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Abstract
Fe–Al–Si-based thermoelectric (FAST)materials are non-toxic and low-costmaterials that can be
used for autonomous power supplies to drive internet-of-things wireless sensor devices. The
conduction type can be controlled by changing theAl/Si ratio, which is suitable for fabricating reliable
thermoelectric power-generationmodules consisting ofmaterials with similar thermal expansion
coefficients. In this work, we evaluated the electronic structures of p- and n-type FASTmaterials with
relatively large absolute values of the Seebeck coefficient by photoemission spectroscopy to obtain
deeper insight into controlling the p-n characteristics of FASTmaterials. The core-level spectra
suggested that the FASTmaterials have a covalent bonding nature. The chemical-potential shift
should be the dominant factor of the core-level shift, which is consistent with the expected behavior of
carrier doping of thermoelectric semiconductors, that is, rigid-band-like behavior. The size of the
core-level shift of∼0.15 eV is close to the band gap of∼0.18 eV obtained from transport
measurements. The observed electronic structure can qualitatively explain the experimental results.

1. Introduction

Thermoelectricmaterials are attractive for use in driving internet-of-things wireless sensor devices, which
require a power output of at least a few hundredmicrowatts using low-temperature waste heat sources at
temperatures less than 500 K. Thermoelectricmaterials are evaluated by the figure ofmerit z, which corresponds
to the energy-conversion efficiency:

z
S

, 1
2s
k

= ( )

where S,σ, andκ are the Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively [1].
To obtain higher power output,materials with a large power factor S2σ and a lowκ value tomaintain a
temperature difference need to be developed.Many novel thermoelectricmaterials with high z values and
power-generationmodules using these thermoelectricmaterials have been investigated [2] based on new
concepts and guiding principles [3].

When considering practical use of thermoelectric power-generation devices, the thermoelectricmaterials
should consist of readily available elements, that is, low-costmaterials such asβ-FeSi2 [4],MnSiγ [5], Fe2VAl
Heusler compounds [6],Mg-Ag-Sb/Mg-Bi-Sb-Te [7], Cu-S [8], and Zn-Sb [9]. Recently reported Earth-
abundant Fe–Al–Si (τ1-Fe3Al2Si3) ternary thermoelectricmaterials [10, 11], which are called FASTmaterials
[12, 13], are promising candidates for fabricating robust power-generationmodules using low-temperature
waste heat at temperatures less than 500 K [13] because they have excellent oxidation resistance andmechanical
properties [14]. Takagiwa et alhave demonstrated operation of temperature/humidity sensors andwireless
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transmission by Bluetooth low-energy communicationwith power-generationmodules using p- and n-type
FASTmaterials [12].

From a physical point of view, the τ1-Fe3Al2Si3 compound is a narrow-band-gap semiconductor, as expected
fromfirst-principles calculations [10, 15]. The conduction type can be controlled by tuning the Al/Si ratio with a
constant Fe concentrationwithout chemical doping/substitution [10, 16], which is suitable for fabricating
reliable thermoelectric power-generationmodules consisting ofmaterials with similar thermal expansion
coefficients [12]. Another way to control the p-n characteristics is chemical doping through elemental
substitution. Shiota et al [17] synthesized p- and n-typematerials byMn andCo substitution, and the obtained S
values at 300 Kwere 100 and−125 μV K−1, respectively. Recently, the effect of ε-FeSi precipitation on the
thermoelectric properties has been discussed by Srinithi et al [18]. The single-phase p-FAST sample showed a
high S value of∼140 μV K−1 at 300 K, but a lowerσ value of∼90Ω−1 cm−1 at the same temperature. In
contrast, the sample with the ε-FeSi phase (5−10%areal fraction) showed a slightly lower S value of
∼100 μV K−1 at 300 K, but it had a 7-times higherσ value of∼670Ω−1 cm−1. In this case, the sample containing
themetallic secondary phase ε-FeSi had amuch higher S2σ value of∼880 μWm−1 K−2 for the p-FASTmaterial.
However, there is no report on the same effect for the n-FASTmaterial. These results indicate that both precise
carrier concentration tuningwith orwithout chemical doping andmicrostructure engineering are beneficial to
improve the thermoelectric performance of FASTmaterials.

The band gap and band gap formationmechanismof unconventional intermetallic compounds have been
extensively investigated [19, 20]. It is naturally expected thematerials composed ofmetallic constituents have
metallic character, but hybridization between transitionmetals and group III (Al, Ga, In) and IV (Si) elements
leads to hollows and pseudogaps in the electronic density of states [20]. Formation of a narrow band gap of a few
hundredmillielectronvolts near the Fermi level is expected to result in a large absolute value of S even at 300 K.
Fredrickson et al [21, 22] pointed out that late-transition-metal Nowotny chimney ladder phases, such as binary
RuAl2 andRuGa2 compounds, follow the 14-electron rule. This electron-counting rule is a crucial factor for
stabilizing intermetallic phases exhibiting structural diversity [23]. Regarding the τ1-Fe3Al2Si3 compound,Hou
et al [15] reported that the valence bands aremainly because of hybridization of the Fe 3d state with the Si andAl
3p states, and the conduction-band edge ismainly composed of the Fe 3d state and Si 3p state. Therefore, the Fe
3d state is the dominant contribution at the top of the valence bands and bottomof the conduction bands of the
τ1-Fe3Al2Si3 compound [15]. Therefore, clarifying the underlyingmechanismof band gap formation is crucial
to design functionalmaterials, including thermoelectric semiconductors [24].

To better understand the intrinsic thermoelectric characteristics of FASTmaterials, the electronic structure,
including themagnitude of the band gap [25] and formation of impurity states [26], needs to be experimentally
investigated. High-quality single crystals with sufficiently large sizes are required to investigate such physical
properties. However, growth of single crystals of FASTmaterials is challenging because the τ1-Fe3Al2Si3 phase
forms through a peritectic reaction of liquid and ε-FeSi phases, which is themain reason for the remaining of ε-
FeSi phase even after annealing. Thus, it is necessary to fabricate the single-phase samples of the τ1-Fe3Al2Si3
phasewith precise composition control [27, 28]. In this work, we investigated the electronic structures of
polycrystalline p- and n-type FASTmaterials by photoemission spectroscopy to obtain deeper insight into
controlling the p-n characteristics to enhance the thermoelectric properties of FASTmaterials.

2. Experimental procedure

The high-purity startingmaterials Fe (99.9%), Al (99.99%), and Si (99.999%)with nominal compositions of
Fe38Al22Si40−x (x= 0 and 2.2 for the n- and p-type FASTmaterials, respectively)weremelted using an
induction-heating apparatus (NEV-M series; NisshinGikenCo., Saitama, Japan). High-purity and dense bulk
samples without cracks and pores were then synthesized as follows. First, themother ingots were crushed tofine
particles using amixer-milling apparatus (MI250; IKA Japan,Osaka, Japan). Themilled powder samples were
then placed in a graphite die with an inner diameter of 10mm for spark plasma sintering (LABOX-110MC;
SinterLand, Inc., Niigata, Japan). The sintering temperatures were 1203–1213 K, and the applied pressure was
set to 57 MPa in a purified argon atmosphere. Finally, the sintered bulk samples were annealed at 1173K for 24 h
in a purified argon atmosphere (MILA-5000; Advance Riko, Inc., Kanagawa, Japan) to improve the purity of the
τ1-Fe3Al2Si3 phase.

The synthesized bulk sampleswere characterized by x-ray diffraction (XRD) usingCrKα radiation (Mini-
Flex 600; Rigaku, Inc., Tokyo, Japan). Themappingmeasurements of Swere performed at room temperature
with 20 μm intervals using a scanning thermal probemicro-imaging apparatus (STPM-1000; Advance Riko,
Inc., Kanagawa, Japan). Theσ and S values of the samples weremeasured in the temperature range from300 to
873 K by four-probe and steady-state temperature gradientmethods, respectively (ZEM-3; Advance Riko, Inc.,
Kanagawa, Japan).We set values ofΔT= 10, 15, and 20 Kbetween the top and bottomof themeasured samples.
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The actualΔT value between the electrodes used tomeasure the voltagewas less than 3 Kduring the
measurements to obtain accurate S values.

The photoemissionmeasurements were performed at beamline BL07LSUof SPring-8 [29]. The excitation
energywas set to∼1000 eV. All of themeasurements were performed at room temperature. The incident light
was focused down to∼200 nmusing a Fresnel zone plate. The beamdirectionwas normal to the sample surface.
The incident light polarizationwas horizontal. The photoemission spectrawere recorded by aVGScienta
(ScientaOmicron)R3000 electron analyzerwith an EWAL lens, which allowed us to correct the photoelectron of
an extremely wide angle of±30°. The polarization direction and slit of the electron analyzer were in the same
plane. The clean sample surface was obtained by in situ fracturing. The binding-energy calibrationwas
performed by a Fermi edge and the 4f7/2 core level of gold evaporated close to the samples. The energy resolution
was∼200 meV. All of the reported spectra are the spectra after subtraction of the Shirley-type background [30],
except for the valence-band spectra.

3. Results and discussion

3.1. Phase characterization and thermoelectric properties
TheXRDpatterns of the synthesized p- and n-type FASTmaterials, abbreviated as the p-FAST and n-FAST
materials, are shown infigure 1. The obtained patterns were identifiedwith the τ1-Fe3Al2Si3 phase.However, we
found that both samples contained a small amount of the secondary phase ε-FeSi. From the reference intensity
ratiomethod using Rigaku-PDXL software, the estimated amounts of ε-FeSi were less than 1 and 4 wt.% for the
p- and n-FASTmaterials, respectively.

Themapping results of S at room temperature for the p- and n-FASTmaterials are shown in figure 2. The
averaged |S| values were∼130 and∼110 μV K−1 for the p- and n-FASTmaterials, which quantitatively agreed
with the S results at 300 K (figure 3(b)). In both the p- and n-FASTmaterials,∼20 μmprecipitates (black or
deep-blue dots) of anAl-doped ε-FeSi phase with a low S value can be clearly observed infigure 2. The amounts
of the precipitates were comparable with those obtained fromXRDmeasurements.We note here that the
synthesized FASTmaterials have compositemicrostructures with ε-phase, which brings a composition
deviation of τ1-phase area from the nominal compositions.

The thermoelectric properties of the p- and n-FASTmaterials as a function of the temperature are shown in
figure 3. The observed thermoelectric properties were typical of semiconducting transport behavior. The room
temperatureσ values of the p- and n-FASTmaterials were 300 and 470Ω−1 cm−1, and the S values at 300 Kwere
relatively high values of 140 and−120 μV K−1, respectively. Although the results of the n-FASTmaterial agreed

Figure 1.X-ray diffraction patterns of the (a) p-FAST and (b)n-FASTmaterials, together with the calculated patterns of the τ1-
Fe3Al2Si3 and ε-FeSi phases. Arrows indicate peaks from ε-FeSi phase.
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with those of a previous sample synthesized by induction-heating and gas-atomization processes [12], the
p-FASTmaterial had a lowerσ value but a higher S value. This is attributed to the lower carrier concentration in
the p-FASTmaterial. As a result, the obtained S2σ value of∼880 μWm−1 K−2 for the n-type FASTmaterial was
similar to that of the highest S2σ sample of p-FASTmaterials [18]. In contrast, comparedwith the sample
synthesized by induction-heating and gas-atomization processes [12], the p-FAST sample exhibited a slightly
lower S2σ value of∼680 μWm−1 K−2. The observed sharp decrease in S2σ at temperatures above∼500 K for the
p- and n-FASTmaterials is attributed to a significant reduction of S because of the excitation ofminority
carriers. Suchminority carrier excitation easily occurs in narrow-band gap (typically<0.3 eV) compounds.
Indeed, the calculated band gaps from theArrhenius plot were∼0.18 eV for the p- and n-FASTmaterials, as
shown infigure 4.

From first-principles calculations of the stoichiometric τ1-Fe3Al2Si3 phase [10, 15], the effectivemass (m*) of
the conduction band is larger than that of the valence bands, indicating that the carriermobility of the p-FAST
material is higher than that of the n-FASTmaterial. In contrast, the carrier concentration of the n-FASTmaterial
should be higher than that of the p-FASTmaterial because of the large electronic density of states at the Fermi
level. As a result, the same order ofσwas observed for the p- and n-FASTmaterials, as shown infigure 2(a).
However, the validity of rigid band approximation by changing the Al/Si ratio remains to be experimentally
verified.

3.2. Photoemission spectra
A typical survey scan spectrumof the n-FASTmaterial is shown infigure 5. All of the peaks can be assigned, as
indicated in the figure. Although themeasured samples were fractured in the vacuumchamber, the observedO
1s,O auger (KLL), andC 1s peaks could originate from the oxidized startingmaterials (Fe, Al, and Si) and/or
adsorbed residual gasmolecules in the ultrahigh vacuum chamber, such asCO2.

Figure 2.Mapping results of the Seebeck coefficient at room temperature for the (a) p-FAST and (b)n-FASTmaterials.
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The core-level spectra of the p- and n-FASTmaterials for Al 2p, Al 2s, Si 2p, and Fe 3p are shown in
figures 6(a)–(d), respectively. The solid curves are the raw spectra. For clarity, the spectra of the p-FASTmaterial
were shifted upward. TheAl 2p core-level spectra consisted of two peaks at∼73 and∼75 eV (figure 6(a)). The

Figure 3. (a)Electrical conductivityσ, (b) Seebeck coefficient S, and (c) power factor S2σ of the p- and n-FASTmaterials plotted as a
function of the temperature.
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former is related toAl0, and the latter is related toAl3+ [31].We assigned the two peaks to Al0 andAl3+ for
simplicity, but Al0 does not indicate ionic valency. The peak intensity of Al3+ showed slight position
dependence, whichwill be discussed later. TheAl 2s core-level spectra also showed two peaks at∼118 and
∼120 eV (figure 6(b)). Similar to the Al 2p case, the origins of these two peaks can be assigned to theAl0 andAl3+

states [31]. Similarly, the Si 2p core-level spectra showed two peaks at∼99 and∼102.5 eV (figure 6(c)). The peak
at∼99 eV,whichwas sharper than the peak at∼102.5 eV, had a shoulder peak at higher binding energy,
corresponding to 2p3/2 and 2p1/2 of Si

0 [32]. The broad humpon the higher binding-energy side probably
comes fromSi4+ [32]. In contrast to the other three elements, the core-level spectra of Fe 3p only showed a single
peakwith a tail toward higher binding energy (figure 6(d)). This tailmay be an ionic state, such as Fe2+ and/or
Fe3+ [33].

Asmentioned above, the three elements showed charge-neutral states (Al0, Si0, and Fe0). This
compound should bemetallic because the valence band is likely to be partially occupied. However, the
magic electron rule, the so-called 18− n rule proposed by Yannello and Fredrickson [23], can explain the
electronically insulating condition for intermetallic compounds of 13- and 14-group elements (transition-
metal systems). According to themagic electron rule, the number of valence states per transitionmetal (nV)
corresponds to 18− n, where 18 is the total number of states, that is, the s, p, and d orbitals with spin degrees

Figure 4.Natural logarithmof electrical resistivity, ρ, as a function of inverse temperature for p-and n-FASTmaterials.

Figure 5.Typical photoemission spectrumof the n-FASTmaterial for a wide energy range obtained by∼1000 eV excitation.
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of freedom of two (two states for the s orbital, six states for the p orbitals, and 10 states for the d orbitals). n is
the number of covalent bonds per transitionmetal that formwhen the transitionmetals are located at a
distance of 3 Å, corresponding to the number of antibonding states. In the case of the τ1-Fe3Al2Si3
compound, the number of Fe–Fe covalent bonds is four (n= 4). Therefore, the number of valence states per
Fe atom is nV= 18− 4= 14. In contrast, if we assume that the numbers of valence electrons of Fe, Al, and Si
are 8, 3, and 4, respectively, the number of valence electrons per Fe atom (ne) is ne= (8× 3+ 3× 2+ 4× 3)/
3= 14= nV. As a result, the valence states form a closed shell and electronically insulate in the τ1-Fe3Al2Si3
compound. The charge-neutral states (Fe0, Al0, and Si0) observed in this work support the scenario that the
nearly free electrons of Al and Si occupy the Fe-based cluster orbitals. Such a cluster-based orbital
description was proposed as the 5t+ 4c− b rule by Kitahara et al [34] to account for electronically insulating
quasicrystalline-related compounds in aluminum–transition-metal systems. This electron-counting rule is
identical to the 18− n rule under particular conditions.

The dashed curves infigure 6 are the spectra of the p-FASTmaterial shifted by 0.15 eV toward the higher
binding-energy side. Themain peaks at lower binding energy of the n-FASTmaterial and energy-shifted p-FAST
material showed good correspondence. In contrast, the broad humps on the higher binding-energy side in the Al
2p, Al 2s, and Si 2p spectra slightly differed in their intensities. The good correspondence of themain peaks and
deviation of the broad humpprovide the origins of the core-level shift and broad humps, respectively. Regarding
the former, the core-level shifts aremainly due to the change of the band filling in the valence band and/or
conduction band through carrier doping, that is, the chemical-potential shift. In general, the core-level shift is
determined by four factors: the chemical-potential shift, the change of theMadelung potential, the change of the
valency, and the change of screening [35]. In the present case, all of the core-level shifts were almost identical.
Because the core-level shift originated from the change of theMadelung potential, the change of the valency, and
the change of screening depending on each element, site, and/or orbital, only the change of the chemical-
potential can explain the observed trend. Therefore, the dominant factor of the core-level shift is the chemical-
potential shift. Regarding the latter, the intensity of the broad hump showed slight spatial variation even on the
same sample surface, asmentioned above. The spatial variations of the Al 2p core-level spectra for the p- and
n-FASTmaterials are shown infigure 7. The blue and light-blue (red and orange) curves correspond to the
spectra of the p-FAST (n-FAST)material. For simplicity, the peak positions of Al0 are aligned by shifting
horizontally, and the spectra of the p-FASTmaterial are shifted vertically. Here, we normalized by the peak

Figure 6.Photoemission spectra of the (a)Al 2p, (b)Al 2s, (c) Si 2p, and (d) Fe 3p core levels. The blue (red) curves are the spectra of
p-FAST (n-FAST)material. The solid curves are the raw spectra, and the dashed curves are the spectra shifted by 0.15 eV toward
higher binding energy.
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intensities of Al0. Because the origin of theAl3+ state will come fromoxidized aluminum, the observed spatial
variation reflects a different oxidation state.

3.3. Valence-band spectra of the doped FASTmaterial
The photoemission spectra of the valence bands of the p- and n-FASTmaterials are shown in figure 8.
Considering the photoemission cross section, these spectra strongly reflect Fe 3d orbitals [36]. First-principles
calculations of FASTmaterials indicate increasing density of states toward the Fermi level down to∼1 eV and an
abrupt decrease below∼1 eV [15]. This overall feature wellmatched the present experimental results. The
dashed blue curve infigure 8 corresponds to the spectrumof the p-FASTmaterial shifted by 0.15 eV toward
higher binding energy. Fromfigure 8, the energy positions of the highest intensities are almost the same. This
indicates a rigid band shift owing to carrier doping by changing the Al/Si ratio. Because of the energy resolution
of∼200 meV and themeasured temperature of∼300 K, the Fermi edge is, if it exists, not clear. At least, we can
safely conclude that the present samples are not goodmetals.

The spectral edge around the Fermi energy showed deviation. In general, photoemission spectroscopy
observes occupied electronic states. In actualmaterials, inevitable defects and/or impurity levelsmay exist inside
the band gap. For the n-FASTmaterial, the Fermi level is located above the band gap or just under the bottomof
the conduction band. The valence-band spectra of the n-FASTmaterial containmuchmore in-gap state than
that of the p-FASTmaterial. Thismay be the reason for the deviation of the spectral edge.

Figure 7.Photoemission spectra of Al 2p at different sample positions. The blue and light-blue (red and orange) curves are for the
p-FAST (n-FAST)material. The origin of the horizontal axis is the peak position of the peak at binding energy of approximately 73 eV.
The vertical dashed lines are guides for the eye for the peak positions of themain peak (∼73 eV) and satellite peak (∼75 eV).

Figure 8.Valence-band spectra of the p- and n-FASTmaterials. The blue and red solid curves are the spectra of the p- and n-FAST
materials. The dashed blue curve is the spectrumof the p-FASTmaterial shifted by 0.15 eV toward higher binding energy.
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4. Conclusions

Wehave synthesized high-purity polycrystalline samples of the τ1-Fe3Al2Si3 phase to obtain deeper insight into
controlling the p-n characteristics to enhance the thermoelectric properties of FASTmaterials. The obtained p-
and n-FASTmaterials showed relatively high S values of 140 and−120 μV K−1 at 300 K, respectively, because
they had less contamination of themetallic ε-FeSi phase through optimizing the synthesis process. The
photoemission spectra of the p- and n-FASTmaterials were consistent with the covalent bonding nature and
semiconducting behavior. Because the core-level shifts were independent of the elements and orbitals, the
observed chemical-potential change should be the dominant factor of the core-level shift of∼0.15 eV,which is
close to the band gap of∼0.18 eVobtained from transportmeasurements.
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