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ABSTRACT

To investigate the possibility of p-type doping of a-5rSi,, a promising as an eco-
friendly thermoelectric material, the energy changes of substitutions of the Si site
of a-5rSi, by group 13 elements were evaluated using first-principles calculations.
It is found that Ga doping was the most energetically favorable dopant while In
is the most unfavorable. We examined the synthesis of Ga- and In-doped «-5rSi,
using the vertical Bridgeman method and investigated their thermoelectric prop-
erties. The Ga atoms were doped to a-SrS5i, successfully up to 1.0 at. %, while In
atoms could not be doped as suggested by calculations. For experimental pre-
pared Ga-doped samples, the carrier density was observed to increase with Ga
doping, from 3.58 x 10" cm™ for undoped a-StSi, to 4.49 x 10* cm ™ for a 1.0 at.
% Ga-doped sample at 300 K. The temperature dependence of carrier concen-
trations was observed to change from negative to positive with increasing Ga
content. In addition, the temperature dependence of the Seebeck coefficient was
also observed to change from negative to positive with increasing Ga content. The
results indicate that a-5rSi, undergoes a semiconductor-metal transition with
Ga doping. The power factor for the undoped sample was quite high, at 2.5 mW/
mK?, while the sample with 0.3 at. % Ga had a value of 1.1 mW/mK? at room
temperature.
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Introduction

One of the most promising means by which waste heat
from industrial heating processes can be utilized to gener-
ate electricity is to use thermoelectric (TE) power genera-
tors employing TE conversion materials. Therefore, many
kinds of thermoelectric material had been developed [1].
Bi-Te is a material that exhibits outstanding TE power
generation performance around room temperature (RT),
but due to the rarity of its constituent elements, alterna-
tive materials are being actively developed, such as (i)
Mg-Ag-Sb [2-5], (ii) Fe-V-Al [6, 7], (iii) Zr-Ti-Ta/Ni-Sn
[8-10], (iv) Mg,SiSn [11, 12], (v) Al-Fe-Si [13, 14], and
(vi) Cu,Se [15]. The performance of these thermoelectric
materials has been generally improved by doping. Not
only but the doping concentration be also the carrier type
can change. For example, various dopants were substi-
tuted into Mg,Si and both p-type and n-type were real-
ized [16-19]. From the viewpoint of the environmental
impact, the sustainability of the materials used to con-
struct it is of paramount importance and it is desirable
for the materials to comprise elements that are non-toxic,
resource abundant, easily recyclable, and inexpensive.
Materials (i) through (iii) above have shown power gen-
eration capability comparable to Bi-Te, but cannot satisfy
the sustainability requirements. Materials (iv) and (v) are
environmentally benign materials, but would require
improvements in their power density.

a-SrSi, is a sustainable narrow-gap semiconductor
[20] and has demonstrated potential for power genera-
tion in the 100-300 °C range [21-23]. Undoped a-5rSi,
has a promising power factor of 2.28 mW/mK? at 300 K
[23]. We have focused on this material and have syn-
thesized high-purity a-SrSi, by the vertical Bridgman
method. The band gap was estimated from the tem-
perature dependence of the carrier density, and the
effects of isotropic strain and of the incorporation of
isoelectronic impurities were determined from first-
principles calculations [24, 25].

The substitution of Si atoms in a-SrSi, by group
13 elements is expected to enhance the TE proper-
ties because the dominant carrier of a-SrSi, is holes.
However, the Bridgman method is a thermal equilib-
rium synthesis method which tends to be less prone
to impurity substitution than previously reported
non-equilibrium methods (e.g., arc-melt method)
[24, 26-29]. Therefore, we focused on the formation
energy, which is an index of the ease of substitu-
tion, and investigated the possibility of substituting

13 elements (B, Ga, In, and Al) to a-SrSi,. In this
paper, only the formation energy results are briefly
discussed. The full details of these results including
electronic structural calculations such as band struc-
ture and density of states will be reported separately,
alongside results on the screening of dopants using
group 15 elements [30].

Based on the results, a-5rSi, samples doped with
the selected group 13 elements were prepared under
thermal equilibrium conditions using a vertical
Bridgman furnace, and the basic bulk matrix syn-
thesis, impurity doping properties, basic electrical
properties, and the TE properties were clarified. To
evaluate the electrical and TE conversion properties,
TE chips were formed by a plasma-activated sinter-
ing process.

Preliminary calculations for screening
the dopant

Calculation method

First-principles calculations using density functional
theory (DFT) were performed using the PW-SCF
module of Quantum Espresso, a first-principles DFT
calculation code that uses pseudopotentials [31]. Per-
dew-Burke-Ernzerhof (PBE) functionals were used
to determine the total energy of the system based on
the electron density distribution. These functionals are
some of the most widely used in generalized gradient
approximations (GGAs) [32]. For calculations of the
doped and undoped systems, we performed structural
relaxation calculations using the above PBE function-
als. The calculations were performed for a 2 x2 x 2
supercell of the primitive unit cell of Sr,Sig. Sr3,5i4,
contains 64 Si atoms. Because all the Si atoms occupy
the same crystallographic site, we chose one atom to
substitute Si atom by a B, Al, Ga or In atom, which
corresponds to substitution of 1.04 at. %.

The formation energy AE which shows the stability
of the impurities in the a-Sr3,Sig, was calculated by the

following equation,
AE (SrySigs © A) = E(Sr3pASigs) + E(Si) — EGSraSig) - E(A) (1)

where E(Sr;,ASi¢;3), E(Sr3,5ig,), E(Si), and E(A) are the
total energies in each crystalline state.
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Results of calculations for selecting
the dopants

The lattice constants of a-Srs,SicsA (A =Si, B, Al, Ga,
In) determined by structural relaxation calculations
and the formation energies calculated from Eq. 1 are
plotted as functions of the sum of the covalent radii
of Si and A in Fig. 1, with reference to Okada and
Cordeo et al. Since the Si-Si bond length of 0.239 nm
reported by J. Evers for undoped SrSi, is close to the
covalent bond length [33], 0.2351 nm of the Si crystal
with the diamond structure, each Si atom in SrSi,
would have the same bonding nature with its neigh-
boring Si atoms [34]. As shown in Fig. 1a, the lattice
constant of a-Srj,Sic;A tends to increase as the sum
of the covalent radii of Si and A increases, which
indicates that there is no significant difference in the
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Figure 1 Sum of the covalent radii of Si and A (A=B, Ga, Al,
In) dependence of a lattice parameter in a-Sr3,Sic; A (A=B, Al,
Ga, In), b formation energy of a-Sr3,Sig; A (A=B, Al, Ga, In).
The covalent radii are referenced from Okada et al. [34] on Si,
and from Codero et al. for A [37].
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bonding properties when a Si atom is replaced by a
group 13 element.

It should be noted here that the lattice constant of
undoped a-5Sr,Sig, predicted by structural relaxation
is 0.6495 nm, which is smaller than the experimentally
reported minimum value of 0.6525 nm at 8.9 K [33].
This is due to the fact that the predicted lattice constant
is for a temperature of 0 K, whereas the experimentally
observed lattice constant is over 0 K. In addition, the
reported experimental values also scatter from 0.6515
to 0.6535 nm (at about 300 K) due to different defect
concentrations in the different fabrication methods [33,
35, 36]. These factors may cause small errors in the
predicted lattice constant.

The formation energy, AE, of a-Sr3,Sigz A from
a-Sr3,Sig, and A (approximately 1 at. % A) is plotted
against the sum of the covalent radii of Si and A in
Fig. 1b, which indicates how much the doped struc-
ture is stabilized by impurity doping. As shown in
Fig. 1b, the formation energy of a-Sr3,5i5;A tends to
increase as the covalent bond length increases, except
for when A = Ga. Therefore, among the group 13 ele-
ments, Ga seems to be the most stable when used to
dope a-SrSi,. The formation energy was as high as
80 meV for a-Sr;,SigIn, where the difference between
the sum of the covalent radii of Si and A and that of
Si-Si is the greatest. More detailed information is
given elsewhere [30]. From the preliminary calcula-
tions described above, except for Ga, the other group
13 elements are found to be energetically unfavorable
as substitutes for Si in a-SrSi,.

As targets for the actual experimental investigation,
we have selected Ga as dopant for a-SrSi,. In addi-
tion, to confirm whether elements with high formation
energy is difficult to be substituted into a-SrSi,, we
have also selected In.

Experimental doping characteristics
Experimental methods

Samples were synthesized by the vertical Bridgeman
method. The starting materials are 33.3: 66.7-x: x molar
mixtures (0< =x < =1.0) of Sr (2.5N: Furuuchi Chemi-
cal Co., Ltd.), Si (6N: Kojundo Chemical Laboratory
Co., Ltd.) and dopants (Ga (6N: Furuuchi Chemical)
or In (5N: Furuuchi Chemical)). The starting mate-
rial, weighed inside a globe box, was put into a boron
nitride (BN)-coated alumina crucible and loaded
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inside a vertical Bridgeman furnace. The details on the
vertical Bridgeman furnace are described elsewhere
[25]. The material was the heated in Ar atmosphere up
to 1393 K, which is 10 K higher than the melting tem-
perature of SrSi, [38]. After keeping the temperature
at 1393 K for 3 h, the sample was moved downward
at the speed of 36 mm/h. The resulting ingots were
pulverized to powder with sizes of 25 ~75 pm in an Ar
ambient and the samples for TE measurements then
prepared by sintering the resulting powdered ingots.
The powdered ingot put into a graphite die was sin-
tered using a plasma-activated sintering apparatus
(Elenix, Ed-PAS-III-Es). The sintering was performed
at 1173 K for 10 min at a pressure of 100 MPa in an Ar
(0.06 MPa) ambient to obtain a dense material. The
true density of the resultants was measured using a
Gas Displacement Pycnometry System (Micromeritics
Instrument, AccuPycll 1340), and the relative density
of the sintered pellet was estimated by the Archimedes
method. The sintered samples were then cut using a
wire saw.

The microstructure of the samples was examined
using a scanning electron microscope (SEM; JEOL,
JCM6000Plus). The distributions of the constituent
elements, Sr and Si, and the incorporated dopants
were observed by an energy-dispersive X-ray (EDX)
spectrometer (JEOL, JED-2300). The grown crystals
were characterized by powder X-ray diffractometry
(XRD) with Cu Ka radiation (Rigaku, SmarLab). The
compositions of grown specimens were determined by
the XRD-Rietveld method. The standard material (5i,
NIST 640e) was used in order to determine lattice con-
stant from the powder XRD pattern. Hall coefficients
were measured by the van der Pauw method under a
magnetic field of 0.5 T at temperatures ranging from
80 to 400 K (Toyo, ResiTest 8300). The TE properties,
including the Seebeck coefficient and the electrical
conductivity, were measured over the temperature
range from RT to 573 K using a Seebeck Coefficient/
Electric Resistance Measurement System (Advance-
Riko, ZEM-3), from which the power factor was esti-
mated. The Seebeck coefficient was evaluated from
plots of the AT-AV curves (where AT = 5 K).

Results of the synthesis of Ga- and In-doped
a-S1Si, and their electric and thermoelectric
properties

We synthesized samples from 33.3: 66.7-x: x molar
mixtures of Sr, Si, and dopants (Ga or In) using the

vertical Bridgeman method. In the following, Ga, or
In, is used to refer to the sample prepared from 33.3:
66.7-x: x molar mixtures of Sr, Si, and Ga or In. A pho-
tograph of the Ga0.3 sample is shown in Fig. 2a. The
grown crystal has a maximum radius of 21 mm and
a height of about 20 mm and did not adhere to the
BN-coated Al,O; crucible. The general appearance of
this sample is similar to that of all the other doped
and undoped samples. Figure 2b—f shows the back-
scattered electron (BSE) images observed by SEM in
the lower part of samples. Local elemental contents
were measured at the points indicated by the num-
bers 1 to 11 in Fig. 2b—f. The results are summarized in
Table 1. In all the samples, the matrix consists of SrSi,,
although the observed ratio of Si content to Sr content
is slightly greater than the ideal ratio of Si content.

In the Ga-doped samples, the observed Ga content
in the SrSi, matrix is close to the Ga content in the
starting materials, suggesting that Ga atoms were
doped into SrSi, successfully. The black area at posi-
tion 2 in Fig. 2b is Si at the grain boundary, which we
consider to be unreacted. These black areas are also
observed in Fig. 2c and d, and it appears that the exist-
ence of Si at the grain boundary occurs regardless of
the amount of Ga doping. For the upper part of each
doped sample, i.e., that cut from between the center
and the upper part, mainly Sr and Si elements were
detected, but Si precipitation was observed as in the
lower part. If the growth rate is sufficiently slow, Si in
the Sr-Si eutectic microstructure should be excluded
to the top, but the observation of Si regardless of the
crystal location suggests that the growth rate is too
fast.

As the amount of Ga added increases from 0.3 at. %
to 1.0 at. %, a linear increase in the amount of Ga meas-
ured by SEM-EDX elemental analysis is observed.
However, the composition becomes Si-rich as the Ga
content increases. The BSE images of Gal.0 (Fig. 2d)
shows a surface morphology that is quite different
from those with Ga0.3 and Ga0.5. While Ga and Si
precipitation appears to be significantly reduced in
this sample, grains and voids different from those
observed in other samples of a-5rSi, seem to have
formed. This indicates the need to investigate the solid
solubility limit of Ga based on structural and other
analyses. As the composition of the samples prepared
in this study was only measured by EDX, it would be
necessary to investigate the composition in detail by
EPMA in the future to determine the exact concentra-
tion of the substituted impurities.
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Figure 2 a Photograph of
the cross section of the Ga0.3
sample and BSE images of

b Ga0.3, ¢ Ga0.5,d Gal.0, e
In0.5, and f Gal.0. The num-
bers in the images indicate
the positions where chemical
compositions were analyzed
by EDX.

Table 1 Dopants, dopant
contents in the starting
materials, position, observed
contents, and observed
phases of undoped and doped
SrSi,

@ Springer
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Sample  Impurity Impurity content in the Point number Observed contents Observed phase
starting material (at. %) (at. %)
Sr Si  Impurity

Undoped - - - 326 674 - SrSi,
Ga0.3 Ga 03 1 327 669 0.34 SrSi,

2 0.00 100  0.00 Si
Ga0.5 Ga 0.5 3 323 672 047 SrSi,
Gal.0 Ga 1.0 4 309 68.0 1.18 SrSi,

5 31.0 68.1 0.95 SrSi,

6 32.6 44.8 22.6 SrGa,Si,
In0.5 In 0.5 7 328 67.2 0.031  SrSi,

8 32.8 67.2 0.00 SrSi,
In1.0 In 1.0 9 28.7 71.2 0.051  SrSi,

10 28.7 71.3 0.012  SrSi,

11 12 1.8 970 In
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In Gal.0 (Fig. 2d), a light gray precipitate was
observed at the position 11. The ratio of Sr, Si, and Ga
in this region is approximately 3:4:2, which suggests
that this precipitate is a ternary compound SrGa,Si,_,
with the AlB,-type structure [39-42]. The solid solubil-
ity limit of Ga in SrSi, is deduced to be approximately
1.0 at. %, because the Ga content in SrSi, is approxi-
mately 1.0 at. % and SrGa,Si,_, appears in Gal.0, but
not in Ga0.5.

In contrast to the Ga-doped samples, the In-doped
samples shown in Fig. 2e and Fig. 2f (0.5 at. % and
1.0 at. %, respectively) show observed In contents in
the SrSi, grain much smaller than those in the start-
ing materials. On the other hand, as shown in Fig. 2e,
metallic In crystallized near the a-SrSi, grain bounda-
ries. In the In-doped sample, residual Si, and metal-
lic In were present as eutectic ejecta at the top of the
sample. Compared to the change in lattice parameter
and formation energy when In is introduced, which
were calculated by the first-principles calculations per-
formed as screening in this study, these experimental
data indicate that it is difficult to introduce In in a sub-
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a-5rS5i, (cubic, space group: P4,32), which exhibits a
semiconducting phase. In the XRD spectra, a metallic
phase 3-SrS5i, (tetragonal, space group: I14;/amd) was
not observed in the undoped, Ga-doped, and In-doped
samples, whereas a-SrSi, and a slight peak indicating
residual Si, possibly due to the evaporation of Sr, were
observed.

Ga is not observed in the XRD spectra, whereas
clear peaks indicating In precipitates can be observed,
in agreement with the SEM observations. The value
of the peak increases with the concentration of the
impurity.

Since lattice parameter changes are expected to vary
with the amount of impurity elements substituted,
the lattice parameter values with observed impurity
content are listed in Table 2, along with the content
of Ga or In in the grains as determined by EDX. The

Table 2 Observed impurity content and lattice constant of
undoped and doped a-SrSi,. The number of the parenthesis at lat-
tice constant represents the standard deviation

stitutional form in an actual thermodynamically stable Sample Observed Impurity Lattice constant (nm)
environment. content (at. %)
' Fflgure S3 ;bows thle results olf) p(:}vlvder )t(RD1 ;n'adly— Undoped ~ 0.6535(1)
sis for a—h rdlf samples grown }1 e Ve.r 1.ca ; 61 0g5— Ga0.3 0.34 0.6536(1)
maf)} met oC1 11‘0m sourced materia ; Cg]ntammg 0, 1. Ga0.5 047 0.6537(1)
a’; o In and 1.0, 0.5, and 0.3 at. 1o a, r}fspectlve y Gal 0 118 0.6538(1)
"lj esefXRD measpremeqts revea ‘that the composi- 0.5 0.03 0.6535(1)
tion of the material obtained in this study is mainly 1.0 0.05 0.6535(1)
Figure 3 RT X-ray dif- L e L B N B RASLENLE | LA LN B S B HE B S B S N B B B Sy N B B S B B B B
fraction patterns of a-SrSi, L — ]
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lattice constant of undoped a-SrSi, is 0.6535(1) nm,
which is consistent with previously reported values
[33, 35, 36]. The lattice constant of the Ga-doped sam-
ple increases with increasing Ga content in the grains.
On the other hand, the In-containing samples have
almost no In content in the grains and therefore show
no increase in the lattice constant. This suggests that
the lack of change in the lattice constant is due to the
lack of In substitution within a-SrSi,. The observation
is consistent with the calculation result which showed
a high formation energy and a likely instability for the
substitution of In on a Si site. However, the impurity
content determined by EDX shows information within
the grain only at one localized location. On the other
hand, when evaluating thermoelectric properties,
we are looking at the properties not only within the
grains, but also at the grain boundaries and precipi-
tates. Therefore, this impurity content trend within the
grains does not always match the properties.

The lattice parameters calculated from XRD meas-
urements for a-SrSi, samples grown by the vertical
Bridgman method from source materials containing
1.0, 0.5 at. % In and 1.0, 0.5, and 0.3 at. % Ga, respec-
tively, are plotted as functions of the source materials
in Fig. 4. For the Ga-doped sample, the lattice con-
stant value tends to increase with Ga doping. When
Ga is doped 1 at. %, the lattice constant is increased
by 0.04% compared to the undoped lattice constant.
Comparing this rate of increment with the calculated
results, the calculated lattice parameter is increased
by 0.05% by doping Ga into a-SrSi,, which is the same

0.6540 , ,

0.6538

T

0.6536

0.6534

Lattice parameter, a (nm)

0.6532

T
1

0.6530 ' . ' .
0.0 0.2 0.4 0.6 0.8 1.0

Contents of impurities (at. %) in source materials

Figure 4 Lattice parameter at RT of «-SrSi, samples grown by
the vertical Bridgman method from source materials contain-
ing 1.0, 0.5 at. % In and 1.0, 0.5, and 0.3 at. % Ga, or without,
respectively.

@ Springer

J Mater Sci (2024) 59:7840-7853

rate of increment as in the experimental results. Since
the experimental results are in accordance with the
first-principles calculations, it is considered to be sub-
stituted at the Si site and behave as a p-type dopant.
The sample with 1.0 at. % Ga showed a different sur-
face morphology from the 0.3 at. % and 0.5 at. % sam-
ples as seen in the SEM observations.

The change in lattice parameter shown in Fig. 4 may
be taken as an indication of the changes seen in the 0.3
at. % and 0.5 at. % samples. If Ga is a p-type impurity,
the next thing to determine is the status of the electri-
cal activation after substitution at the Si sites. This was
done by electrical measurements and these are dis-
cussed in the next section. The electrical activation of
the sample with 1.0 at. % Ga is particularly interesting
because this is not a small amount of impurity. On the
other hand, for the In-doped samples, no noticeable
change in the lattice constant of the undoped a-SrSi,
was observed with increasing amounts of In. Consid-
ering this result, it is reasonable to assume that the
experimental process conditions used here to add In
to a-SrSi, are unsuitable for the substitution of In at
Si sites.

Unfortunately, the samples grown in this experi-
ment had many voids and weak grain boundaries, as
shown in Fig. 2, and were not structurally or thermally
stable, so it was not possible to directly cut sample
pieces from the grown samples to measure the elec-
trical and thermoelectric properties. Therefore, to
measure the electrical and thermoelectric properties,
a process was introduced to prepare specimen pieces
by grinding and sintering (plasma-activated sintering)
the grown samples. Referring to the experimental data
which shows that the In-doped samples did not form a
solid solution with a-SrSi,, we decided only to meas-
ure the electrical and thermoelectric properties of the
Ga-doped samples. Hereafter, we simply express the
sample obtained from the source material containing,
for example, 0.5 at. % Ga as “0.5 at. % Ga-doped.”

Figure 5 shows BSE images of observations of the
surfaces of the undoped and Ga-doped samples sin-
tered by the plasma-activated sintering method. The
relative densities of all the samples were over 95~96%.
Crack and void-free samples were obtained, and the
sintering produced sufficiently dense samples to ena-
ble measurements of the electrical and thermoelectric
properties. No significant difference in morphology
was observed between the Ga-doped and undoped
samples. Local elemental analysis revealed that the
crystal grains were mainly formed of SrSi,. In all
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Figure 5 SEM image (back-
scattered electron image) of a
undoped a-SrSi,, and «-SrSi,
doped with b 0.3 at. % Ga, ¢
0.5at. % Gaandd 1.0 at. %
Ga sintered by a plasma-acti-
vated sintering technique.

321
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Figure 6 X-ray diffraction patterns of undoped o-SrSi,, and
a-SrSi, doped with 0.3 at. % Ga (Ga0.3), 0.5 at. % Ga (Ga0.5)
and at. % 1.0 Ga (Gal.0) sintered by a plasma-activated sintering
technique.

samples, Si, which is observed in vertical Bridgeman
samples, is also observed in PAS samples. In addition,
precipitates with a high content of SrGa,Si,_,, which
were observed in Gal.0, were also present at the grain
boundaries.

Figure 6 shows powder XRD patterns of the sintered
undoped and Ga-doped samples. These XRD patterns
indicate that the sintered samples mainly consist of
a-515i,. Small amounts of impurities were observed.
In all the sintered samples, a trace of diffraction peaks

7847

from Si was observed at 28.4 degree. Additional small
diffraction peaks were observed in the sintered sam-
ples. The small diffraction peaks from Sr,SiO, were
observed in Ga0.5 and an unidentified small peak,
indicated by C, was observed at 26.6 degree in Ga0.3.
We believe that the effect of these impurities on trans-
port and TE properties is small because the amount of
these impurity is deduced to be small from the small
diffraction peak intensity from the impurities com-
pared with those from a-SrSi,.

Figure 7a shows an Arrhenius plot of the carrier
density of sintered undoped and Ga-doped samples
in the temperature range from 80 to 400 K. For the
undoped sample, the temperature dependence of n
can be expressed by the equation that describe a typi-
cal temperature dependence of intrinsic carrier density
for semiconducting materials:

= ATé .
2
n exp 2, T 2

where A, kg, and Eg are constant, the Boltzmann
constant, and band gap, respectively. A band gap of
49.2 meV is obtained by fitting of the data at tempera-
tures from 270 to 400 K to Eq. 2.

Our previous SrSi, samples, which were predomi-
nantly a-5rSi, with a small amount of 3-5rSi, and
residual Si, had a bandgap of about 13 meV over
approximately the same temperature range [25]. In
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Figure 7 Results of the (a) (b)
electrical measurements 107 E T . 1000 17T
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addition, the carrier density in the low-temperature
range of the samples prepared in this study was
lower than that of the samples prepared in the pre-
vious study. At present, improving the process for
preparing a-SrSi, single-phase crystals is in a state of
exploration, but we consider that the process used in
this study has improved the quality of the undoped
samples compared to the process we used in the past.
These results suggest that we successfully improved
the quality of samples in the present study. The
bandgap of undoped a-5rSi, is reported to be about
34 meV for a sample prepared by a combination of
melt synthesis using an arc-melt method and subse-
quent plasma-activated sintering [20], so it depends
somewhat on the preparation process. The bandgap
of a-SrSi, has been shown to be very narrow, based on
first-principles calculations [28] and experiments, so it
may be difficult to evaluate it as an absolute physical
property.

In the samples with Ga as a p-type impurity, it
seems that the carrier density increases proportionally
with increasing amounts of Ga content. For example,
the carrier concentrations at 400 K were 7.1 x 10" cm™
for undoped sample, 1.3 x 10%*° cm™ for Ga0.3, 2.4 x
10% for Ga0.5, and 4.6 x 10% for Gal.0. Based on the
octet rule and considering the valence, the valence
of Sr, Si, and Ga are 2+, 4+, and 3 +, respectively.
Since the carrier density increased proportionally
with increasing Ga doping, the added Ga is consid-
ered to be substituted into the Si site. The Ga content
of the sample after sintering determined by EDX is
0.23 at. % for Ga0.3, 0.53 at. % for Ga0.5, and 1.0 at.
% for Gal.0. Thus, carrier density seems to increase
with Ga content linearly. Although it is necessary
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to conduct secondary ion mass spectrometry (SIMS)
measurements to evaluate the exact values of the elec-
trical activation rates for the amount of Ga added, it
is seen that electrical activation with the added Ga is
somewhat high. As the concentration of incorporated
Ga increases, it becomes difficult to find a clear acti-
vation energy from the temperature dependence of
the carrier concentration, but a bandgap of 16 meV
can be calculated for the sample with 0.3 at. % Ga in
the temperature range from 80 to 400 K. The deter-
mination of band gap becomes difficult in the sample
with higher Ga content. In Gal.(, the carrier density is
almost independent of temperature, suggesting that at
Gal.0 it is like a metal. This phenomenon is not limited
to the case of Ga doping, since a-5rSi, also behaves
with metallic character when a-5rSi, is doped with
aluminum, which acts as a p-type dopant [28].

Such a phenomenon commonly can be caused by
the Fermi level, which is located in the middle of the
band gap, being lowered by doping and touching the
valence band, or by a change in the band structure,
resulting from a collapsed band gap.

The band structure of a-Sr;,Sig;Ga doped with 1 at.
% Ga reported by D. Shiojiri et al. revealed that the
band gap is in fact collapsed, and that the position of
the Fermi level shifts toward the valence band [30].
The sample in this study is assumed to have exhibited
metallic behavior due to the change in band structure
and the lowering of the Fermi level by doping Ga.

Figure 7b shows the Hall mobility p of sintered
undoped and Ga-doped a-5rSi, in the temperature
range from 80 to 400 K. Hall mobility was obtained
using the relation: o =ney, where e and o are elemen-
tal charge and electrical conductivity, respectively. In
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contrast to the undoped sample, a large decrease in
the Hall mobility is observed in the Ga-doped sam-
ples, and the decrease is greater as the amount of Ga
added increases. It should be noted that the undoped
sample was not an as-grown single crystal sample,
but a sintered powder sample. The sample measured
is a sintered body with crystal grains of several tens
of micrometers in size with many grain boundaries.
Therefore, it is thought that the presence of crys-
tal grains has a significant influence on the mobility
measurement. Or we speculate that the Si network in
a-S15i,, which can be playing a role in the electronic
conduction, has become disordered by substituting Ga
into the Si site of a-5rSi, which causes the mobility to
decrease rapidly with increased Ga doping.

Figure 8 shows the measured temperature depend-
ence of the electrical conductivity (Fig. 8a) and the See-
beck coefficient (Fig. 8b) for sintered undoped and Ga-
doped «a-5rSi,. The temperature range measured was
from RT to 573 K, this being the temperature range
for low-temperature waste heat. The power factor
(PF) shown in Fig. 8c is a reference value to determine
the power generation capability of this material when
used as a thermoelectric generator, and was calculated
by PF= S%g, where S and o are the Seebeck coefficient
and electrical conductivity, respectively.

The positive value for the Seebeck coefficient for
all the samples over the measured temperature range
indicates that predominant charge carriers are holes.
The sample showed a positive value without doping
and this tendency is common within previous reports
[21-23, 27].

The results of a formation energy calculation of a
defected sample reported by D. Shiojiri indicate that
Si defects are energetically more stable than Sr defect
samples [43]. In view of the reported results, it is possi-
ble that the undoped sample shows p-type conduction
due to a Si deficiency.

The Seebeck coefficient observed in the undoped
sample has a maximum value of 135 pV/K at RT and
then monotonically decreases with increasing temper-
ature. In silicide TE materials, it is common to enhance
the PF by adding impurities to increase the number
of carriers, but at the present sample, when the impu-
rity Ga is added to a-5rSi,, the Seebeck coefficient is
observed to decrease to a much lower value as seen
in metallic TE materials. The Ga-doped a-5rSi, sam-
ples show slight monotonic increases with increasing
temperature, although the 0.3 at. % Ga-doped sam-
ple has a rather flat characteristic over the measured
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Figure 8 Thermoelectric properties of undoped and Ga-doped
specimens as a function of the sample temperature ranging from
RT to 573 K. a Electrical conductivity, b Seebeck coefficient, and
¢ calculated power factor.

temperature range. S of Ga-doped samples decreases
with increasing Ga content.

The electrical conduction characteristics shown in
Fig. 8b can be viewed as characteristic values that are
basically inversely correlated with the Seebeck coef-
ficient characteristics, and the results obtained are
in accordance with the Seebeck coefficient charac-
teristics. The samples with 0.5 at. % and 1.0 at. % Ga
concentration exhibit metallic behavior as far as the
temperature dependence of electrical conductivity is
concerned. This seems to be related to the fact that for
these two Ga-doped concentrations, it was not possi-
ble to calculate the bandgap from the plots of the tem-
perature dependence of the carrier concentration. On
the other hand, the observed electrical conductivity
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of the undoped sample and the sample with 0.3 at.
% Ga is comparable over a wide temperature range,
again showing a trend toward metallic behavior with
increasing temperature. In addition, since the amount
of incorporated impurities is on the order of 10*° cm™,
it is possible that localized levels are formed at the
band edge due to the introduction of defects asso-
ciated with the incorporation of the impurities. In
addition, the sample used for thermoelectric charac-
terization is a sintered sample made from raw pow-
der materials, which may be a factor that disturbs the
band-edge portion of the sample crystal. The process-
dependent and highly doped crystalline state of the
sample and the narrow-bandgap properties of a-SrSi,
may be of significance in understanding the thermoe-
lectric property results. In order to confirm these initial
findings, our first priority is to prepare a single crys-
tal of a-SrSi, and obtain electrical and thermoelectric
properties similar to those of the present experiment
using a crystal sample in the as-grown condition.

The undoped sample has a rather high value of 2.5
mW/mK? at RT as shown in Fig. 8c. Considering just
the PF values, the values obtained reach a level that
allows the design of thermoelectric devices that can
be expected to generate enough electricity for practi-
cal use. It is notable that this high value is shown for
the undoped state without impurities added. Since
undoped samples may contain unexpected impuri-
ties due to process contaminants or the level of purity
of the raw material, it is necessary to investigate the
residual impurities in more detail and their thermo-
electric behavior in a-5rSi,. The power factor at RT
decreases with increasing Ga content, suggesting that
the decrease in S is more dominant than the increase
in o for the change in PF. The value of it is 1.1 mW/
mK? in the sample with 0.3 at. % and 0.5 mW/mK? in
the sample with 1.0 at. %.

Conclusions

Impurity elements to be doped into a-SrSi, were
selected based on the formation energy of group 13
substitutions into the Si site of a-5r5i, determined
from first-principles calculations by density func-
tional theory (DFT) with the Perdew—Burke-Ernzerhof
functional.

We selected Ga and In for impurity elements,
and samples were then prepared by the vertical
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Bridgeman method. The grown samples consisted
mainly of a-5rSi,, the semiconducting phase, with
only a small amount of residual Si. For the impurity
Ga, a tendency toward a solid solution and electri-
cal activation of the a-SrSi, with an increase in lattice
constant were observed for concentrations ranging
from 0.3 at. % to 1.0 at. %. On the other hand, with
the vertical Bridgeman method used in this study,
the incorporation of In showed almost no solid solu-
tion in the range from 0.5 at. % to 1.0 at. %. Although
the melt-synthesized samples were almost single-
phase material, there were voids and cracks in the
as-grown state, so the samples were subjected to a
plasma-activated sintering process to prepare them
for evaluation of their electrical properties. The tem-
perature dependence of the carrier density in sam-
ples with densities above 97% resulted in activation
energies corresponding to bandgaps of 49 meV for
the undoped sample and 16 meV for the 0.3 at. % Ga-
doped sample. The Seebeck coefficient and electrical
conductivity of undoped and Ga-doped a-5rSi, were
investigated. The undoped sample had a substantially
higher value of 2.5 mW/mK? at RT compared to the
sample with 0.3 at. % Ga, which had a value of 1.1
mW/mK? at RT.
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