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Anomalous enhancement of thermoelectric power factor by
thermal management with resonant level effect

Shunya Sakane?, Takafumi Ishibe?, Kosei Mizuta?, Takeshi Fujita®, Yuga Kiyofujic, Jun-ichiro Ohes,
Eiichi Kobayashi¢, and Yoshiaki Nakamura*@

Obtaining high thermoelectric performance has been the biggest historical challenge for thermoelectric generation. Here,
we propose a methodology of thermoelectric power factor enhancement: thermal management with resonant level effect
for simultaneous increase of electrical conductivity cand Seebeck coefficient S. Au crystals and Au impurities are introduced
into SiGe. Therein, (1) highly-conductive Au crystals increased o. (2) Au impurities brought resonant level effect and phonons
scattering, resulting in enhanced S and lowered thermal conductivity x of SiGe. (3) This x distribution control brings focus of
temperature difference on SiGe parts with lowered «; resulting in the availability of the enhanced S of SiGe parts as effective
S of the entire nanocomposites. Consequently, we achieved the highest S?c at room temperature among SiGe-related
materials ever reported. Electronic structure calculation and measurement support the existence of resonant level, which

enhances S and lowers k. These results provide a new route to the thermoelectric performance enhancement.

Introduction

Thermoelectric conversion is attracted as one of the energy
harvesting techniques. Its efficiency increases as dimensionless
figure of merit ZT (=5%0T/ k) increases, where S is Seebeck coefficient,
o is electrical conductivity, x is thermal conductivity, and T is
absolute temperature. For ZT increase, power factor (S%0)
enhancement and &« reduction are required. However, it is
challenging to control three properties (S, o, and x) independently
due to their trade-off relationships. In many reports that have ever
been published, phonon scattering at nanostructure interfaces
brought x reduction, resulting in ZT enhancement-16, Recently, for
further ZT increase, S2cenhancement by controlling electronic states
and carrier scattering has been drawing much attention'’-%7,

Resonant level effect (RLE) approach is one of the most effective
S20 enhancement methods. There have been many reports about
S20 enhancement by RLE in various thermoelectric materials with
impurities?®-36, Therein, the resonant energy level position related to
impurities is in the conduction (valence) band and very close to the
conduction (valence) band edge in n- (p-) type semiconductor?’, and
conducting carriers are influenced by the resonant level, leading to S
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increase. However, in general, due to the concomitant o
degradation, RLE is not always beneficial for thermoelectric
properties®’. S2c is enhanced only when S increase effect is larger
than o decrease effect’”. Thus, in RLE, the accompanying o
degradation limits S?cenhancement.

On the other hand, in our previous report, we proposed the
methodology of S?cenhancement in p-type SiGe-Au composites that
are composed of SiGe and Au parts by thermal management32,
Therein, Au crystal parts, leading to high o, have high xand Ge-rich
SiGe nanograins have low x due to phonon transport control by the
nanograin structures. Therefore, large temperature difference (AT)
is mainly applied to nanostructured Ge-rich SiGe parts that have high
S (thermal management). As a result, the high S of Ge-rich SiGe parts
is available as effective S of entire composite. Thus, this thermal
management leads to increase of o due to Au parts while keeping
high S of SiGe parts. The detail of the temperature difference of
composite materials is shown in Fig. S1 ESI.*. Such thermal
management can be a way to compensate the weakness (o
degradation) of RLE approach. The combination of two approaches
can realize simultaneous increase of S and o toward further S?o
enhancement. However, it is a big challenge to control the two kinds
of quanta: electron and phonon, simultaneously.
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Fig. 1 The conceptual diagram of our proposed
methodology for the enhancement of thermoelectric
performance: thermal management with RLE. Therein, (1)
material B with high electrical conductivity (o) working as
conductive path increases o of the entire material. (2)
Impurities bring RLE and phonons scattering, resulting in
enhancing S and lowering x of material A (Sa and xa). (3)
This enhanced high S, is available as the effective S of the
entire material because AT is applied to material A with
lowered k,, not to material B with low Sgz. AV is
thermoelectromotive force.

We propose a methodology of further S2c enhancement by
electron interaction and phonon scattering through resonant level
impurity: thermal management with RLE, as shown in Fig. 1. In the
thermal management with RLE approach, impurity introduction into
material A enhances S, by RLE and reduces xx by phonon scattering
at the resonant level impurity. Material B with high o3 (low S and
high xg) is introduced into such material A to increase o of entire
material. Although high o material introduction reduces S of entire
material because of its low S in general, the effective S of entire
material is kept to be high RLE-enhanced S, in the case of thermally-
controlled material. Therein, the AT is mainly applied to material A
with high S,, not to material B with low Sg because xj is drastically
reduced by phonon-scattering at resonant level impurity (thermal
control). Here, we focus on SiGe crystal as material A, Au atom as a
resonant level impurity in SiGe, and Au crystals as material B in Fig. 1
because of the abundant information about SiGe-related materials
and industrial applicability. There have also been reports that Au-
doped Si or Ge has resonant energy levels near the conduction band
edge34%, which can increase S by RLE. We fabricate n-type Au-doped
SiGe (called as SiGeAu sample in this paper) by suction casting
method for S2o-enhancement by the thermal management with RLE.
S?0 of the present nanocomposites exceed the maximum value of
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Fig. 2 Crystal structures of SisgGeg (a), Sis;GegAu; (c), and
SissGegAu, (e). Calculated DOS of SisgGeg (b), Sis;GegAu, (d),
and SisgGegAu, (). In (e), the arrows represent two Au
atoms. In (d), the arrow represents (acceptor) energy levels
in bandgap near valence band maximum formed by isolated
Au impurities. In (f), the arrow represents resonant levels in
conduction band near CBM formed by substitutional Au
atoms.

SiGe-related materials that have ever been reported at room
temperature (RT). This demonstrates that the thermal management
with RLE related to the simultaneous control of electronic states and
heat flow can bring giant thermoelectric power factor enhancement.

Results and discussion

The calculation of electronic states formed by substitutional Au
atoms in SiGe.

Unlike reports about the density of states (DOS) calculation of Au-
doped Si or Au-doped Ge*?, there has been few reports about DOS of
Au-doped SiGe even though there has been a long history about SiGe
study. Therefore, to confirm a resonant level in Au-doped “SiGe”, we
calculated electronic structures of Au-doped SiGe based on density
functional theory (DFT) first-principle calculation by using Wien2k
software package?!. In this calculation, we use the k-points grid
sampling of 5x5x5 for SissGes, 14x14x14 for Sis;GegAu; and
SissGegAu,. It was confirmed that this calculation hardly depended
on Ge distribution in SiGe (Fig. S2 in ESI.T). These calculation results
are shown in Fig. 2. In Sis;GegAus, electronic levels coming from Au
are formed in bandgap, as shown by the arrow in Fig. 2(d), indicating
that isolated substitutional Au impurities, namely point defects, form
energy levels near valence band maximum and work as acceptors.
On the other hand, in Sis¢GegAu, where two substitutional Au
impurities are neighboured as indicated by the arrows in Fig. 2(e),

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 SEM-EDS images of P-doped SiGeAu sample (P: 1.0
at%): SEM image (a) and elemental maps of Si (b), Ge (c),
and Au (d). P was not detectable because of its small
amount. (e) Schematic illustration of P-doped SiGeAu
sample. (f) Normalized NEXAFS spectrum (SiGeAu/SiGe):
NEXAFS spectrum from Ge 2p of undoped SiGeAu divided
by that of undoped SiGe. The inset in (f) shows NEXAFS
spectra from Ge 2p of undoped SiGeAu (the solid line) and
undoped SiGe (the dotted line). Horizontal axis of the inset
in (f) is energy relative to Fermi energy (EF).

Normalized intensity (arb. units)

resonant energy levels appeared in the conduction band (the arrow
in Fig. 2(f)). Two substitutional Au impurities form resonant level
near conduction band minimum (CBM). We considered that
adjacence of two Au atoms is not absolutely necessary for forming
resonant level, and resonant level is formed only if the hybridization
of two Au atoms and SiGe occurs. Namely, two Au atoms which are
separate to some extent can interact with each other through the
hybridization with spreading SiGe states, leading to the formation of
resonant level. This interaction is similar to Mn-Mn interaction in
magnetic semiconductor (Ga, Mn)As with dilute Mn impurities®?. To
confirm this dilute Au impurity effect, we calculated DOS of the
separate substitutional Au atoms, indicating that they can form
resonant energy level near CBM, as shown in Fig. S3 ESI.T. These
results indicate that the dilute substitutional Au impurities is a key
for increasing S by RLE. It is also considered that dilute Au impurities,
which are more stable than nearest neighbor Au pairs, are possibly
formed. Therefore, n-type SiGeAu would be expected for high
thermoelectric performance by RLE.

This journal is © The Royal Society of Chemistry 20xx
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Formation of SiGeAu nanocomposite and its electronic structure.
We fabricated P-doped SiGeAu nanocomposites by suction casting
method. The distribution of each constituent element in SiGeAu
samples was observed by scanning electron microscopy (SEM) —
energy dispersive X-ray spectrometry (EDS). Fig. 3 (a)-(d) show SEM-
EDS images: SEM image and elemental maps of Si, Ge, and Au for P-
doped SiGeAu sample (P: 1.0 at.%), respectively. It was found that Au
was inhomogeneously distributed; Au was mainly aggregated at
grain boundaries of SiGe parts, which can work as conductive path.
Au was also observed inside SiGe parts. In the SiGe parts, there is
inhomogeneous distribution of Ge concentration. SiGe nanograins
were also observed by high resolution transmission electron
microscope (Fig. S4, ESI.T). The conceptual illustration of this unique
structure is shown in Fig. 3(e). From the above inhomogeneous
distribution of Au, it is possible that dilute Au impurities exist in SiGe,
which can form resonant level near CBM.

We investigated the electronic structures of undoped SiGeAu
and SiGe samples by near edge X-ray absorption fine structure
(NEXAFS) of transition from Ge 2p at RT. The inset in Fig. 3(f) shows
each NEXAFS spectrum of undoped SiGeAu and SiGe. Undoped
SiGeAu spectrum was divided by undoped SiGe spectrum to obtain
normalized NEXAFS spectrum (SiGeAu/SiGe), as shown in Fig. 3(f). In
Fig. 3(f), a peak was observed near 0 eV. The results experimentally
demonstrated that there are resonant levels near CBM in SiGeAu,
which supports the above electronic structure calculation of SiGe
with substitutional Au atoms. We succeeded in the formation of
resonant levels in SiGe, which can be related to dilute Au impurities,
indicating that RLE-S?c enhancement can be expected in the n-type
SiGeAu samples.

Thermoelectric properties.
We measured thermoelectric properties (cand S) of P-doped SiGeAu
and SiGe samples at RT. Fig. 4(a) and (b) show o and S as a function
of the P amount. We confirmed that o values of both SiGeAu (solid
circles) and SiGe samples (solid squares) increased as the P amount
increased, which is usual tendency of doping. We found that o of
SiGeAu samples were much higher than that of SiGe samples. This
higher o.came from high carrier conductivity of Au. In Fig. 4(b), the S
values of both P-doped SiGeAu and SiGe samples were negative,
indicating n-type conduction. Fig. 4(c) and (d) show S and S?c as a
function of o with the data of other SiGe-based materials>43-0,
SiGeAu sample (solid circles) exhibited higher S at o of around 1000
Olcm ! than other SiGe-based materials. On the other hand, at o of
< ~600 Qlcm, SiGeAu sample (solid circles) exhibited lower S than
SiGe sample (solid squares). It should be noted that a peak of S was
observed around 1000 Q'cm™ (solid circles). As a result, SiGeAu
sample exhibited about twice higher S?c at RT than that of SiGe
sample and the highest 520 among the other SiGe-based materials
that have ever been reported>*3->9, as shown in Fig. 4(d).

Here, we discuss the following two points in Fig. 4(c): (1) SiGeAu
sample exhibited lower S than that of SiGe sample at o of < ~600 (O
1cm™ and (2) the S tendency like a peak was emergent at ~1000

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Thermoelectric properties of SiGeAu (the solid circles)
and SiGe (the solid squares) samples at RT. The P amount
dependence of the o (a) and the S values (b). The o
dependence of S (c) and S?2o values (d) with the values of
other SiGe-related materials. Electron contributions of P-
doped SiGeAu (S, o., and S.20.2) are shown by the solid
triangles. Dashed lines in (a), (c) and (d) are eye guides.
1cm L. We confirmed that these do not come from the difference of
mass density due to the similar mass density in each sample (Table
S1 and S2, ESI.1). It is possible that the lower S of SiGeAu sample at
o of < ~600 Qlcm comes from bipolar conduction: conduction of
electrons and holes generated by P dopants and defect-related
acceptors (isolated Au impurities), respectively. As shown by the
calculation result in Fig. 2(b), isolated Au impurities might work as an
acceptor. Actually, when P dopant amount was very low in SiGeAu
sample (<0.05 at.%), p-type conduction was observed (not shown). It
should be noted that Hall carrier concentration of ~2x102° cm3 (hole
concentration) in such p-type SiGeAu sample with low P amount was
larger than that of undoped p-type SiGeAu sample (2x10*° cm3 (hole
concentration)) even though P dopants in SiGe work as donors. This
result denies complete carrier compensation between P donor and
defect-related acceptor, revealing bipolar conduction. This detail is
shown in the ESI.t. This bipolar conduction seems to come from the
inhomogeneous distribution of Au concentration (isolated Au
impurities and dilute Au impurities) due to the fabrication method of
suction casting method, as shown in Fig. 3(d).
To extract the essential properties of P-doped SiGeAu samples
without defects causing bipolar conduction, we considered transport
properties by using the following equations:

O =0,+0, (1)

meas
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where the indices “meas”, “e”, and “h” describe measured value of
the samples, and electron and hole contributions, respectively. The
electron contributions to S and o of SiGeAu sample (S. and o) are
shown by the triangle marks in Fig. 4 (a)-(c). The electron
contributions are the essential properties of P-doped (n-type) SiGeAu
samples without defects generating holes. In Fig. 4(a) and (b), o, of
SiGeAu sample was much higher than o of SiGe sample, and S, of
SiGeAu sample was higher than S of SiGe sample. This simultaneous
enhancement of o-and S has not been found in other reports of S?c
enhancement by RLE. This simultaneous enhancement implies a
success of S?2c enhancement by “thermal management” with RLE,
bringing the possibility of about four times S2c-enhancement to ~ 55
pWemK2 (the triangles in Fig. 4(d)) at RT, which exceeds that of
Bi,Tes. In Fig. 4(c), there seems to be a hump of S, (solid triangles)
indicated by the dashed curve, which is the same as a peak position
of S of SiGeAu samples (solid circles). We also observed the unique
tendency from carrier concentration dependence of S (Fig. S5 ESI.T).
This unique tendency, which is consistent with that of materials
having resonant level?’, demonstrates S?c enhancement by RLE.
From these results, this high S?c of SiGeAu sample was found to
come from three factors: (1) Au crystals increased o as conductive
path. (2) Au impurities brought RLE and phonons scattering, resulting
in enhanced S and lowered x of SiGe parts. (3) This enhanced high S
is available as the effective S of the entire nanocomposites because
temperature difference is applied to SiGe parts with lowered «;, not
to Au crystals with low S. This thermal management with RLE
succeeded in compensating the weakness (o degradation) of RLE
approach, realizing further S2cenhancement: simultaneous increase
of o and S. On the other hand, bipolar conduction coming from
defects reduce S, leading to S?c reduction. However, this problem
would be solved by removing such defects. This methodology of S?o
enhancement is a universal method with applicability to other
thermoelectric materials.

We measured o, S and S2o of SiGeAu sample (P: 0.3 at.%) at RT-
200 °C, as shown in Fig. 5. Therein, the data of radioisotope
thermoelectric generator (RTG) SiGe are also plotted for reference®.
SiGeAu sample and RTG SiGe showed similar tendency of both cand
S. S of SiGeAu sample was higher than that of RTG SiGe while both &
values were almost the same. As a result, SiGeAu sample exhibited
2-3 times higher S?cthan RTG SiGe at RT-200 °C, as shown in Fig. 5(b).
The xvalues of SiGeAu (P: 0.3 at.%, P: 1.0 at.%) samples were

This journal is © The Royal Society of Chemistry 20xx
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Table 1 o, «, xjat, and ZT at RT of P-doped SiGeAu sample
with those of RTG SiGe>.

Sample i K Kat 27
[Qlem] [WmIK1] [WmIK1] @RT
SiGeAu
0.9x103 6.7 5.6 0.15
(P: 0.3 at.%)
SiGeAu
1.3x103 4.8 3.8 0.10
(P: 1.0 at.%)
RTG SiG
e 12x10° 4.6 3.7 0.08

(P: 2.0 at.%)

measured at RT. Table 1 shows xvalues of SiGeAu (P: 0.3 at.%, P: 1.0
at.%) samples and RTG SiGe>. Therein, lattice thermal conductivity
Kia: and ZT values are also shown. xj,; is calculated from Wiedemann-
Frantz law by using the following equation:
Ky =Kk—LoT 3)

where L is Lorentz number (~2.4x108 WQK2). x of SiGeAu sample
was almost the same value as that of RTG SiGe at the same o. Table
1 shows that x of SiGeAu samples decreased as P amount increased.
This reduction by P doping indicates that P dopants in SiGe parts also
work as phonon scattering centers. Finally, we calculated ZT values
of SiGeAu samples at RT, which is shown in Table 1. SiGeAu sample
(P: 0.3 at.%) exhibited about twice higher ZT than that of RTG SiGe
due to high S?c. This high ZT value was obtained by thermal
management with RLE.

Conclusion

We present the methodology for S?c enhancement: thermal
management with RLE for simultaneous enhancement of and S of
SiGe, unlike other reports of S20 enhancement by RLE. In P-doped
SiGeAu sample fabricated by suction casting method, Au was
distributed at grain boundary, which is suitable to thermal control.
The calculation of electronic states and NEXAFS measurement
support the existence of resonant level, which enhances S. SiGeAu
samples exhibited the highest S?c at RT among SiGe-related
materials that have ever been reported. x of SiGeAu sample was
comparable to RTG SiGe. As a result, SiGeAu sample exhibited much
higher ZT than that of RTG SiGe at RT. This methodology: thermal
management with RLE related to the simultaneous control of
electronic states and heat flow provides a guideline for enhancement
of thermoelectric performance.

Experimental section

Material synthesis

SiGeAu (Si;gGe9Au,) and SiGe (SigoGe,o) samples were fabricated by
suction casting method3%>1, Alloy ingots of Si (5N), Ge (5N), Au (4N),
and P (7N) (donor impurity) were arc melted for Si;gGeigAu, while
alloy ingots for SigyGe,o were composed of Si (5N), Ge (5N), and P
(7N). Then, melted materials were quenched in a cylinder by
suctioning through evacuation system to form bulk alloy ingots. The
suctioning speed is 1000 mms™. Obtained bulk alloy ingots have
diameters of 5 mm and lengths of around 30 mm, which were cut

This journal is © The Royal Society of Chemistry 20xx
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into 8 mm-thick pieces for measurements of S and o, and 2 mm-thick
disks for k measurement.

Calculation of electronic structures

Electronic structures of SiGe and SiGeAu based on DFT first-principle
calculation with Wien2k software package. Therein, we use the k-
points grid sampling of 5x5x5 for SiscGeg, 14x14x14 for Sis;GegAu,
and SisgGegAus,.

Characterization

Distributions of the constituent elements were measured by SEM-
EDS. The electronic structures were measured by NEXAFS. The S and
o were measured by ZEM-3 (Advance Riko, Inc.) and the x was
measured by laser flash method, in the longitudinal direction of
cylinder. For confirmation, x was also measured by 20 method®2.
Characterizations were mainly done at RT.
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