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A two-layer bulk Si material with different boron concentrations was prepared using spark plasma sintering to improve its thermoelectric
performance by blocking minority carrier diffusion across its interfaces. The sintered two-layer sample (p*/p-Si) was cut to include the interface.
Two monolayer samples (p*-Si, p-Si) were prepared for comparison. Seebeck coefficient mapping of the p*/p-Si surface by thermal probing
confirmed a Seebeck coefficient gap between the two p-type Si layers, indicating that a band offset exists at the interface. When compared with the
average resistivities and voltages for p*-Si and p-Si, the electrical resistivity in the p*/p-Si sample is almost identical, but the thermoelectric voltage
is higher when the p*-part is heated more than the p-part. This indicates that bipolar carrier transport inhibition in the band offset improved the
thermoelectric voltage. This bandgap engineering process and principle can be extended to other thermoelectric materials that can be processed

via powder sintering. © 2023 The Japan Society of Applied Physics

1. Introduction

In current internal combustion engines, 70% of the total
energy generated from fossil fuels is lost in the form of waste
heat at a temperature that generally exceeds 623 K via
exhaust gases and the engine coolant.” The use of thermo-
electric power generation methods to reduce this energy
waste is attracting considerable attention. Thermoelectric
materials can semi-permanently convert heat into electrical
power via the Seebeck effect without causing further CO,
emissions.

Numerous studies have been devoted to the research and
development of thermoelectric materials since the Seebeck
effect was discovered in the 1800s. Bi-Te” and Pb-Te
systems are known to be promising thermoelectric materials
in terms of their performance, but they contain expensive or
toxic elements and are only available for operation in the
low-temperature region; Bi,Te; and PbTe-based materials
have shown the highest values of the dimensionless figure of
merit ZT at around 370 K> and 870K," respectively.”
Conventionally, many studies of thermoelectric materials
have focused on the materials and chemical compositions
that offer high Seebeck efficiency, but each material’s short-
comings have hindered their practical application. Therefore,
a novel method is required to make improvements in their
thermoelectricity, regardless of the material type.

The bipolar effect degrades the thermoelectric voltage in
materials with relatively narrow bandgaps.® In the Seebeck
effect in a p-type semiconductor, for example, charge
separation is caused by diffusion of thermally generated
holes from the high-temperature side to the low-temperature
side of the material. However, at temperatures above 400 K,
the electrons can be excited up to the conduction band (CB).
The electrons then diffuse in the same direction as the holes
in the valence band (VB) and suppress the charge separation
process. Therefore, inhibition of the bipolar carrier transport
can enhance the electric voltage in these materials. With this
aim, approaches to optimize the band gaps and carrier
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concentrations by modifying the chemical compositions of
the materials have been reported,”®'? although they are
possibly restricted by doping limits and the trade-off with the
electrical conductivity.'*'®

Another promising method for thermoelectric performance
enhancement involves formation of interfaces in the material.
Grain and compositional boundaries can increase the Seebeck
coefficient via the carrier energy filtering effect and/or reduce
the thermal conductivity via phonon scattering, and the
coexistence or independence of these effects has also been
discussed.'®'>~2 The impact of grain boundaries and dopant
segregation in polycrystalline Si results in higher resistivity,
higher Seebeck coefficient, and lower thermal conductivity
than in single crystalline Si, which has been under intense
investigation for decades.”>=? The enhancement of ZT
produced by heterostructure  barriers in  Bi,Tes,
Mg,Sn; _,Si,, Si;_.Ge,,>" and PbTe-based alloys32’ have
been investigated theoretically. Regarding experimental stu-
dies, there have been several reports on use of band bending
to block minority carrier conduction and thus enhance the
thermoelectric voltage. Growth of thin layers was demon-
strated to realize an increase in the Seebeck coefficient due to
minority carrier blocking.>® In bulk materials, research on
functionally graded materials prepared via the Czochralski
method implied that a composition gradient can improve the
energy conversion efficiency’® and enable formation of an
internal electric field that can control the diffusion of specific
carriers.*> To enable this concept to be applied to other bulk
materials, experimental demonstrations based on use of more
common manufacturing methods, e.g. powder sintering, are
desired.

In this study, two p-type semiconductors with different
band structures are combined to form a band offset at their
interface. We used Si as the model material because heavily
doped Si has a narrower band gap than lightly doped Si.***”
The band offset was fabricated by forming a junction
composed of p-type Si layers with different carrier densities
to inhibit diffusion of the excited electrons in the CB.

© 2023 The Japan Society of Applied Physics
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2. Experimental methods

2.1. Materials and preparation

Two types of boron-doped Si powder were sintered in two
layers to form a p'/p junction. The information on the
degenerate and nondegenerate Si single crystals used as the
raw materials is summarized in Table 1°°>® The corre-
sponding p*-Si (degenerate) and p-Si (nondegenerate) ingots
(>99% purity (SUMCO)) contain boron at concentrations of
3.0 x 10" and 1.1 x 10" ecm™, respectively. When the
Fermi levels (Ep’s) of the p*- and p-Si ingots are aligned, the
bottom of the CB (Ecg) and Ey of the p'-Si ingot is then
estimated to be approximately 10 meV lower and 8 meV
higher than the Ecg and top of the VB (Eyg) of the p-Si
ingot, respectively. After pulverization to approximately
1 pm, these powders (9 g of each) were filled in layers into
a carbon die with an inner diameter of 15 mm and combined
via the spark plasma sintering method using a LABOX-215
(Sinter Land; 800 A and 3.0V) for 10 min under vertical
pressure of S0MPa in a vacuum. A two-layered sample
(p*/p-Si) was cut to dimensions of
10mm X 5.0mm X 1.4 mm to include the interface at the
center of its length. Hereafter, the part derived from the Si
ingot doped with 3.0 x 10" ecm™* of boron is called the
p ' -part and the other, more lightly-doped part is called the p-
part. For comparison, p™-Si and p-Si monolayer samples
were also prepared from 18 g of p*-Si ingots and 18 g of p-Si
ingots, respectively, using the same process that was used to
form the p'/p-Si sample. In addition, single-crystalline
samples were also prepared by simply cutting each of
p'-Si and p-Si ingots, named p*-sc-Si and p-sc-Si samples,
respectively for comparison with the monolayer polycrystal-
line samples.

2.2. Characterization and measurement

X-ray diffraction (XRD) analysis using Cu Ka radiation was
performed to characterize the crystal structure of the p*/p-Si
sample (SmartLab, Rigaku; 40 kV and 30 mA). The Seebeck
coefficient distribution of the surface was examined by the
thermal probe method using a probe that was heated to be
40 K higher than the stage at room temperature. The probe
was in contact with the surface of a sample for more than 4 s
to stabilize the temperature distribution inside the sample and
render the heat transfer between the probe and the sample
negligible. The probe diameter was around 50 ym and the
scan step was set to 0.25 mm. The line profile of the voltage
drop was scanned every 250 ym along the surface of each
sample. For the p*/p-Si sample, the current through the
specimen from the p*-part side to the p-part side was set at
100 mA to enable calculation of the resistivity of each part
and the apparent resistivity of the entire scanned area. The

Table I

p'-sc-Si, p-sc-Si, p*-Si, and p-Si samples were also scanned,
although the p-Si sample was measured at a current of
50 mA. The thermoelectric voltages of the five samples were
measured with a 3 K temperature difference between the
edges of each sample. The results were calculated from two
data sets measured by switching the direction of the
temperature gradient for the sample setting location to
eliminate any instrument bias. The p*/p-Si sample produced
two results that differed in the higher temperature part.

3. Results and discussion

3.1. Results

Figure 1 shows a photograph of the p*/p-Si sample. The
interface between the two different silicon layers cannot be
observed clearly from the sample’s visual appearance. The
peaks of the diamond structure of Si alone were detected in
the XRD pattern shown in Fig. 2.

Figure 3 shows mapping images of the Seebeck coeffi-
cients of (a) the p*-Si sample, (b) the p-Si sample, and (c) the
p'/p-Si sample when investigated via the thermal probe
method. The Seebeck coefficient was positive all around the
scanned areas. Comparison of the two monolayer samples
showed that the p-Si sample in Fig. 3(b) had higher
coefficient values (expressed using darker colors) than the
p-Si sample in Fig. 3(a). These results correspond to the fact
that the p-Si ingot, which is the raw material for the p-Si
sample, has a lower carrier concentration than the p*-Si ingot
used to form the p'-Si sample, as listed in Table L. In
Fig. 3(c), the left part (the p*-part) is lighter in color than the
right part (the p-part) of the p*/p-Si sample. The sharp
change in color corroborates the fact that an interface exists
between the two Si layer types with different carrier
concentrations, which can cause a rise in the Ecg at the
boundary.

According to the line profile of the voltage drop, the
resistivities of p'-sc-Si, p-sc-Si, p-p*-Si, and p-Si samples
were determined to be 4.9, 8.8, 9.4, and 25 mQ-cm,
respectively. These results of the single crystalline samples
are reasonable compared to the resistivity of silicon as a
function of impurity concentration previously reported®” and
the polycrystalline sample showed higher resistivity than the
corresponding single crystalline samples. Figure 4 shows the
voltage drop across the p*/p-Si interface, where the hor-
izontal and vertical axes represent the position and the
electric potential, respectively, with the origin set at a point
near the p " -part side. The slope changes noticeably at around
4 mm, which is the center of the sample. No significant
voltage drop at this point indicates that there is no interface
resistance between the two layers. The resistivities of the
p ' -part, the p-part, and the complete sample (apparent value)

Information on the boron-doped Si single crystalline ingots used as the raw materials. The Fermi energies from the valence band edge (Eyvg — Ef)

and the apparent/net energy band gap narrowing (4E,) near room temperature were derived from data and an equation published previously in the

literature,*>%

Name Dopant concentration (Cl’l’l_3) Eyg — Ep (meV) Apparent/net AE, (meV) Precursor to:

p'-Si ingot 3.0 x 10" 28 103 p"-sc-Si sample (whole)
p*-Si sample (whole),
p ' /p-Si sample (p*-part)

p-Si ingot 1.1 x 10" -8 85 p-sc-Si sample (whole)
p-Si sample (whole),
p/p-Si sample (p-part)

000000-2 © 2023 The Japan Society of Applied Physics
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Fig. 1. Photograph of two-layer sample (p*/p-Si) fabricated using the
spark plasma sintering method. The left and right parts, called the p™-part
and the p-part, are derived from p*-Si and p-Si ingots, respectively.
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Fig. 2. XRD result for the p™/p-Si sample. The numbers over the peaks are
the indices of reflection of Si.

are 9.5, 22, and 15 mQ-cm, as calculated from the solid,
pointed, and dashed linear approximation lines shown in
Fig. 4, respectively. Therefore, each of the different parts has
similar characteristics to the p*-Si or p-Si sample, and the
complete sample characteristics are close to their average.
Figure 5 shows the temperature dependence of the thermo-
electric voltages generated by the five samples with a 3K
temperature difference between their two edges. The poten-
tial of the low temperature part was plotted with reference to
the potential of the high temperature part for each measure-
ment. The Seebeck coefficients of p*-sc-Si, p-sc-Si, p*-Si,
and p-Si were calculated from the voltages at 800 K to be
178, 213, 265, and 308 uV K™, respectively. The thermo-
electric voltages in the single crystalline samples, lines (a)
and (b) for the p*-sc-Si and p-sc-Si samples, respectively,
reproduced a monotonically increasing correlation within the
measured temperature range, while these values are smaller
than expected from those reported previously.*” The reason
for the higher resistivity and Seebeck coefficient in single-
layer polycrystalline samples, lines (c) and (d) for the p*-Si
and p-Si samples, respectively, than in corresponding single
crystalline samples may be explained as the result of energy
filtering at grain boundaries.*" The apparent Seebeck coeffi-
cient of the p'/p-Si sample was 312V K ' when the
p'-part side was hotter than the p-part side, although this
value decreased to 221 1V K" with respect to the opposite
temperature gradient. Note that we mention the apparent
Seebeck coefficient for the p*/p-Si sample as indicated by the
apparent resistivity because these physical values should
only be discussed for single-phase samples. Comparison of
their temperature dependences showed that p*-Si [line (c)]
produced a lower thermoelectric voltage than p-Si [line (d)],
which is consistent with the carrier concentrations of these
precursors. The average of these values was plotted as the
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Fig. 3. Mapping images of the local Seebeck coefficients of (a) the p*-Si
sample, (b) the p-Si sample, and (c) the p*/p-Si sample (where the left part is
the p™-part, and the right part is the p-part) acquired by the thermal probe
method. The strength of the color corresponds to the magnitude of the
Seebeck coefficient, as indicated by the color bar [see the legend below (c)].
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Fig. 4. Line profile of the voltage drop at a current of 100 mA for the
p"/p-Si sample (squares). Both the position and the voltage drop are
referenced with respect to a point near the p*-part-edge. Approximate
straight lines for the p*-part (solid), the p-part (pointed), and the entire
sample (dashed) led to the corresponding resistivity values for these parts of
9.5, 22, and 15 (apparent value) mQ-cm, respectively.
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Fig. 5. Temperature dependence of the thermoelectric voltages of (a) the
p'-sc-Si sample, (b) the p-sc-Si sample, (c) the p*-Si sample, (d) the p-Si

sample, (e) the average of the data of the monolayer polycrystalline samples,
and the p*/p-Si sample (hot side: (f) p*-part; (g) p-part) for a temperature

difference of 3 K.

dashed line (e). When the p*-part side was hotter than the
other side, the thermoelectric voltage of the p*/p-Si sample
shown as line (f) was larger than the average voltages of the
monolayer samples given by line (e), despite the coexistence
of their high and low Seebeck coefficient layers, as shown in
Fig. 3(c). In contrast, the result recorded under the switched
temperature conditions [Fig. 5(g)] was lower than that of
p'-Si in addition to the average value. These phenomena can
be caused by the obstruction and promotion of majority and
minority carriers, which will be discussed in the next section.
3.2. Discussion

The p*/p-Si sample has shown a thermoelectric voltage that
differs from the average of the voltages of the monolayer
samples, depending on the temperature gradient (Fig. 5).
Regarding the distributions of the Seebeck coefficient and the
resistivity (Figs. 3 and 4), the p*/p-Si sample has character-
istics similar to a combination of the p*-Si and p-Si
characteristics. Therefore, the existence of the interface at the
p ' /p-Si junction should be the reason why the thermoelectric
voltage of the p*/p-Si sample [Figs. 5(f) and (g)] is different
from the average of the values for p*-Si and p-Si [Fig. 5(e)].
This is explained schematically in Fig. 6. As indicated within
Table I, when semiconductors derived from p*-Si and p-Si
are joined together, an Ecp slope with a rise of 10 meV and a

(a) Band structure of
p*/p-Si sample

CB Electrons___,

E
_ /30me _r_o_/—
IECB /.10 meV ) T

*-part
ppa Interband

excitation

Interface

gap between Ep of p'-part and Eyg of p-part with a fall of
8meV will be formed at their interface [as shown in
Fig. 6(a)]. This band bending structure prevents electrons,
which were excited preferentially at the p*-part from
diffusing into the CB in the p-part, as shown in Fig. 6(b).
Simultaneously, the corresponding hole diffusion is also
inhibited in the VB. This offset can severely inhibit hole
diffusion especially in the low temperature range, resulting in
the lower thermoelectric voltage for p*/p-Si sample (hot side:
p'-part) [Fig. 5(f)] than that for the average of the values for
monolayered polycrystalline samples [Fig. 5(e)]. On the other
hand, when the temperature range is increased, the electrons
cannot cross the 10 meV offset as easily as the holes can
cross the 8 meV offset, and this results in effective charge
separation [Fig. 6(c)]. Therefore, the band offset can con-
tribute to the improvement in the thermoelectric voltage.
However, when the temperature gradient is switched (hot
side: p-side), the thermoelectric voltage of the p*/p-Si sample
[Fig. 5(g)] is even lower than that of the p-Si [Fig. 5(c)]
over the entire temperature range. In that case, both of
majority and minor carries may easily diffuse to the p* side
as shown schematically in Fig. 6(d), resulting in recombina-
tion and voltage drop in that sample. The validity of use of
this artificially modified band structure to eliminate the
bipolar effect was confirmed in addition to the polycrystalli-
zation in this study.

To discuss the performance in a useful manner, the p*/p-Si
sample must be compared with the p-Si sample. Although the
voltage across the p*/p-Si sample [hot side: p*-part,
Fig. 5(f)] was initially lower than that of the p-Si sample
[Fig. 5(d)], the voltages were almost the same at temperatures
above 750 K. In addition, the entire apparent resistivity of
p'/p-Si (15 mQ-cm) was lower than the resistivity of p-Si (25
mQ-cm). Therefore, it can be concluded that the junction
composed of p-type Si layers with different carrier densities
can achieve higher thermoelectric performances than the
conventional monolayered structures.

4. Conclusions

The thermoelectric voltage of boron-doped Si is improved by
forming a junction from two boron-doped Si parts with
different band structures that are dependent on their dopant
concentrations. This result indicated that a band offset was
formed at the interface that can inhibit diffusion of excited

(b) Hot side: p*-part, (c) Hot side: p*-part, (d) Hot side: p-part,
low temp. region
Hot Cold

high temp. region  entire temp. region
Hot Cold Hot Cold

:_QQ/LH\L

r A

Fig. 6. Schematic illustrations of (a) the band structure, the mechanism by which diffusion of excited electrons from the valence band (VB) to the conduction
band (CB) and the corresponding holes are inhibited by offsets in the CB and VB, respectively in (b) low and (c) high temperature regions when the p*-part is
heated more than the p-part, and (d) that in entire temperature region when the p-part is heated more than the p™-part of the p*/p-Si sample.

000000-4

© 2023 The Japan Society of Applied Physics



Q8

QY

Jpn. J. Appl. Phys. 00, 000000 (2023)

M. Sakamoto et al.

electrons in the CB. The larger charge separation caused by
the barrier with respect to the minority carriers can contribute
an increase in the electric voltage across the two-layered
thermoelectric material, which is prepared by powder sin-
tering.
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