabrowski et al. [11]. Interestingly, for
Fe(.90C00.10Si2, the grains of € and a-phase are formed as can be seen in
Fig. 2(b). This tendency is consistent with the Rietveld refinement in
Fig. 1, where the peak of ¢ and a-phases increase with Co addition.
Previous studies also reported that more metallic e-phases were formed
when B4C [20], Cu [12], and rare-earth oxides [21] were introduced to
B-FeSiy. Fig. 2(c) shows that a large grain of e-phase formed in the
Feg.97Nig.03Si2, but a-phase cannot be observed. This tendency suggests
that the addition of Ni is more dominant to the formation of the e-phase
than the a-phase.

The phase fraction in the Fe;,Co,Siy is plotted in Fig. 3 and the data
are summarized in Table 1 The amount of p-phase decreases from
97.52% to 41.53% as x increases from O to 0.10, respectively. In
contrast, the mass fraction of both € and a-phase remarkably increases
with x, indicating the phase transition is drastically influenced by the
dopant. With increasing x from 0 to 0.10, the e-phase increases from
1.41% to 9.36%, and the a-phase increases from 1.07% to 49.11%. This
result suggests that the increase in a-phase is more dominant than the
e-phase for Fej.,Co,Sis. This is because the atomic size of Co (r¢o = 1.26
A) is larger than Fe (rge = 1.25 A). Therefore, the orthorhombic structure
of B-FeSiy transforms to the tetragonal structure of a-FesSis, whereas the
lattice constant, a = 9.8868(2) A, of orthorhombic p-phase is approxi-
mately twice larger than lattice constant, ¢ = 5.151(1) 10\, of tetragonal
a-phase. In addition, the decrease in solubility of Co in the p-phase with
increasing x should also be the factor to increase the metallic a-phase.
The amount of a-phase and p-phase is stable for 0.01 < x < 0.06, and
then a-phase suddenly increases for x > 0.06 but p-phase decreases. This
result suggests that the maximum solid solution limit of Co in the
B-phase is 6%. This tendency agrees with the previous report of Ware
et al., where the maximum solubility of CoSis in p-FeSis is 6% [22]. In
addition, it is consistent with the XRD patterns in the inset of Fig. 1 (b),
where the peak of a-phase at 20 = 37.6° is dominant at x = 0.07. It is
considered that the optimum Co doping amount to improve TE prop-
erties should be smaller than 6%.

Fig. 4 shows the mass fraction in the Fe;.,Ni,Sis. With increasing y,
the p-phase moderately decreases from 97.52% to 89.61% but the
e-phase increases from 1.41% to 9.28%. The change in a-phase is
negligible. This tendency suggests that the increase in e-phase is more
dominant than a-phases for the Fe;.,Ni,Siy. This is because the atomic
size of Ni (ryj = 1.21 A) is smaller than Fe (rpe = 1.25 A). Asa result, the
orthorhombic structure of B-FeSi, transforms into the cubic structure of
e-FeSi, whereas lattice constants of cubic e-phase, a = b = ¢ = 4.4858(5)
A, are smaller than lattice constant orthorhombic p-phase. In addition,
the decrease in solubility of Ni in the B-phase with increasing its content
should also be the factor to increase the metallic e-phase. In the XRD
patterns of the inset of Fig. 1 (c), the peak of e-phase at 20 = 45.2° is
dominant at y = 0.005. Therefore, it is considered that the maximum
solubility of Ni in the p-phase is smaller than 0.5%.

The Seebeck coefficient (S), electrical resistivity (p), and thermal
conductivity (x) at room temperature of Fe;.,Co,Siz with Co dependence
are plotted in the inset of Fig. 3. The absolute |S| of the non-doped
sample is smaller than the Co-doped samples probably due to the
decrease in carrier mobility but the |S| decreases with increasing x as
shown in the inset (a) of Fig. 3. The p decreases with Co doping level x as
shown in the inset (b) of Fig. 3. The decrease in both |S| and p with
increasing x is because of the increase in carrier concentration [23] and
metallic phase. In the inset (c) of Fig. 3, the « slightly decreases with x
because of the electron and phonon interaction between the dopant and
host atom as indicated by Tani et al. [24]. In addition, the S, p, and « at
300 K of Fey.,Ni,Si with Ni dependence are plotted in the inset of Fig. 4.
In the inset (a)-(b) of Fig. 4, both S and p remarkably decrease with y
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Fig. 3. Mass fraction of Co-doped Fe;.,Co,Si, with x dependence calculated by Rietveld analysis. The inset shows the data of (a) Seebeck coefficient, S, (b) electrical

resistivity, p, and (c) thermal conductivity, x, at room temperature.

Table 1
Mass fraction of B, €, and a-phase in Fe;_,Co,Siz and Fe; ,Ni,Si,.

x Mass fraction in Fe; ,Co,Six

B-phase (%) e-phase (%) a-phase (%)

0.00 97.52 1.41 1.07
0.01 91.53 1.76 6.72
0.02 93.24 2.13 4.63
0.03 91.52 2.57 5.91
0.04 90.81 1.83 7.35
0.05 91.81 3.46 4.73
0.06 91.86 3.41 4.73
0.07 68.89 1.34 29.76
0.08 75.00 4.84 20.15
0.09 57.77 7.06 35.17
0.10 41.53 9.36 49.11
y Mass fraction in Fe; ,Ni,Siy
B-phase (%) e-phase (%) a-phase (%)

0.00 97.52 1.41 1.07
0.01 95.21 4.37 0.442
0.02 91.96 6.91 1.12
0.03 89.61 9.28 1.12

because of the increase in carrier density [23] and metallic phase. The
variation of x with Ni dependence is negligible as shown in the inset (c)
of Fig. 4.

Fig. 5 shows the power factor (PF) of the Fe;.,Co,Siz and Fe1,Ni,Sis.
The PF value is calculated by PF=S%~!, where S is the Seebeck coeffi-
cient and p is the electrical resistivity of the material. When Co or Ni is
added into the p-FeSiy system, both the Seebeck coefficient and

electrical resistivity decrease due to the increase in ny because Co and Ni
act as the donner to f-FeSip. Importantly, the formation of metallic
phases also contributes to the decrease in |S| and p. Fig. 5(a) shows the
maximum PF values of 291 pWm K2 at 300 K and 900 pWm 'K ~2 at
800 K obtained in the x = 0.03 sample. It is considered that x = 0.03 is
the optimum doping concentration. When x is higher than 0.03, the PF
value decreases due to the reduction in |S|. It is because the amount of
B-phase decreases with increasing x (Table 1). In other words, more
metallic phases are formed when more Co is added to the p-FeSiy. This
result supports phase fraction analysis, whereases the optimum doping
concentration is between 0 < x < 0.06 because f-phase remarkably
decreases at x > 0.06. For the Co-doped sample, the maximum PF value
of the current study (900 pWm K2 at 800 K) is higher than the sample
prepared by pressure sintering (800 pWm K2 at 800 K) as reported by
Shibuya et al. [25] and hot pressing method (500 me‘lK_2 at 600 K)
as reported by Ito et al. [13] due to the higher |S|. It is probably because
Shibuya et al. and Ito et al. applied a shorter heat treatment time of 5
min and 60 min, respectively. As a result, more metallic phases still
remained in their samples, reducing |S|. In Fig. 5(b), for Fe1yNi,Siy, the
highest PF values of 13 pWm 'K 2 at 300 K and 200 pWm 'K~ 2 at 600 K
are obtained in the y = 0.001 sample. When y is higher than 0.001, the
PF values decrease due to the reduced amount of semiconducting
B-phase as shown in Table 1. It should be noted that the decrease in |S| is
very sensitive to the presence of a metallic phase, resulting in a reduc-
tion in PF value. For the Ni-doped sample, at room temperature, the
maximum PF value of the current study (13 me’lK’Z) is almost the
same as the thin film sample (17 pWm ™K ~2) prepared RF sputtering
method as reported by Komabayashi et al. [26]. However, at high
temperatures, the maximum PF value of the current work (200
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pWm 'K ~2 at 600 K) is higher than the bulk sample of the previous
report of Nagai et al. prepared by the hot-pressed method (50
me’lK’2 at 650 K) [15] because the heat treatment was not applied to
their samples, resulting in the remained large amount of metallic phase
and consequently decrease |S|. At the same doping level, the PF value of
the Ni-doped sample is lower than the Co-doped sample because the Ni
has a lower solid solution limit than Co in the p-FeSiy [15,27]. Therefore,
at the same doping level, the ny of the Ni-doped sample is lower than the
Co-doped sample [23]. Consequently, the p of the Co-doped sample is
lower than the Ni-doped sample, making the PF value of the Co-doped
sample higher than the Ni-doped samples. The ZT value calculated by
ZT = §% Tp~1x™!, where S is Seebeck coefficient, T is temperature, p is
electrical resistivity, and « is thermal conductivity, with Co and Ni
dependence is plotted in Fig. 5. At 300 K, the ZT values of both Co and
Ni-doped samples are higher than the non-doped sample, having a
similar tendency to PF value. In Fig. 5(a), at 800 K, the highest ZT of
0.099 is obtained in 3% Co doping. In Fig. 5(b), at 600 K, the highest ZT
of 0.019 is obtained in 0.1% Ni doping sample. It is considered that the
variation of ZT values is mainly contributed by the PF values.

4. Conclusions

In summary, we have investigated the mass fraction of p-Fe;_,Co,Sia

(0 <x <£0.10) and B-Fey,NiySiz (0 <y < 0.03) prepared by arc melting
and heat treatment. In the B-Fe;.,Co,Siz system, the increase in a-phase
is more dominant than e-phase, where the amount of a-phase increases
from 1.07 to 49.11% as x increases from O to 0.10. In contrast, in the
p-Fe;.yNi,Siy system, the increase in e-phase is more dominant than
a-phase, where the amount of e-phase increases from 1.41% to 9.28% as
y increases from 0 to 0.03. This study offers a solution to evaluate the
phase fraction in Co and Ni-doped p-FeSis. Therefore, we could identify
the range of optimum dopant concentration to prepare Co and Ni-doped
B-FeSiy for thermoelectric application with a preferable phase.
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