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A B S T R A C T   

Understanding the structure and its relations with the transport properties is important for designing a good 
thermoelectric (TE) material. In this work, we investigate the relationship between those properties of the low- 
cost and eco-friendly materials, β-Fe1-xMnxSi2 (0≤x≤0.10), prepared by direct arc melting and heat treatment 
process. The metallic phases (tetragonal α-Fe2Si5 and cubic ε-FeSi) are transformed into the semiconductor phase 
(orthorhombic β-FeSi2) through heat treatment. The amount of β-FeSi2 significantly decreases at x ≥ 0.09. Mn 
atoms act as an acceptor and improve the carrier density (nH of holes) but decrease the mobility (μH). By 
substituting Mn to β-FeSi2, the Seebeck coefficient (S) is more uniform at high temperatures and the electrical 
resistivity (ρ) effectively decreases, leading to an improvement in the power factor. The thermal conductivity (κ) 
slightly increases with Mn doping. However, with increasing Mn content, the formation of secondary phases 
increases, resulting in the reduction of solid solution of Mn in β-phase; therefore, the electrical transport de-
teriorates. As a result, the optimum doping level for improving TE performance is obtained at x = 0.05 sample, 
verifying with crystal structure analysis that the optimum doping level is in the range of 0 ≤ x ≤ 0.08 because the 
amount of semiconducting β-FeSi2 drastically drops at x ≥ 0.09. Our study reveals that by judging the variation 
of the crystal structures, we could achieve the optimum doping level for improving TE transport properties.   

1. Introduction 

Thermoelectric (TE) generator is a promising solid-state device to 
recover waste heat and directly convert it into electrical energy without 
any moving parts and gas pollution to the environment [1–4]. The ef-
ficiency of the TE device is mainly proportional to the performance of TE 
materials which is called the dimensionless figure of merits (ZT). The ZT 
value is theoretically characterized by ZT= S2Tρ− 1κ− 1, where S is the 
Seebeck coefficient, T is temperature, ρ is electrical resistivity, and κ is 
the total thermal conductivity contributed by electronic and lattice 
thermal conductivity (κ = κe+ κl). In addition, the term S2ρ− 1 is usually 
called the power factor (PF) [5]. Currently, the traditional materials that 
have acceptable ZT values such as lead telluride (PbTe) and bismuth 
telluride (Bi2Te3) alloys are expensive and toxic to the environment [6]. 
Therefore, researchers attempt to study the properties of abundant and 
environmentally friendly materials such as Heusler [7–9], sulfide [10, 
11], oxides [12–16], and silicide compounds[17–22]. Among silicide 
compounds, iron silicide (β-FeSi2) is one promising semiconducting 
material in thermoelectric applications owing to its ability to withstand 

oxidation and good thermal stability at high temperatures [23–25]. 
However, the TE performance of pure β-FeSi2 is still limited because of 
high electrical resistivity (ρ) and the significant reduction of the Seebeck 
coefficient (S) at high temperatures region. The improvement of S and 
decrease of ρ can be simultaneously achieved by increasing the carrier 
density (nH) to an optimum level. For n-type, the nH of electrons of 
β-FeSi2 can be increased by doping elements having more valence 
electrons at either Fe or Si (for example, doping of Co and Ni at the Fe 
site) [26–30]. Inversely, for p-type, the nH of holes can be improved by 
substituting elements with less valence electrons at either the Fe or Si 
(for example, doping of Mn or Cr at the Fe site) [31–34]. 

In the β-FeSi2 system, it was reported the TE performance of the n- 
type is usually better than the p-type. Ito et al. found that the maximum 
ZT = 0.25 of n-type β-FeSi2 is obtained with 5% Co-dopant due to the 
improvement of the power factor, where the S is uniform and ρ 
decreased with temperature [35]. Cheng et al. have recently reported an 
improved ZT value of 0.3 at 900 K with heavy doping of 8% Co through a 
long annealing process of 15 days [36]. Qiu et al. reported that the 
heavily Ir-doped β-FeSi2 enhanced the ZT value up to 0.6, where Ir acts 
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not only as a donner to improve the electrical conductivity but also as a 
heavy element to scatter phonon, resulting in a significant reduction of 
the thermal conductivity [37]. Du et al. reported that the Ru addition to 
Co-doped β-FeSi2 remarkably reduced thermal conductivity and 
maximum ZT = 0.33 at 900 K was obtained in a 5% Ru-doped sample 
[38]. Moreover, the Oz substitution on Al-doped β-FeSi2 improved the 
ZT up to 0.35 because the Oz acts as a heavy element and consequently 
reduces lattice thermal conductivity [39]. Liu et al. reported that the 
β-FeSi2-SiGe nanocomposite synthesized by the react/transform spark 
plasma sintering method significantly enhanced electron mobility due to 
the phase percolation formed by SiGe. As a result, the highest ZT of 0.7 
at 973 K was obtained in β-FeSi2-SiGe nanocomposite [40]. Le Ton-
quesse et al. attempted to decrease the thermal conductivity of n-type 
Co-doped β-FeSi2 by introducing the stacking fault structure, resulting in 
a 20% reduction in thermal conductivity and an improved ZT of 0.18 at 
773 K [28]. Abbassi et al. reported that the smallest crystallite sizes of 
~50 nm and ~110 nm were obtained in non-doped and 5% Co-doped 
β-FeSi2 from spark plasma sintering at the optimum conditions pres-
sure of 500 MPa and temperature of 873 K, contributing to the 
maximum ZT of 0.14 [41]. In addition, we previously reported that the 
co-doping of Co and Ni on β-FeSi2 prepared by direct arc melting method 
contributes to the enhancement ZT value of 0.31 at 720 K owing to the 
improved mobility [20]. On the other hand, other research groups also 
reported the TE properties of Mn-doped samples synthesized by various 

methods. Kimura et al. reported that the maximum ZT of 0.1 was ob-
tained in a 5% Mn-doped sample synthesized by the gas-atomized 
powder sintering method [42]. By using vacuum hot-pressing from 
nitrided rapidly solidified powders, Zhao et al. obtained the maximum 
ZT of 0.17 at 873 K in 8% Mn-doped β-FeSi2, where the fine nitride 
particles dispersed in β-FeSi2 and enhanced phonon scattering [33]. 
Yamashita et al. prepared a 7% Mn-doped sample by spray drying, 
compaction, and sintering techniques and reported the highest ZT of 
0.15 at 900 K [43]. By employing the pressure sintering method, Ito et al. 
achieved almost the same TE performance (ZT = 0.14 at 900 K) [32]. 
Dabrowski et al. reported that the TE p-type β-FeSi2 is much smaller than 
the n-type. They investigated the TE properties of p-type β-FeSi2 by 
doping phosphorus (P) to the Si site and manganese (Mn) to the Fe site 
for the samples fabricated by pulse plasma sintering (PPS) method. For 
the p-type, the highest ZT value was just about 0.06, obtained with 8% 
Mn doping [34]. However, there is a lack of understanding of the rela-
tionship between structures and transport properties in the β-FeSi2 
system. Therefore, we think that it is worth investigating the effect of Mn 
doping on the structures and electrical transport and finding its opti-
mum doping level to improve the thermoelectric properties of β-FeSi2. 

In this work, we investigate in detail the influence of Mn substitution 
on the variation of crystal structures, microstructures, phase transition, 
and electrical properties of bulk β-FeSi2 prepared by direct arc melting 
techniques and followed by a heat treatment process. Importantly, the 

Fig. 1. (a) XRD patterns of FeSi2 before heat treatment, where the indexed peaks are the peak of α and ε-phases. (b) XRD patterns of FeSi2 after heat treatment, where 
the indexed peaks are the peak of β-phase, and the inset magnifies the peak of ε-phase. (c) SEM image of non-doped FeSi2 before heat treatment and (d) after 
heat treatment. 
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relationship between structures and transport properties is also re-
ported. In addition, we also optimize the Mn doping concentration to 
improve the thermoelectric properties of p-type β-Fe1-xMnxSi2 
(0≤x≤0.10) over the measured temperature from 80 K to 800 K. 

2. Experimental methods 

2.1. Sample fabrication method 

The alloys of bulk β-Fe1-xMnxSi2 (0≤x≤0.10) were prepared by the 
raw elements of iron (Fe grain, 99.9%), manganese (Mn grain, 99.9%), 
and silicon (Si grain, 99.999%). Those chemicals were purchased from 
High Purity Chemical, Japan. The mixtures of raw material were arc 

Fig. 2. Rietveld refinement of Fe1-xMnxSi2 (0 ≤ x ≤ 0.10) at diffraction angles of 20◦ ≤ 2θ ≤ 90◦. The indexed peaks are the peaks of the β-phase. The arrows indicate 
the variation of the peak intensity of ε and α-phase. 
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melted in an argon (Ar) atmosphere under low pressure of 103 Pa. For 
such fine-tuned Mn doping, the arc melting process is a critical step. At 
this step, the Mn element that has the lowest melting point (1519 K), was 
set at the bottom, and followed by Si and Fe because Si’s melting point 
(1687 K) is lower than Fe (1811 K). It should be noted that the element 
with the lower melting points needs to be set from the bottom-up. More 
importantly, to prevent the material from flying out of the copper cru-
cible, the arc power was gradually increased, and the position arc 
electrode was slowly adjusted during the melting process. It is important 
to not let the electrode touch the materials. Otherwise, it will contam-
inate the ingot. Titanium (Ti) with a mass of 10 g was first melted before 
the main material in order to absorb the residual air inside the melting 
chamber. The ingots were flipped and remelted three times to ensure the 
uniformity of the distribution of the materials. After arc melting, the 

ingot was cut into appropriate smaller pieces (size of 7 mm × 7 mm ×
1.5 mm) by using a numerical control wire-discharged cutting machine 
(Makino, EC-3025). The samples obtained from the arc melting tech-
nique are in metallic α+ε-phases that are not preferable for TE appli-
cation. To transform into semiconducting β-phase, they need to be heat- 
treated, where the heat treatment condition was optimized by the pre-
vious study [44]. The samples were heat-treated in a vacuum-sealed 
quartz tube at 1423 K for 3 hours and followed by 1113 K for 
20 hours. It is noted that the first step of heat treatment is to further 
homogenize the material distribution and the second step is to transform 
metal into semiconductor. 

Table 1 
Crystal structure parameters of Fe1− xMnxSi2 (0 ≤ x ≤ 0.10) at room temperature.  

Samples Fe1-xMnxSi2 

Composition, x 0 0.05 0.06 0.07 0.08 0.09 0.10 

Space group Cmce Cmce Cmce Cmce Cmce Cmce Cmce 

a (Å)  9.8788(5) 9.8780(7) 9.8807(7) 9.8806(3) 9.8769(5) 9.8723(2) 9.8740(8) 
b (Å)  7.8008(4) 7.8081(5) 7.8125(6) 7.8136(5) 7.8137(4) 7.8137(2) 7.8162(7) 
c (Å)  7.8372(4) 7.8463(6) 7.8497(6) 7.8520(7) 7.8508(4) 7.8471(2) 7.8480(7) 
V (Å3)  603.96(5) 605.18(7) 605.52(4) 606.20(9) 605.88(6) 605.32(3) 605.69(9) 
Fe1 x 0.2160(2) 0.2155(2) 0.2157(2) 0.2149(6) 0.2147(2) 0.2135(3) 0.2148(3)  

y 0 0 0 0 0 0 0  
z 0 0 0 0 0 0 0  
B (Å2) 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
g 1.000 0.950 0.940 0.930 0.920 0.910 0.900 

Mn1 x N/A 0.2155(2) 0.2157(2) 0.2149(6) 0.2147(2) 0.2135(3) 0.2148(8)  
y N/A 0 0 0 0 0 0  
z N/A 0 0 0 0 0 0  
B (Å2) N/A 0.1 0.1 0.1 0.1 0.1 0.1  
g N/A 0.050 0.060 0.070 0.080 0.090 0.100 

Fe2 x 1/2 1/2 1/2 1/2 1/2 1/2 1/2  
y 0.3014(4) 0.3035(4) 0.3062(4) 0.3065(3) 0.3068(4) 0.3080(5) 0.2982(6)  
z 0.1940(4) 0.1959(4) 0.1925(4) 0.1913(7) 0.1914(3) 0.1864(5) 0.1932(6)  
B (Å2) 0.1 0.1 0.1 0.1 0.1 0.1 0.1  
g 1.000 0.950 0.940 0.930 0.920 0.910 0.900 

Mn2 x N/A 1/2 1/2 1/2 1/2 1/2 1/2  
y N/A 0.3035(4) 0.3062(4) 0.3065(3) 0.3068(4) 0.3080(5) 0.2982(6)  
z N/A 0.1959(4) 0.1925(4) 0.1913(7) 0.1914(3) 0.1864(5) 0.1932(6)  
B (Å2) N/A 0.1 0.1 0.1 0.1 0.1 0.1  
g N/A 0.050 0.060 0.070 0.080 0.090 0.100 

Si1 x 0.1217(5) 0.1214(6) 0.1237(6) 0.1229(8) 0.1240(5) 0.1223(6) 0.1160(8)  
y 0.2811(7) 0.2793(6) 0.2769(6) 0.2770(2) 0.2768(6) 0.2778(8) 0.272(1)  
z 0.0394(4) 0.0420(4) 0.0404(4) 0.0405(0) 0.0410(4) 0.0461(6) 0.0469(7)  
B (Å2) 0.3 0.3 0.3 0.3 0.3 0.3 0.3  
g 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Si2 x 0.3761(5) 0.3778(5) 0.3766(5) 0.3774(5) 0.3775(5) 0.3803(6) 0.3787(7)  
y 0.0399(5) 0.0406(5) 0.0439(5) 0.0433(6) 0.0440(5) 0.0451(6) 0.0630(8)  
z 0.2220(6) 0.2189(6) 0.2223(6) 0.2222(2) 0.2230(6) 0.2181(7) 0.213(1)  
B (Å2) 0.3 0.3 0.3 0.3 0.3 0.3 0.3  
g 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Rwp (%)  3.316 3.001 3.136 3.092 2.826 3.321 3.001 
RP (%)  2.108 1.801 1.923 2.035 1.943 2.291 1.799 
RR (%)  29.041 26.312 26.819 27.501 27.355 34.552 26.289 
Re (%)  0.792 2.161 0.884 1.441 0.824 0.930 2.161 
RB (%)  8.543 7.219 7.368 8.133 8.553 12.343 7.219 
RF (%)  8.603 7.897 5.739 7.066 7.437 8.786 7.882 
S = Rwp / Re  4.187 1.389 3.549 2.146 3.430 3.571 1.388 
Si1 - Fe1 / Mn1 (Å)  2.361(5) 2.381(5) 2.368(6) 2.369(6) 2.363(5) 2.378(7) 2.381(5) 
Si1 - Fe1 /Mn1 (Å)  2.402(6) 2.393(6) 2.377(5) 2.387(5) 2.383(5) 2.401(6) 2.393(6) 
Si1 - Fe2 / Mn2 (Å)  2.282(5) 2.311(5) 2.294(5) 2.284(5) 2.293(5) 2.289(7) 2.311(6) 
Si1 - Fe2 / Mn2 (Å)  2.415(4) 2.387(4) 2.437(4) 2.441(4) 2.442(4) 2.432(6) 2.387(5) 
Fe1 / Mn1 - Si1 - Fe1 /Mn1 (deg.) 112.3(2) 112.1(2) 113.3(2) 112.3(1) 113.4(2) 112.4(2) 112.1(2) 
Fe2 / Mn2 - Si1 - Fe2 / Mn2 (deg.) 116.6(2) 117.2(2) 116.3(2) 116.8(3) 116.3(2) 117.0(2) 117.1(2) 
Si2 - Fe1 / Mn1 (Å)  2.372(5) 2.371(5) 2.386(5) 2.388(5) 2.382(5) 2.378(7) 2.370(5) 
Si2 - Fe1 / Mn1 (Å)  2.381(5) 2.411(5) 2.388(5) 2.395(5) 2.402(5) 2.401(6) 2.412(5) 
Si2 - Fe2 / Mn2 (Å)  2.322(6) 2.308(6) 2.319(6) 2.313(6) 2.312(6) 2.321(6) 2.308(6) 
Si2 - Fe2 /Mn2 (Å)  2.388(5) 2.387(5) 2.395(5) 2.398(5) 2.396(5) 2.382(2) 3.387(4) 
Fe1 / Mn1 - Si2 - Fe1 / Mn1 (deg.) 113.5(2) 112.7(2) 113.0(2) 112.8(9) 112.8(1) 111.5(2) 112.6(2) 
Fe2 / Mn2 - Si2 - Fe2 /Mn2 (deg.) 116.1(2) 116.5(2) 116.4(2) 116.8(2) 116.9(2) 117.9(2) 116.5(2)  
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2.2. Characterization methods 

The X-ray diffraction (XRD) measurements were conducted by using 
the X-ray diffractometer equipped with Cu Kα radiation (High-resolution 
SmartLab, RIGAKU). The phase fraction and crystal structure parame-
ters were computed by the Rietveld refinement method in the RIETAN- 
FP program, where the occupancy of Fe and Mn was set to 1-x and x, 
respectively. The standard crystal data were referred to the Inorganic 
Crystal Structure Database (ICSD), where code #5257-ICSD was used for 
α-phase [45], code #41997-ICSD was used for ε-phase [46], and code 

#9119-ICSD for β-phase [47]. The relative density was measured by a 
gravity measurement kit (SMK-401, SHIMADZU Co.). The surface 
morphology was visualized by a scanning electron microscope (SEM, 
VE8800, KEYENCE). The elemental compositions were characterized by 
using a scanning electron microscope (SEM, SU8010, Hitachi 
High-Technologies) equipped with an energy-dispersive X-ray spec-
troscopy detector (EDS XFlash5060FQ, Bruker). The carrier density (nH) 
and mobility (µH) were measured at room temperature by the ResiT-
est8300 apparatus (TOYO Co.). The electrical resistivity (ρ) and Seebeck 
coefficient (S) were measured by ResiTest8300 apparatus and 
home-built device from 80 K to 800 K. The thermal conductivity (κtotal) 
was measured by a power efficiency measurement apparatus (PEM-2, 
ULVAC, Inc.). 

3. Results and discussion 

3.1. Crystal structure and microstructures 

The XRD data at diffraction angles 20◦ ≤ 2θ ≤ 90◦ and the surface 
structures of FeSi2 are illustrated in Fig. 1. Before the heat treatment, 
Fig. 1(a) shows that the sample crystallizes in metallic phases such as 
α-Fe2Si5 (tetragonal structure with P4/mmm space group) and ε-FeSi 
(cubic structure with P213 space group). After the heat treatment, Fig. 1 
(b) indicates that the sample crystallizes in the semiconducting phase, 
β-FeSi2 (orthorhombic structure with Cmce space group), with a trace of 
ε-phase as shown in the inset. This indicates that heat treatment is 
important in the Fe-Si system to transform a metal into a semiconducting 
material which is necessary for TE applications. The SEM image in Fig. 1 
(c) confirms that the ε-phase (bright grain) and α-phase (dark grain) are 
formed after the arc melting. This tendency is consistent with the XRD 
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Fig. 3. Lattice constants of Fe1-xMnxSi2 (0 ≤ x ≤ 0.10) dependence of Mn 
doping content. 

Fig. 4. Phase transition of Fe1-xMnxSi2 (0 ≤ x ≤ 0.10) dependence of Mn 
doping content. 

Table 2 
Elemental composition of Fe1− xMnxSi2 measured at room temperature.  

x Area Element Atomic 
% 

Composition 
ratio 

Symbol 

0.05 β Fe 35.7(4) 1.07(1) β-Fe1.07(1)Mn0.051 

(2)Si1.88(1) Mn 1.7(1) 0.051(2) 
Si 62.6(5) 1.88(1) 

ε Fe 49.4(60 0.98(1) ε-Fe0.98(1)Mn0.077 

(2)Si0.94(1) Mn 3.8(1) 0.077(2) 
Si 46.8(5) 0.94(1) 

0.06 β Fe 34.1(6) 1.02(1) β-Fe1.02(1)Mn0.055 

(2)Si1.92(1) Mn 1.8(1) 0.055(2) 
Si 64.1(6) 1.92(1) 

ε Fe 46.6(8) 0.93(2) ε-Fe0.93(2)Mn0.091 

(4)Si0.98(2) Mn 4.5(2) 0.091(4) 
Si 48.8(9) 0.98(2) 

0.07 β Fe 33.7(3) 1.01(1) β-Fe1.01(1)Mn0.058 

(4)Si1.93(1) Mn 1.8(1) 0.058(4) 
Si 64.5(5) 1.93(1) 

ε Fe 47.1(6) 0.94(1) ε-Fe0.94(1)Mn0.090 

(4)Si0.97(1) Mn 4.5(2) 0.090(4) 
Si 48.4(6) 0.97(1) 

0.08 β Fe 33.8(5) 1.01(1) β-Fe1.01(1)Mn0.061 

(2)Si1.92(2) Mn 2.1(1) 0.061(1) 
Si 64.1(5) 1.92(2) 

ε Fe 46.9(2) 0.94(5) ε-Fe0.94(5)Mn0.093 

(2)Si0.97(4) Mn 4.7(1) 0.093(2) 
Si 48.5(2) 0.97(4) 

0.09 β Fe 34.2(3) 1.02(1) β-Fe1.02(1)Mn0.063 

(1)Si1.91(1) Mn 2.1(1) 0.063(1) 
Si 63.8(3) 1.91(1) 

ε Fe 46.4(6) 0.93(1) ε-Fe0.93(1)Mn0.099 

(2)Si0.97(1) Mn 4.9(3) 0.099(2) 
Si 48.6(3) 0.97(1) 

0.10 β Fe 33.9(7) 1.02(2) β-Fe1.02(2)Mn0.049 

(8)Si1.93(2) Mn 1.6(3) 0.049(8) 
Si 64.4(6) 1.93(2) 

ε Fe 48.5(4) 0.96(1) ε-Fe0.96(1)Mn0.074 

(9)Si0.97(1) Mn 3.7(4) 0.74(9) 
Si 47.3(3) 0.97(1)  
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analysis. In addition, this formation of microstructure is similar to the 
previous report of Dabrowski et al. [34]. The white dots are not 
microstructure but just the dust contaminated from the polishing pro-
cess. It should be noted that the pores are formed which is caused by the 
rapid cooling of copper heart in the arc melting process. Fig. 1(d) shows 
that the microstructure is homogeneous in β-FeSi2, verifying with the 
XRD data in Fig. 1(b). Importantly, the size of pores is enlarged because 
of the heat treatment process, where the volume of β-phase differs from 

α and ε-phases (α-Fe2Si5 + ε-FeSi ➨ 3β-FeSi2). However, based on the 
Archimede measurement, the relative density of our samples is higher 
than 95%. Such a density is comparable to the sample fabricated by the 
hot pressing method [48] but higher than that prepared by cold-pressed 
sintering [31], and spark plasma sintering [41,49]. The high relative 
density could contribute to the improvement in electrical conductivity 
and performance of TE materials. 

The Rietveld refinement of β-Fe1-xMnxSi2 (0≤x≤0.10) is shown in 

Fig. 5. SEM-EDS mapping of Fe1-xMnxSi2, where Fe is mapped in red, Mn in green, and Si in blue. The arrows indicate the area of β-phase and ε-phase.  
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Fig. 2 and the crystal structure parameters are summarized in Table 1. 
The peak intensity of ε-phase at 2θ = 45.2◦ of Mn-doped samples is 
higher than the non-doped sample. The peak of the ε-phase increases 
with increasing Mn (x) content, indicating that the formation of the 
secondary phase of β-FeSi2 is so sensitive to dopant. Previous studies also 
reported that the secondary phase is formed when some dopants such as 
Cu [32], Ni [20,30], Cr [50], and Co [18,29] are introduced to the 
β-FeSi2 system. Fig. 3 illustrates the variation of lattice constant with Mn 
doping. The Mn substitution does not influence lattice constant a but the 
lattice constant b and c moderately increases with Mn doping. The in-
crease in lattice constants is probably due to the difference in atomic 
radius, where the Mn radius (r=1.39Å) is larger than that of Fe 
(r=1.25Å). As a result, the volumes of Mn-doped samples are higher 
than that of the non-doped sample (Table 1). The addition of some 
dopants probably does not influence all lattice constants. For example, 
Kojima et al.[51] and Hesse et al. [52], pointed out that Co doping in-
creases the lattice constant a, but does not affect the lattice constant b 
and c. In contrast, our work shows that Mn doping increases lattice 
constant b and c but does not influence lattice constant a. It is considered 
that different dopants affect different lattice constants. The Mn atoms 
should prefer to occupy host atoms orientated along lattice constants b 
and c. 

The quantitative analysis of phase occupation with Mn (x) depen-
dence is plotted in Fig. 4. The amount of β-phase decreases from 97.52% 
to below 90% as x increases from 0 to 0.10. In contrast, the metallic α +
ε-phases significantly increase with Mn content and the α-phase is 
dominant at x ≥ 0.09. This tendency suggests that the optimum Mn 
doping for enhancing TE properties should be in the range of 0≤x≤0.08 
because the increase in metallic phases could improve the electrical 
properties but deteriorate the thermopower. Then, we confirm this 
assumption by studying the TE properties. 

The elemental compositions are listed in Table 2. In the area of 
ε-phase, the Fe:Si ratio is about 1:1, indicating the grain of ε-FeSi. On the 
other hand, in the area of β-phase, the Fe:Si ratio is approximately 1:2, 
indicating the β-FeSi2. Fig. 5 shows the SEM-EDS mapping of β-Fe1- 

xMnxSi2. The area of ε-phase increases with increasing x, indicating that 
Mn contributes to the formation of ε-phase, and it accumulates in those 
areas as shown in green color. Therefore, it is considered that the for-
mation of ε-phases decreases the solubility of Mn in the β-phase. 

Ito et al. prepared an 8% Mn-doped β-FeSi2 by employing two 
different techniques namely hot-pressed and pressureless sintering. 
Based on the XRD pattern, the presence of ε-phase was confirmed [32]. 
In addition, Dabrowski et al. fabricated an 8% Mn-doped FeSi2 sample by 
pulse plasma sintering and reported that the ε-phase was also formed 
based on the XRD peaks and surface morphology analysis [34]. 
Although the quantitative analysis was not reported, we could assume 
that Mn was not completely soluble in those samples. In our study, at Mn 
composition of x = 0.08, the actual x value in the β-phase is approxi-
mately 0.061(1) (Table 2). This tendency suggests that the solubility 
limit of Mn in β-phase is x≤0.06. 

Compared to other metal-doped samples, previous reports found 
that, based on the XRD patterns, the doping of Cr [50], Cu [32], Ti, Nb, 
and Zr [53] also provokes the formation of metallic ε-phase. In addition, 
it was reported that the solubility limit of Co in the β-phase is about 6% 
[18,54] while that of Ni is about 0.5% [18]. Therefore, the solubility Co 
in the β-phase is similar to Mn (~6%) as reported by the current study. 

3.2. Electrical transport properties 

The carrier density (nH) and mobility (μH) of β-Fe1-xMnxSi2 
(0≤x≤0.10) at room temperature are shown in Fig. 6. The nH of Mn- 
doped samples (~1019 cm− 3) is three orders of magnitude higher than 
the non-doped sample (~1016 cm− 3), indicating that the electrical 
conductivity is improved by Mn substitution. However, the nH slightly 
decreases at x ≥ 0.09 due to the decrease in solubility of Mn in β-FeSi2 as 
discussed above in elemental analysis and SEM-EDS mapping. As shown 
in Table 3, the sign of the Seebeck coefficient of the non-doped sample is 
negative (-) but that of Mn-doped samples is positive (+). This tendency 
suggests that Mn acts as an acceptor in the β-FeSi2 system. The μH of the 
Mn-doped sample is smaller than that of the Mn-doped sample probably 
due to the increase in scattering frequency when more carriers are 
introduced to the β-FeSi2. The decrease in μH could contribute to the 
enhancement of the Seebeck coefficient and consequently improve TE 
performance. For Mn doping, the μH of our samples (2–3 cm2V− 1s− 1) is 
slightly smaller than that fabricated by the cold-pressed sintering 
method (3–7 cm2V− 1s− 1) as reported by Tani et al. [31] but the nH is 
about one order of magnitude higher. This is probably due to the lower 
density because the relative density of the cold-pressed sintering sample 
is only about 80% while our sample is higher than 95%. 

3.3. Thermoelectric properties 

Fig. 7 shows the temperature dependence of electrical resistivity (ρ), 
Seebeck coefficient (S), nH versus |S|, and power factor (PF). The ρ of all 
Mn-doped samples is remarkably smaller than the non-doped sample 

Fig. 6. Carrier density (nH, on the left axis) and mobility (μH, on the right axis) 
of Fe1-xMnxSi2 dependence of Mn doping content at room temperature. 

Table 3 
Summary of thermoelectric properties of Fe1− xMnxSi2 (0 ≤ x ≤ 0.10) at room temperature, where L0, r = − 1/2, nH, μH, S, ρ, and κ are Lorenz number, scattering factor 
(for acoustic phonon scattering), carrier density, mobility, Seebeck coefficient, electrical resistivity, and total thermal conductivity, respectively.  

x L0 [V2K¡2] r nH [cm¡3] μH [cm2V¡1s¡1] S [μVK¡1] ρ [Ωcm] κ [Wm¡1K¡1]  

0 1.792 × 10− 8 − 1/2  2.3(2) × 1016  37(4)  -127  7.10  7.67  
0.05 1.631 × 10− 8 − 1/2  1.8(4) × 1019  3.3(8)  254  0.10  7.20  
0.06 1.628 × 10− 8 − 1/2  1.6(2) × 1019  2.8(4)  279  0.14  8.61  
0.07 1.656× 10− 8 − 1/2  4.4(8) × 1019  2.6(7)  194  0.05  6.99  
0.08 1.663× 10− 8 − 1/2  4.5(6) × 1019  2.2(3)  186  0.05  6.89  
0.09 1.715 × 10− 8 − 1/2  6.9(4) × 1019  2.1(1)  153  0.04  8.03  
0.10 1.711 ×10− 8 − 1/2  2.0(6) × 1019  2.0(5)  155  0.16  7.66  
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over measured temperatures from 80 to 800 K, especially since it is two 
orders of magnitude smaller (~10-2 Ωcm) at high temperatures (Fig. 7 
(a)). The decrease in ρ is due to the increase in nH as can be expressed by 
Drude’s theory: 

ρ =
1

|e|μHnH
(1) 

Here, e is elementary change, μH is mobility, and nH is carrier density 
[55]. The Eq. (1) indicates that the nH is inversely proportional to ρ. In 
addition, the ρ of all samples decreases with temperature, suggesting 
that more carriers are excited as temperature increases. 

In Fig. 7(b), for the x = 0 sample, at the temperature region below 
420 K, the |S| increases with increasing temperature because of the 
transition from impurity band conduction to polaron conduction [39, 
56]. At above 420 K, it was argued that due to the 
semiconductor-to-metal transition, |S| decreases with increasing tem-
perature [56]. However, as it is clear from Fig. 7(a), the x=0 sample 
shows no metal-insulator transition at 420 K. It shows semiconducting 
behavior over the entire temperature range. Therefore, the decrease of | 
S| at high temperatures is not due to semiconductor-to-metal transition, 
but it should be due to the bipolar effect that usually happens in intrinsic 
semiconductors. On the other hand, the S of Mn-doped samples is more 
uniform over 300–800 K probably due to the increase in scattering 

frequency when nH increases. In addition, there are some transitions 
from n-type to p-type semiconductor as the temperature changes. For 
example, the sign of S of x = 0.10 sample changes from negative (-) to 
positive (+) at 200 K. This indicates that more holes are excited with 
increasing temperature. The conduction is dominated by both electrons 
and holes, where their ratio varies with temperatures [26]. In addition, 
the S decreases with increasing x due to the increase in nH as explained 
by Mott’s theory: 

|S| =
k2

BT
3|e|ℏ2m∗

(
π

3nH

)2/3

(2)  

where |S| is the absolute Seebeck coefficient, kB is Boltzmann constant, T 
is temperature, ℏ is Plack constant, e is elementary charge m* is effective 
mass, and nH is carrier concentration [57]. The Eq. (2) indicates that 
when increasing nH, the |S| will decrease. If we plot |S| versus nH of 
experimental data and calculated value by using Mott’s formula, a good 
fitting is obtained at the effective mass of m* = 2me, where me is the 
static mass of the electron, i.e., 9.10938 × 10− 31 kg (Fig. 7(c)). 

The power factor (PF = S2/ρ) with temperature dependence is 
illustrated in Fig. 7(d). As shown in the inset, the maximum PF value of 
the non-doped sample is very small (3.4 μWm-1K-2 at 450 K) while the 
value of all Mn-doped samples is higher than 250 μWm-1K-2 at 800 K. 

Fig. 7. Temperature dependence of (a) electrical resistivity, ρ, and (b) Seebeck coefficient, S, of Fe1-xMnxSi2 (0 ≤ x ≤ 0.10). (c) Absolute Seebeck coefficient, |S|, 
versus carrier density, nH at room temperature, and the solid lines are the calculated data by using Mott’s equation at various effective masses (m* = xme, where x is 
variable and me is the static mass of the electron, i.e., 9.10938 × 10− 31 kg. (d) Temperature dependence of power factor and inset magnified the data of the non- 
doped sample. 
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The improved PF values are contributed by the decreased ρ and uniform 
S at high temperatures. The highest PF value of about 530 μWm-1K-2 at 
650 K is obtained in the x = 0.08 sample and almost the same value is in 
the x = 0.05 sample at 800 K. At room temperature, the PF value of our 
sample (70 μWm-1K-2) is greater than that of the thin film sample (2.4 
μWm-1K-2) prepared by the radio frequency sputtering method [58]. 

The temperature-dependent thermal conductivity is shown in Fig. 8 
(a). The total thermal conductivity (κtotal) is plotted on the left side and 
electronic thermal conductivity (κe) is plotted on the right side. The κtotal 
slightly increases with x due to the formation of metallic ε+α-phase as 
discussed in structural analysis in the above section. In addition, the 
increase of κe also contributes to the increase of κtotal (κe + κl = κtotal, 
where κl is the lattice thermal conductivity). The κe is calculated by 
Wiedemann–Franz law: κe = L0ρ-1T, where L0 is the Lorenz number, ρ is 
electrical resistivity, and T is temperature. In the case of acoustic scat-
tering with the scattering factor of r = − 1/2, the L0 can be calculated by 
using experimental values of the Seebeck coefficient (S). The relation-
ship between r and L0 is expressed by: 

L0 =

(
kB

e

)2

⎡

⎢
⎢
⎢
⎢
⎢
⎣

(

r + 7
2

)

Fr+5
2
(η)

(

r + 3
2

)

Fr+1
2
(η)

−

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(

r + 5
2

)

Fr+3
2
(η)

(

r + 3
2

)

Fr+1
2
(η)

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

2⎤

⎥
⎥
⎥
⎥
⎥
⎦

(3) 

where the function is: Fn(η) =
∫∞

0
χn

1+eχ− ηdχ, χ = E
kBT, η = EF

kBT. The EFis 
the Fermi energy [59]. The calculated values of L0 are listed in Table 3. 
The L0 increases as x increases from 0.05 to 0.10, suggesting that the 
semiconducting β-phase transforms to metallic phase ε+α-phase. Fig. 8 
(b) shows the room temperature data of total thermal conductivity and 
electronic thermal conductivity with x dependence. If we compare the 
ratio between electronic thermal conductivity and the total thermal 
conductivity, the values of electronic thermal conductivity are very 
small and negligible (κe << κl), indicating the lattice thermal conduc-
tivity is dominant to the total thermal conductivity. This suggests that 
the Mn atoms have extra phonon scattering contribution that affects the 
lattice thermal conductivity. The lattice thermal conductivity κl has re-
lations with the specific heat at constant volume (Cv), phonon group 
velocity (vG), and relaxation time (τ) or phonon mean free path (ℓ) as 
expressed by the following formula [55]:  

Fig. 8. (a) Temperature dependence of total thermal conductivity, ktotal, (left axis) and electronic thermal conductivity, ke, (right axis) of Fe1-xMnxSi2 (0 ≤ x ≤ 0.10), 
and (b) the thermal conductivity dependence with Mn doping content at room temperature. The black solid circles are the data of ktotal (left axis) and the open red 
circles are the data of ke (right axis). The straight lines are the approximation lines for each data. (d) Temperature dependence of lattice thermal conductivity and 
bipolar thermal conductivity (kl + kbi). The lattice softening and scattering contribute at low temperatures as highlighted in the shaded blue region while bipolar 
effect contributes at higher temperatures highlighted in the shaded orange region. 
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κl = (1/3)Cvν2
Gτ = (1/3)CvνGℓ                                                           (4) 

In Eq. (4), ℓis equal to νGτ. The κl is mainly influenced by νG and τ or 
ℓ. Fig. 8(c) shows temperature dependence lattice thermal conductivity 
and bipolar thermal conductivity (kl + kbi) and two regions are 
observed. In the first region, at low temperatures, the thermal conduc-
tivity decreases with increasing temperature due to lattice softening and 
phonon scattering [60,61]. It should be noted that when dopant (Mn) 
atoms occupy host atoms (FeSi2), the internal strain field of the system 
increases. Thus, it changes the phonon frequency locally and induces 
both lattice softening and phonon scattering. Lattice softening decreases 
the phonon speed (νG) while phonon scattering decreases relaxation 
time (τ) or mean free path (ℓ). Therefore, the decrease in thermal con-
ductivity could be possibly caused by both lattice softening (slow 
phonon velocity) and lattice scattering (short mean free path). In the 
second region, at higher temperatures, due to the extra contribution of 
the bipolar effect [60,62,63], the thermal conductivity increases with 
increasing temperature. 

The TE performance, ZT= S2Tρ-1 κ-1, with temperature dependence is 
shown in Fig. 9 and the inset magnified the data of the non-doped 
sample. The inset shows that the maximum ZT value of the x = 0 sam-
ple is about 2.4 × 10-4 at 450 K. Such a value is much smaller than that 
of all Mn-doped samples. The highest ZT = 0.07 at 800 K is obtained x =
0.05 because of the improvement in PF values, where ρ is reduced and S 
is enhanced. It is confirmed with the crystal structure analysis that the 
optimum doping is in the range of 0≤x≤0.08 because the metallic 
α-Fe2Si5 is dominant at x≥0.09. The ZT value of the current study is 
lower than the Mn-doped samples prepared by the gas-atomized powder 
sintering method (ZT=0.1) [42], hot pressing and rapid solidification 
(ZT=0.17) [33], spray drying and sintering techniques (ZT=0.15) [43], 
and pressure sintering method (ZT=0.14) [32]. However, it is compa-
rable to the sample prepared by pulse plasma sintering [34] and much 
higher than Cr and Zr-doped FeSi2 [8,50]. The proposed direct arc 
melting technique of our study is more convenient for producing TE 
materials. The future study is worth investigating the strategy to reduce 
the thermal conductivity of x = 0.08 sample by alloying with heavy 
elements such as ruthenium (Ru) or germanium (Ge). 

4. Conclusions 

β-Fe1-xMnxSi2 (0≤x≤0.10) samples were successfully fabricated by 
direct arc melting and heat treatment. By investigating the transition in 
the crystal structure, we obtain the optimum Mn doping range of 
0≤x≤0.08 for enhancing the transport properties. The metallic phases 
(α-Fe2Si5 and ε-FeSi) increase with increasing Mn doping, resulting in a 
decrease in the solid solution of Mn in β-FeSi2. Mn plays a role as an 
acceptor in β-FeSi2 and improves carrier density (nH). The increase in nH 
improves electrical conductivity and uniform Seebeck coefficient at 
high-temperature regions. The thermal conductivity slightly increases 
with x due to the formation of the metallic phase. The highest thermo-
electric performance is obtained in the x = 0.05 sample verified with 
crystal structure analysis. This study establishes a strategy to correlate 
the structural and transport properties in transition metal silicides to 
achieve the optimum doping level for enhancing transport performance. 
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