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A B S T R A C T

Metal-doped iron silicides (β-FeSi2) are promising thermoelectric materials for high-temperature applications.
However, the addition of metal dopants usually causes the formation of secondary metallic phases, resulting in
the degradation of thermopower. Here we report the stability of semiconducting β-phase (higher than 95 %) of
Mn-doped β-FeSi2 obtained at Mn concentration from 1 % to 5 %, where the samples were prepared through
direct arc melting and heat treatment process. The carrier density remarkably increases with Mn content, but the
mobility decreases. The electrical resistivity significantly decreases with Mn content. The Seebeck coefficient of
Mn-doped samples is improved and stable at high-temperature regions because of the reduction of the bipolar
effect and β-phase stability. The thermal conductivity slightly increases with Mn. As a result, the maximum
thermoelectric power factor PF = 970 μWm− 1K− 2 and dimensionless figure of merit ZT = 0.12 at 800 K are
obtained in a 3 % Mn-doped sample. The stability of β-phase and the improved carrier density are the origins of
enhanced thermoelectric properties, where the Seebeck coefficient is improved, and the electrical resistivity is
reduced. Our study provides insight into the importance of phase stability for enhancing thermoelectric transport
in Mn-doped β-FeSi2.

1. Introduction

Thermoelectric (TE) devices have gained interest in various appli-
cations such as waste heat recovery, refrigeration, and biomedical ap-
plications. In waste heat recovery, the TE generator could directly
convert it into electricity without any moving parts and no gas or me-
chanical pollution to the environment [1,2]. The TE generator has been
also used to recover energy loss from the exhaust heat generated by the
vehicles [3,4]. In cooling applications, a TE cooler is used to cool down
the electronic hot spot to increase the lifespan of electronic devices [5].
In biomedical applications, it was reported that the TE device could
effectively accelerate the wound-healing process faster than natural
healing [6]. The efficiency of TE devices is mainly dependent on the
performance of TE materials. The TE material performance is defined by
the dimensionless figure of merit (ZT) as expressed by Ref. [7]:

ZT= S2ρ− 1κ− 1T (1)

Where S is the Seebeck coefficient, T is temperature, ρ is electrical re-
sistivity, and κ is thermal conductivity dominated by the electronic and

lattice part (κ = κe + κl). Usually, the part S2ρ− 1 in Equation (1) is called
the power factor (PF) of the materials. Traditional TE materials such as
Pb and Bi-based compounds [8–10] are high-cost and toxic. Thus, many
studies are trying to improve the properties of abundant and non-toxic
materials such as oxides [11–15], sulfides [16–18], intermetallic Heus-
ler [19–21], and silicide-based compounds [22–31]. Among silicide al-
loys, the semiconducting iron silicide (β-FeSi2) has gained attention for
high-temperature TE applications due to its thermal stability and strong
oxidation resistance [32,33]. However, the TE performance of pristine
β-FeSi2 was not good enough due to the high ρ and decrease of the |S| at
high temperatures due to the contribution of the bipolar effect, leading
to the reduction in PF values. By increasing the carrier concentration
(nH) of β-FeSi2, the ρ can be decreased and the |S| value can be improved
simultaneously, resulting in the improvement of PF values. The increase
in nH can be effectively obtained by the addition of dopants. However,
adding dopants causes the formation of the secondary phases (metallic
phases) [30,34–36] which is not preferable in TE application because
the S value of metallic materials is very small (S = − ΔV/ΔT) compared
to semiconducting materials. Therefore, to decrease the ρ while main-
taining the S, the suppression of the secondary metallic phases is
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required in the β-FeSi2 system.
Recently, Qiu et al. reported the highest ZT of 0.6 at 1000 K obtained

in 16 % Ir-doped β-FeSi2 prepared by spark plasma sintering (SPS)
method [27]. It was found that Ir element could not only improve PF
value but also decrease κ, where its role is a heavy element for phonon
scattering. Cheng et al. reported that the maximum ZT of 0.3 at 900 K
was obtained in an 8 % Co-doped β-FeSi2 by applying a long heat
treatment process for 15 days [30]. In addition, Le tonquesse et al. ob-
tained a 20 % reduction in κ due to stacking fault structure in a 7 %
Co-doped β-FeSi2 sample prepared by the magnesioreduction synthesis
technique. As a result, the maximum ZT of 0.18 was obtained at 773K.
Dabrowski et al. reported a maximum ZT of 0.15 obtained in a 3 %
Co-doped β-FeSi2 sample prepared by pulse plasma sintering method
[34]. They found that the ε-phase was formed with the addition of Co
and Mn. To obtain p-type β-FeSi2, doping with Al is also effective for
improving the transport properties. Chen et al. reported that the elec-
trical conductivity and Seebeck coefficient of β-FeSi2 were simulta-
neously improved by Al doping, resulting in a maximum ZT of 0.11 at 5
% Al addition [37]. Du et al. investigated the thermoelectric properties
of p-type FeSi2-xAlx fabricated by the SPS method. They reported the
highest ZT = 0.18 at 850 K was obtained in x = 0.04 [38]. This was
because when x > 0.04, the formation of secondary phases occurred,
causing the deterioration |S|. By alloying with the Os element, the ZT
was further improved up to 0.35 due to the remarkable reduction in κ. In
addition, it was reported that the ZT of β-FeSi2 was enhanced up to 0.31
at optimum doping levels of 3 % Co + 1 % Ni [39]. However, the sec-
ondary phases increase with Co and Ni doping [40]. Zhao et al. inves-
tigated the effect of Si content on the TE properties of Mn-doped FeSix
prepared by the hot-pressing method. The ε-phase was formed when x≤
1.9; therefore, the highest ZT of 0.17 at 873 K was obtained in the x = 2
sample [41]. Based on a series of previous reports, the formation of
secondary phases is sensitive to the TE performance. Therefore, it has
been a challenge to maintain the semiconducting β-phase when the
dopant is introduced to the β-FeSi2. In addition, the key point is what we
could achieve when the β-phase is stabilized even though the dopant is
introduced to the β-FeSi2. Importantly, the correlation between the
phase contents and transport properties needs to be further discussed in
depth.

In this work, we comprehensively investigate the structure evolu-
tions, phase contents, electrical conduction, and transport properties of
Fe1-xMnxSi2 (0 ≤ x ≤ 0.05) fabricated by direct arc melting and heat
treatment process. Since we aim to study the TE properties of p-type
β-FeSi2-based materials, the Mn element is chosen as a dopant to tune
the conduction of β-FeSi2 from n-type to p-type semiconductors. The TE
properties are investigated from 80 K to 800 K and the relationship
between the phase contents and transport properties is also discussed. In
addition, we found that the addition of Mn up to x= 0.05 could maintain
the semiconducting β-phase higher than 95 % which is beneficial for TE
transport.

2. Experiments

The rawmaterials of Fe grain (99.9 % up), Mn grain (99.9 % up), and
Si grain (99.999 %) were weighted for a total mass of 20g for each
compositional ratio of Fe1-xMnxSi2 where (0≤ x≤ 0.05). Themixtures of
raw materials were melted using an arc melting apparatus in an argon
atmosphere under a vacuum pressure of 10− 3 Pa. To ensure homoge-
neity, the ingots were flipped and remelted three times. The ingots were
sliced into the appropriate pieces (size: 7mm × 7mm × 1.5 mm for the
characterization of transport properties) using a numerical control wire-
cutting machine (Makino, EC-3025). The obtained ingots from arc
melting are in metallic phases (α-Fe2Si5 and ε-FeSi); therefore, the heat
treatment was applied to transform them into a semiconducting phase
(β-FeSi2). The samples were heat-treated at 1423 K for 3 h and followed
by 1113 K for 20 h in a vacuum-sealed silica quartz ampule. The first
step of heat treatment was to further homogenize materials distribution

and the second step was to transform the metallic phase into the semi-
conductor phase. The heat treatment process followed the previous
report [42], where the conditions were optimized.

The powder X-ray diffraction (XRD) measurement was performed
using an X-ray diffractometer (SmartLab, RIGAKU) equipped with Cu K-
α having a wavelength of 1.5418 Å. The obtained XRD data were used
for the calculation of crystal structure parameters and phase identifi-
cation employing the Rietveld refinement method in the RIETAN-FP
program. The Fe1 and Fe2 occupancy was set to x while that of Mn1
and Mn2 were set to 1-x for 0≤ x≤ 0.05. The standard crystal data were
taken from the Inorganic Crystal Structure Database (ICSD). The code
9119-ICSD [43] was used for β-phase, code 41997-ICSD [44] is for
ε-phase, and code 5257-ICSD [45] is for α-phase. The microstructures
were observed by the scanning electron microscope (SEM, VE-8800,
KEYENCE). The density of sample was measured by Archimedes
method. The electrical properties such as carrier density (nH) and
mobility (μH) were measured at room temperature using the ResT-
est8300 apparatus (TOYO Co.). The thermoelectric properties such as
resistivity (ρ) and Seebeck coefficient (S) were measured from 80 K to
800 K using ResiTest8300 and home-built apparatus. The thermal con-
ductivity (κ) was characterized using the power efficiency measurement
system (PEM2, ULVAC, Inc).

3. Results and discussion

3.1. Structure and phase analysis

The XRD patterns and microstructures of FeSi2 are illustrated in
Fig. 1. The arc-melted sample (before heat treatment) is crystallized in
metallic phases (ε-FeSi + α-Fe2Si5) as confirmed at all indexed peaks of
the XRD patterns (Fig. 1 (a)). In addition, the inset shows the surface
morphology with the grain of ε-phase (bright grain) and α-phase (dark
grain). This tendency is similar to the previous report of Dabrowski et al.
[34]. The pores are also formed due to the fast cooling of the copper
hearth. After the heat treatment, the XRD patterns indicate that the
sample is crystallized in the semiconducting phase (β-FeSi2) confirmed
by the indexed peaks (Fig. 1 (b)). The trace of ε-phase at 2θ = 45.2◦ was
also observed at the right side of the indexed peak 421. As shown in the
inset, the surface morphology is homogenous, indicating that only
β-phase is formed after heat treatment. Therefore, this suggests that heat
treatment is very important in the process of transforming metallic
phases into a semiconducting phase for the iron-silicide system. Inter-
estingly, the size of pores is enlarged compared to that before heat
treatment. The behavior occurred during the heat treatment process
when the volume of β-phase was transformed from ε and α-phase
(β-FeSi2 ← ε-FeSi + α-Fe2Si5). The pores usually contribute to the
reduction in lattice thermal conductivity, where phonons are scattered
more frequently compared to a system with less pores. However, the
relative densities of our samples (0 ≤ x ≤ 0.05) are higher than 95 %
(Table 1). Based on such high-density samples, the formation of pores
should have no significant influence on the analysis of thermoelectric
properties.

Fig. 2 shows the Rietveld refinement results for Fe1-xMnxSi2 (0 ≤ x ≤
0.05), where black, red, blue, green, and pink lines represent the
experimental data, β-phase, ε-phase, α-phase, and the difference be-
tween the data respectively. In Table 1, the reliability factor of the
weighted diffraction pattern Rwp is 2.9 %< Rwp< 3.4 %, and the index S
= Rwp/Re representing a comparison with Re corresponding to the sta-
tistically expected minimum Rwp is 1.3 < S < 4.1. This indicates that
goodness of fitting is obtained, suggesting that the samples are grown in
β-phase. The small peak of the ε-phase was observed as magnified in the
inset or pointed out by the arrow. The amount of phase content will be
discussed in the next part. Regarding the lattice parameters, it is found
that the volumes (V) of Mn-doped samples range from 606 Å3 to 609 Å3

which are slightly bigger than that of the non-doped sample (V~605 Å3)
(Table 1). This is because Mn has a larger atomic radius (rMn = 1.39 Å)
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than that of Fe (rFe= 1.25 Å). Similarly, the previous report also pointed
out that the lattice volume becomes bigger when dopants Ru [36] and
Co [26] are introduced to the host β-FeSi2 because the radius of Ru and
Co are larger than Fe.

To quantitatively evaluate the phase contents, we performed the
Rietveld refinement, and the results are plotted in Fig. 3. For all samples,
the β-phase occupies more than 95% (Fig. 3 (a) and Table 1). Other than
β-phase, the secondary metallic ε + α-phases share the occupation with
just less than 5 %. This tendency suggests that dopant Mn is well soluble
in β-FeSi2, contributing to improvement in thermopower. As shown in
Fig. 3 (b), if we compare it to other dopants such as Co and Ni [40], the

amount of β-phase decreases (lower than 95 %) with increasing doping
level (x) from 0 to 0.05. Therefore, the Mn-doped samples have better
phase stability. It should be noted that the decrease in semiconducting
β-phase or increase in metallic ε + α-phases deteriorates the thermo-
power and increases thermal conductivity, leading to a decline in TE
performance.

3.2. Electrical transport

The carrier density (nH) and mobility (μH) at room temperature of
Fe1-xMnxSi2 (0 ≤ x ≤ 0.05) is listed in Table 2 and plotted in Fig. 4. The
nH remarkably increases from ~1016 cm− 3 to ~1018-1019 cm− 3 as x
increases from 0 to 0.05, respectively. In Table 2, the sign of the Seebeck
coefficient (S) for x = 0 is negative (− ), indicating an n-type semi-
conductor. The sign of S changes to positive (+) for 0.01 ≤ x ≤ 0.05,
indicating a p-type semiconductor. This tendency suggests that Mn is an
acceptor for β-FeSi2, and it tunes the conduction properties from n-type
to p-type, where the hole concentration increases with Mn substitutions.
The nH values of our samples (x = 0.01, nH = 2.4(3) × 1018 cm− 3 and x
= 0.03, nH = 6.1(5) × 1018 cm− 3) prepared by the direct arc melting
method are slightly higher than the previous report (x = 0.01, nH = 8.9
× 1017 cm− 3 and x = 0.03, nH = 2.9 × 1018 cm− 3) prepared by cold
pressing and sintering method [46]. This is probably because the rela-
tive density of our samples (>95 %, Table 1) is higher than cold pressing
and sintering samples (80 %). The increase in nH contributes to the
improvement in both electrical conductivity and the Seebeck coefficient
due to the reduction in the bipolar effect [47], leading to an improve-
ment in the power factor of TE materials. However, it should be noted
that the β-phase also has an important role in maintaining the Seebeck
coefficient. For β-FeSi2, the formation of metallic ε and α-phases is so
sensitive to the dopant. If the metallic phases increase with the doping
level, the Seebeck coefficient will remarkably decrease [28,39]. There-
fore, the increased nH and β-phase stability are required to enhance the
TE properties of iron silicide.

Fig. 4 also shows the mobility (μH) decreases with x. The μH decreases
from 37(4) cm2V− 1s− 1 to 5.6(9) – 3.3(8) as x increases from 0 to 0.05,
respectively (Table 2). The decrease in μH with increasing Mn doping has
a similar tendency when Co [26,48,49] and Ni [28,48] are doped with
β-FeSi2. This is due to the increased scattering frequency when the
carrier density improved by adding dopants. The decreased μH has a

Fig. 1. XRD patterns of FeSi2 (a) arc-melted sample before heat treatment
having the peaks of metallic ε and α-phase and (b) heat-treated sample having
the peaks of semiconducting β-phase with a trace of ε-phase at the right side of
indexed peak 421 as pointed out by the arrow. The inset shows the micro-
structures of each sample.

Table 1
Lattice parameters, reliability factor, relative density, and phase occupations
were calculated by Rietveld analysis for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05).

Samples Fe1-xMnxSi2

Composition, x 0 0.01 0.02 0.03 0.04 0.05

Space group Cmce Cmce Cmce Cmce Cmce Cmce

Lattice parameters
a (Å) 9.8868

(2)
9.9008
(2)

9.9061
(3)

9.8882
(2)

9.8863
(2)

9.8878
(2)

b (Å) 7.8068
(1)

7.8214
(2)

7.8272
(2)

7.8136
(1)

7.8129
(2)

7.8154
(1)

c (Å) 7.8436
(2)

7.8579
(2)

7.8658
(3)

7.8514
(2)

7.8509
(3)

7.8542
(2)

V (Å3) 605.41
(2)

608.5
(2)

609.90
(3)

606.62
(2)

606.21
(2)

606.95
(2)

Reliability factor
Rwp (%) 3.251 3.038 2.950 3.012 3.475 2.922
Re (%) 0.792 1.559 1.575 0.815 1.549 2.160
S = Rwp/Re 4.105 1.949 1.873 3.696 2.243 1.353
Relative
density (%)

98.0(1) 97.0(3) 98.1(3) 97.6(5) 95.4(3) 96.4(3)

Phase occupation
β-phase (%) 97.52 96.45 96.49 96.52 97.95 97.35
ε-phase (%) 1.41 0.98 2.18 1.60 0.60 1.63
α-phase (%) 1.07 2.57 1.32 1.88 1.45 1.02
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negative impact on electrical conductivity; however, the increased nH
contributes to enhancing it. In addition, the large decrease in carrier
mobility with a low amount of Mn doping is due to the increase in
effective mass, and almost unchanged with a high amount of Mn doping
because the effective mass is almost constant. This point will be clarified
in the next section on the relationship between the Seebeck coefficient
and carrier density.

The temperature-dependent electrical resistivity (ρ) for Fe1-xMnxSi2
(0 ≤ x ≤ 0.05) is illustrated in Fig. 5 (a). The ρ of all samples decreases
with increasing temperature, indicating the semiconducting behavior
from 80K to 800K. In addition, the ρ of all Mn-doped samples(0.01 ≤ x
≤ 0.05) are remarkably lower than that of the non-doped sample (x= 0).
The decrease in ρ with Mn content is due to the increased nH as discussed
above. This relationship can be explained by Ref. [50]:

ρ= |e|− 1μH − 1 nH − 1 (2)

Where ρ, e, μH, and nH are resistivity, elementary charge, mobility, and
carrier density, respectively. Equation (2) implies that ρ is inversely
proportional to nH. As a result, the increased nH in Mn-doped samples
contributes to the reduction in ρ, enhancing TE performance.

We then estimate the activation energy (Ea) using the data of ρ with
temperature dependence as a function of nH and μH. At high tempera-
tures, the relationship between nH and T is expressed by Ref. [51]:

nH∝T 3/4 exp
(
− Ea
2kBT

)

(3)

Where kB is the Boltzmann constant. When the impurity is introduced to
the host material, the proportionality between μH and T is expressed by
Ref. [52]:

μH∝T 3/2 (4)

By substituting Equations (3) and (4) into (2), the relation of ρ with
Ea can be defined as follows:

ρT 9/4∝exp
(
Ea

2kBT

)

⇔ ln
(
ρT 9/4)∝

Ea
2kBT

=
Ea

2000kB
1000T− 1 (5)

By using Equation (5), we make the Arrhenius plot of ln(ρT9/4) versus
1000T− 1 as shown in Fig. 5 (b) and the values of Ea can be evaluated
from the slope of the straight lines, where the slope is equal to Ea/
(2000kB). The Ea of intrinsic x = 0 is about 0.524 eV, closing to the band
gap value (~0.7eV) reported by Clark et al. [53]. Equation (3) implies
that the activation energy (Ea) depends on the thermal activation pro-
cess of the carrier density, indicating that Ea is very much related to the
band gap. In addition, the Ea values decrease with increasing x, sug-
gesting that the addition of Mn moves the Fermi level closer to the
valence band. Therefore, the electrons require a lower energy to excite
from the valence band to the acceptor level. The Ea of our samples (x =

0.01, Ea = 0.132 eV, and x = 0.03 Ea = 0.108 eV) are about one-third of
an order of magnitude smaller than the previous report of Tani et al. (x
= 0.01, Ea = 0.299 eV and x = 0.03 Ea = 0.258eV) [46]. The smaller Ea
values of our samples should be due to the higher nH as discussed above.
In addition, based on the density functional theory reported by Sen et al.
[54], the Fermi level moves near the valence band with increasing Mn
doping. This tendency is consistent with our experimental results, where
Mn acts as an acceptor, and the carrier density increases with increasing
Mn doping levels. Moreover, the movement of the Fermi level close to
the valence band also agrees with the result of the activation energy,
where the activation energy decreases with Mn doping.

3.3. Thermoelectric properties

Fig. 6 illustrates the temperature-dependent Seebeck coefficient (S)
for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05) and Pisarenko’s plot of |S| versus nH. As
shown in Fig. 6 (a), the |S| of the x = 0 sample increases as temperature

Fig. 2. Rietveld refinement result of Fe1-xMnxSi2 (0 ≤ x ≤ 0.05) after the heat treatment. The black curve is experimental data, red is β-phase, blue is ε-phase, green is
α-phase, and pink is the difference between the data. All samples crystalize in semiconducting β-phase with the trace of ε-phase at 2θ = 45.2◦ as magnified in the inset
and pointed out with the arrow.
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increases from 80 K to 420 K due to the transition from impurity band
conduction to polaron conduction [55]. It then turns to decrease as
temperature increases from ~290 μVK− 1 to 0 μVK− 1 as temperature
increases from 420 K to 800 K. The decrease in |S| of the x= 0 sample at
high temperature is caused by the bipolar effect that usually occurs in
intrinsic semiconducting materials with low nH [47,56]. Compared to

the previous reports at room temperature, our x = 0 sample exhibits an
n-type semiconductor which is in agreement with the previous reports of
Cheng et al. [30] and Du et al. [38]. In contrast, Ito et al. [57,58] re-
ported that the conduction of the x = 0 sample exhibited a p-type ma-
terial. The difference in the conduction type of the x = 0 sample in these
reports is probably due to the purity of raw elements Fe and Si. It was
reported that the non-doped β-FeSi2 prepared with 4N purity of raw
elements exhibited p-type conduction, but the non-doped sample pre-
pared with 5N purity exhibited n-type [59]. In addition, at
low-temperature regions, there is a transition from n-type to p-type. For
example, as shown in the inset of Fig. 6 (a), the sign of S of x = 0.05
changes from negative (− 2 μVK− 1) to positive (+1 μVK− 1) as tempera-
ture increases from 145 K to 150 K, respectively. This indicates that the
conduction of Fe1-xMnxSi2 is dominated by both electrons and holes,
where their ratios change with temperatures [48].

The S of all Mn-doped samples is more uniform with temperature,
especially at high temperatures, due to the reduction of bipolar effect
when the nH is improved. The highest S value of 456 μVK− 1 at 245 K is
obtained in x = 0.04. It then decreases to 380 μVK− 1 as temperature
increases up to 460 K. This tendency suggests that the bipolar effect
remains for x ≤ 0.04 samples. In addition, for 0 ≤ x ≤ 0.04, the increase
in S at the low-temperature side and suppression of S at the high-
temperature side is due to effective mass (m*) with suppression of nH.
As illustrated in Fig. 6 (b), the increase in S with increasing x for 0 ≤x ≤
0.04 is because of the increase in m*. On the other hand, for 0.05 ≤ x ≤
0.09, the decrease in Swith increasing x is due to the increase in nH. The
relationship between S, m*, and nH can be understood from Mott’s for-
mula [60]:

Fig. 3. (a) Mn dependence of phase fraction in Fe1-xMnxSi2 (0 ≤ x ≤ 0.05). The
semiconducting β-phase occupies more than 95 % while the metallic ε and
α-phases occupy less than 5 %. (b) comparison of the β-phase content of Mn-
doped samples in this work with Co and Ni-doped samples in the previous
report in Ref. [40]. When doping (x) increases from 0 to 0.05, the amount of
β-phase in Co and Ni-doped samples decreases to less than 95 % while that of
Mn-doped samples maintains higher than 95 %.

Table 2
Room temperature data of Lorenz number (L0), scattering factor (r = − 1/2) for acoustic phonon scattering, carrier density (nH), mobility (μH), Seebeck coefficient (S),
electrical resistivity (ρ), total thermal conductivity (κ) for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05).

x L0 r nH μH S ρ κ

[V2K− 2] [cm− 3] [cm2V− 1s− 1] [μVK− 1] [Ωcm] [Wm− 1K− 1]

0 1.792 × 10− 8 − 1/2 2.3(2) × 1016 37(4) − 127 7.10 7.67
0.01 1.625 × 10− 8 − 1/2 2.4(3) × 1018 5.6(9) 332 0.45 9.4
0.02 1.626 × 10− 8 − 1/2 5.2(6) × 1018 2.4(5) 320 0.50 7.9
0.03 1.625 × 10− 8 − 1/2 6.1(5) × 1018 4.3(3) 345 0.24 7.3
0.04 1.624 × 10− 8 − 1/2 6.5(1) × 1018 3.5(1) 439 0.27 8.7
0.05 1.631 × 10− 8 − 1/2 1.8(4) × 1019 3.3(8) 254 0.10 7.2

Fig. 4. Room temperature data of carrier density (nH) plotted with the left axis
and carrier mobility (μH) plotted with the right axis for Fe1-xMnxSi2 (0 ≤ x
≤ 0.05).
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|S| =
π2k2BT
3|e|ℏ2

1
D(EF)

[
∂D(E)

∂E

]

E=EF
=

π2k2BT
3|e|ℏ2

1
D(EF)

∂D(EF)
∂EF

(6)

Where kB is Boltzmann constant, T is temperature, e is elementary
charge, ℏ is Plack’s constant, EF is the Fermi energy, and D(EF) is the
density of state at Fermi energy. From the Free Electron theory, D(EF) in
the volume (V) is defined by Ref. [51]:

D(EF)=
V
2π2

(
2m∗
ℏ2

)3/2 ̅̅̅̅̅
EF

√

⟹
∂D(EF)

∂EF
=
V
2π2

(
2m∗
ℏ2

)3/2∂
( ̅̅̅̅̅
EF

√ )

∂EF
=
V
2π2

(
2m∗
ℏ2

)3/21
2

̅̅̅̅̅
EF

√

EF
=

1
2EF

D(EF)

(7)

By substituting Equation (7) into (6), we obtain:

|S| =
π2k2BT
6|e|EF

(8)

The Fermi energy, EF, is defined by Ref. [51]:

EF =
ℏ2

2m∗
(
3π2 × n

)2/3 (9)

By substituting Equation (9) into (8), the relationship between S, m*,
and nH can be finally obtained as follows:

|S| =
k2BT
3|e|ℏ2m ∗

(
π
3nH

)2/3

(10)

From Equation (10), the |S| is contributed by m* and nH. We use this
equation to evaluate the m* by fitting experimental data of |S| with the
calculated data as a function of nH as shown in Fig. 6 (b). Therefore, the
increase in m* contributes to the increase in |S| for 0 ≤x ≤ 0.04, but the
increase in nH contributes to the decrease in |S| for 0.05 ≤ x ≤ 0.09. A
large increase in m* with a low amount of Mn doping and almost con-
stant at high Mn doping levels are consistent with the result of carrier
mobility as discussed above. In addition, since the m* is inversely pro-
portional to the curvature of band structure (d2E/dk2) as can be
expressed by:m*= ℏ2(d2E/dk2)− 1, the increase inm* with the increasing
amount of Mn doping suggests that the curvature of the valence band is
decreasing [61]. In other words, the curvature of the band structure of
β-FeSi2 [53] should become flatter when doping with Mn.

Fig. 7 illustrates the temperature-dependent power factor, PF=S2/ρ,
for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05). The inset shows that the maximum PF
value of the non-doped sample is 3.4 μWm− 1K− 2 at 450 K, but it de-
creases to about 0 μWm− 1K− 2 as temperature increases to 800K. The

Fig. 5. (a) Temperature dependence of electrical resistivity (ρ) for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05). (b) Arrhenius plot of ln(ρT9/4) versus the reciprocal absolute tem-
perature, where the activation energy (Ea) is estimated from the slope of the straight lines.

Fig. 6. (a) Temperature dependence of Seebeck coefficient (S) for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05). The inset shows the transition of conduction properties from n-type to
p-type of x= 0.05 at low-temperature region. (b) Absolute Seebeck coefficient |S| versus carrier density (nH) at room temperature. The solid line is the calculated data
from Equation (10) using various effective masses, m* = xme, where x is the variables and me is the static mass of electrons equal to 9.10938 × 10− 31 kg. The data of |
S| for 0.06 ≤ x ≤ 0.09 at room temperature are taken from our previous work [31]. The shaded blue arrow indicates the region where m* contributes to the increase
in |S| up to x = 0.04. The shaded red arrow indicates the region where the nH contributes to the decrease in |S|.
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decrease in PF of the non-doped sample at high temperatures is pro-
voked by the reduction in |S| due to the bipolar effect. The PF values of
0.01 ≤ x ≤ 0.05 samples are much higher than that of the x = 0 sample
due to the decrease in ρ and improvement in S. As a result, the maximum
PF of 970 μWm− 1K− 2 at 800 K is obtained at optimum doping x = 0.03.
Such PF value is higher than the Co-doped sample (PF = 900
μWm− 1K− 2) investigated by the previous study [40]. This is because the
amount of β-phase (95 % up) in the Mn-doped sample is higher than the
β-phase (91 %) in the Co-doped sample, leading to the enhancement of
the S and PF. Therefore, the stability of the β-phase is essential to
improve the PF values.

The temperature dependence of total thermal conductivity (κtotal =
κl + κe) and the electronic part (κe) are illustrated in Fig. 8. At below
600K, the κtotal of all samples decreases increasing temperature indi-
cating semiconducting behaviors. In contrast, at high temperatures
above 600K, the κtotal increases with temperature because of the bipolar

diffusion effect. In addition, the κtotal slightly increases with x probably
due to the increase in κe. The values of κe are evaluated by Wiede-
mann–Franz law: κe = L0T/ρ, where L0 is Lorenz number, T is temper-
ature, and ρ is electrical resistivity. In the case of acoustic phonon
scattering (scattering factor r = − 1/2), L0 is defined by Ref. [62]:

L0 =
(
kB
e

)2

⎡

⎢
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⎢
⎣
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(11)

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
)

(12)

From Equation (12), η can be determined by fitting the experimental
value of S at room temperature. Thus, L0 can be consequently evaluated
from Equation (11) and the data are summarized in Table 2. As illus-
trated in Fig. 8, the κe of all samples monotonically increases with
temperature and it also increases with x because of the decrease in ρ.
However, the ratio of κe to κtotal is very small compared to that of κl to
κtotal. This indicates that κl has a major contribution to the κtotal.
Therefore, it is suggested that additional doping with heavy elements
such as ruthenium (Ru) or germanium (Ge) could help to reduce the
phonon mean free path (l), resulting in a decrease in κl and improved TE
performance. The relationship between κl and l can be expressed by
Ref. [50]:

κl =
1
3
CVvGl (13)

Where CV is the specific heat at constant volume, υG is the phonons group
velocity and l = υGτ; τ is phonon relaxation time. Equation (13) implies
that κl is proportional to l. Heavy dopants usually introduce significant
mass differences compared to the host lattice, resulting in increasing
phonon scattering. Thus, the phonon scattering reduces the mean free
path or relaxation time, thereby decreasing κl.

Fig. 9 shows the temperature dependence of TE performance (ZT
values) evaluated by Equation (1). As illustrated in the inset, the
maximum ZT of x = 0 is about 2.4 × 10− 4 at 450 K and it remarkably
decreases as temperature increases. The decrease in ZT of x = 0 at high
temperatures is because of the reduction in S, where the bipolar effect
dominates. The ZT values of 0.01 ≤ x ≤ 0.05 samples are much higher
than that of the x = 0 sample due to improvement in PF values, whereas
ρ is reduced and S is uniform at high temperatures (reduction in bipolar
effect). The β-phase stability also contributes to maintaining S and
improving ZT. As a result, the highest ZT of 0.12 at 800 K is obtained in
optimum doping of x = 0.03. Comparing the ZT values of samples
fabricated by the same method, the ZT of the current Mn-doped sample
(ZT = 0.12) is lower than the ZT of our double doping (Ni + Co)-doped
sample (ZT = 0.31) [39], but relatively higher than the ZT of our
Co-doped sample (ZT = 0.099) [26]. The ZT of the Mn-doped sample is
lower than that of the (Ni + Co)-doped sample because the effective
mass of holes is lighter than that of electrons due to the difference in
curvature (d2E/dk2) between the bottom of the conduction band and the
top of the valence band. The maximum ZT of our study is similar to
previous reports of Mn-doped samples prepared by the pressure-less
sintering method (ZT = 0.14) [63], sintering gas-atomized powders
using the hot pressing method (ZT = 0.1) [64], spray drying and sin-
tering techniques method (ZT = 0.15) [65], but is relatively higher than
the sample pulse plasma sintering method (ZT = 0.06) [34]. However,
our proposed direct arc melting method is less time-consuming
compared to the pressure sintering method.

Fig. 7. Temperature dependence of power factor (PF=S2/ρ) for Fe1-xMnxSi2 (0
≤ x ≤ 0.05). The inset magnifies the data of the non-doped sample.

Fig. 8. Temperature dependence of total thermal conductivity (κtotal) plotted
with the left axis and electronic thermal conductivity (κe = L0T/ρ) plotted with
the right axis for Fe1-xMnxSi2 (0 ≤ x ≤ 0.05).
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4. Conclusion

Arc melting and heat treatment processes were used to prepare β-Fe1-
xMnxSi2 (0 ≤ x ≤ 0.05) thermoelectric. We found that the semi-
conducting phase (β-FeSi2) of all samples is higher than 95 % and stable
with x from 0 to 0.05, while the metallic phases (α-Fe2Si5 and ε-FeSi)
share the occupation with only less than 5 %. The β-phase in Mn-doped
samples is more stable than other metal-doped samples such as Co and
Ni. The addition of Mn improves the carrier density but decreases
mobility. However, electrical transport significantly improves due to the
increase in carrier density. The Seebeck coefficient is enhanced and
stable at high temperatures due to the reduction of the bipolar effect and
β-phase stability. The thermal conductivity slightly increases with Mn
doping. Consequently, the maximum power factor of 970 μWm− 1K− 2

and ZT of 0.12 at 800 K are obtained in a 3 % Mn-doped sample. Our
study offers a comprehensive analysis on the correlation between phase
contents, electrical transport, and thermoelectric properties, which
could be useful in the field of thermoelectric research.
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