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Boosting Seebeck coefficient through electron-phonon interaction by phonon frequency control
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In Dirac and Weyl semimetals with a flat band, the Seebeck coefficient (S) can be enhanced by the energy
filtering effect in wave number space through electron-phonon interaction (EPI). Especially, topological B20-
type semimetal thin films are promising materials because their Dirac or Weyl fermions are robust against
defect scattering, making EPI dominant carrier scattering in the thin films. Here, we propose a strategy of
raising this EPI-induced S enhancement effect (ESE) by enhancing EPI at room temperature (RT) via phonon
frequency control. By using two atoms with a similar mass in topological B20 materials, the projected phonon
density of states (DOS) of two atoms are mainly tuned within the frequency range below 200 cm~! (RT thermal
energy), leading to the increased total phonon DOS at RT related to EPI enhancement. In this study, focusing on
topological B20-CoGe with Dirac-like and flat bands, where Co and Ge have similar masses, we demonstrate
raising ESE in an epitaxial B20-CoGe thin film experimentally and theoretically. Although B20-CoGe is unstable
under atmospheric pressure, the epitaxial growth of B20-CoGe thin films is achieved on Si substrates by the
seed-assisted epitaxy method. The good agreement between experimental results and calculated S values with
EPI is observed. The epitaxial B20-CoGe thin film shows the thermoelectric power factor of ~5.8 uW cm~! K2,
which is comparable to group IV element-based typical thermoelectric semiconductor thin films although
B20-CoGe is a semimetal. Furthermore, the use of a heavier Ge atom resulted in lower thermal conductivity.
The proposed strategy opens a new approach to realize a high thermoelectric performance (at RT) thin film on a

Si platform.
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I. INTRODUCTION

Thermoelectric thin films on Si substrates, which can
directly convert waste heat into electricity, are attracting
considerable attention as stand-alone power sources for
Internet-of-Things sensors on a Si platform [1-3]. Notably, it
is highly anticipated to reuse the low temperature waste heat
near room temperature (RT), which exists everywhere in large
quantities. The thermoelectric conversion efficiency is eval-
uated by the dimensionless figure-of-merit: zT = S?0'T /k,
where S is the Seebeck coefficient, o is the electrical con-
ductivity, « is the thermal conductivity, and T is absolute
temperature. Although both large S?c and low « are required
to obtain high zT, it is challenging to simultaneously control
these parameters (S, o, k) due to their intrinsic trade-off
relationship [4-7]. Numerous studies have been reported to
overcome this challenge through various strategies. Phonon
scattering at interfaces is enhanced by introducing nanos-
tructures, leading to drastically reduce x [8-14]. On the
other hand, the thermoelectric power factor (S%0) is increased
through the quantum confinement effect, band convergence,
resonant level effect, and energy filtering effects [15-22].
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However, S0 enhancement is limited due to carrier scattering
by crystal defects such as impurities and interfaces, namely,
degradation of the carrier mobility. For example, in the case
of energy filtering in real space, electron scattering with low
energy at interfaces occurs to enhance S [20-22].

Fermions in Dirac and Weyl semimetals of topological
crystals are resistant to scattering by the defects, bringing
high carrier mobility. Furthermore, in recent years, it has been
reported that Dirac and Weyl semimetals show high S%c due
to their peculiar asymmetric electronic band structures: the
Dirac-like bands and a flat band intersecting near the Dirac or
Weyl points and Fermi level Er [23-29]. Therein, high S arises
from the energy filtering effect in the wave number (k) space
in the following way. Conduction electrons with low energy
in Dirac-like bands are preferentially scattered to the flat band
with small carrier mobility due to strong electron-phonon
interaction (EPI). As a result, energetic electrons mainly con-
tribute to carrier transport, leading to the high S [Fig. 1(a)]
[25,27-29]. Actually, Weyl semimetal B20-CoSi bulk, which
has the peculiar asymmetric electronic structure at the I" point,
exhibits high S?0 through this EPI-induced S enhancement
effect (ESE) [25,27,30].

Now, we notice that raising EPI strength is able to intensify
the ESE in topological materials. Then, we are proposing a
new strategy to raise EPI strength through phonon frequency

©2026 American Physical Society
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FIG. 1. (a) Schematic illustration of energy filtering in k space
through EPI in topological materials with a peculiar electronic struc-
ture, leading to high S, namely ESE. (b) Schematic illustration of
phonon frequency control for large phonon DOS at RT. In the case
of mp > mg, only “A” atom contributes to the total DOS below the
frequency of ~200 cm~!, corresponding to RT. On the other hand,
when my ~ mg, both “A” and “B” atoms contribute to the total
phonon DOS below the frequency of 200 cm™!, leading to larger
EPI strength. (c) Calculated S of B20-CoGe with EPI/CRT as a
function of Er through first-principles calculations. (d) Calculated
enhancement ratios of S of B20-CoGe (mc, ~ mg.) and B20-CoSi
(mc, > mg;), which were calculated from the values in (c¢) and in
Ref. [28], respectively.

control; by selecting two atoms with similar masses in a
topological B20-binary compound (B20 structure: the space
group P23 [31]), phonon DOSs coming from two atoms’
positions in the frequency range below 200 cm~! (RT thermal
energy) increasing the total phonon DOS in this frequency
range. As a result, EPI strength, expressed as a phonon DOS-
weighted quantity, is enhanced at RT due to the larger total
phonon DOS [32] [Fig. 1(b)]. To confirm the validity of this
strategy, we focus on B20-CoGe thin film (mc, ~ mg.) as a
topological material, instead of B20-CoSi thin film (mc, >
ms;) [28]. Here, we make a preliminary check of ESE in
B20-CoGe with a peculiar asymmetric electronic structure by
comparing the S values we calculated with carrier relaxation
time (t) for EPI and with constant T (CRT) [Fig. 1(c)], and
we also confirmed that ESE is larger than that of B20-CoSi
[28] [Fig. 1(d)] by comparing the S enhancement ratios of
B20-CoGe and B20-CoSi, which were calculated from the
values in Fig. 1(c) and in Ref. [28], respectively.

In this study, based on this strategy with the aforemen-
tioned preliminary theoretical evidence, we demonstrate large
ESE in the epitaxial B20-CoGe thin film experimentally and
theoretically. Therein, the seed-assisted epitaxy method [33]
allows the epitaxial growth of B20-CoGe thin films on Si
substrates although B20-CoGe is difficult to form under at-
mospheric pressure [34,35]. S is 1.6 times larger due to

@) s (b)
— Co 3d
— Gce’ 4p W \ 0.2
2 — Total Ee

Energy (eV)
o

-

Energy (eV)
o

™0 10 20 30 R
Electronic DOS (cm™)

r X M
Wave vector

(d) (e) B20-CoGe B20-Cosi  o?F
*kz
_400f | b5 __400
5 5
=300 =30
> >
13} o
c c
E S
3200 320
o o
' L
100F 100
— CoSi
— CoGe
0 L 0 A L f
R r X M T 00 0300 030 3
Wave vector Phonon DOS (cm™)  a2F (eV)

FIG. 2. (a) Calculated electronic band structure (right) and pro-
jected electronic DOS (the left) of B20-CoGe (red: Ge 4p and blue:
Co 3d). (b) The enlarged graph of the square marked region (near Er
around the I" point) in the right graph in (a). (c) Crystal structure of
B20-CoGe. (d) Calculated phonon band structure. (e) Projected and
total phonon DOSs of B20-CoGe (left) and B20-CoSi (middle). «>F
of B20-CoGe and B20-CoSi (right).

EPI than that with CRT. The S?c of B20-CoGe thin film
(~5.8 uW cm~! K~2) is comparable to group IV element-
based typical thermoelectric semiconductor thin films such as
MnSi, [36] and B-FeSi, thin films [37] although B20-CoGe
is a semimetal. Furthermore, instead of Si atoms, the use of
heavier Ge atoms brought smaller «. This indicates that the
proposed strategy opens a new road to realize thermoelectric
thin film generation for low temperature waste heat on a Si
platform.

II. METHODS

Chemically cleaned undoped Si(111) substrates were in-
troduced into a molecular beam epitaxy (MBE) chamber at
a base pressure of approximately 3 x 10~% Pa. Clean Si sur-
faces were prepared by epitaxial growth of Si buffer layers
with 50 nm thickness on the undoped Si(111) substrates at
933 K after degassing at 773 K for 6 hours. Then, epitaxial
B20-CoGe thin films were grown on clean Si(111) surfaces
by seed-assisted epitaxy [33], which details are written below
[Fig. 3(a)]. Five monolayers (MLs) of Ge were deposited on
the cleaned Si(111) substrates at 673 K, and subsequently,
12 MLs of Co were deposited at 353 K. By annealing the
Co/Ge layers at 473 K in the MBE chamber, nanoseeds of
epitaxial B20-CoSi;_,Ge, were formed, including diffused Si
atoms from the Si substrates. Next, 50 nm thick B20-CoGe
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FIG. 3. (a) Seed-assisted epitaxy process of B20-CoGe film/Si.
[(b)-(e)] RHEED patterns of Ge layer (5 MLs) (b), Co layer (12
MLs) (¢), B20-CoSi;_,Ge, nanoseeds (d), and B20-CoGe film (513
MLs) deposited at 473 K (e). The arrows in (d) and (e) denote
the positions of diffraction spots coming from the B20 structure.
(f) XRD 20-w scans of HT-CoGe and RT-CoGe. The open stars
denote the 111g20.coce peaks. The open squares and the open triangles
indicate the 111g; peaks corresponding to the Cu K, and Kj lines,
respectively. The open diamond shapes indicate the 111¢.. The inset
in (f) is the XRD rocking curve of the 111g29.coce peaks. (g) XRD
pole figure of {200},9.cog. diffraction spots in HT-CoGe.

thin films were grown by codepositing Co (256.5 MLs) and
Ge (256.5 MLs) on the B20-CoSi;_,Ge, nanoseeds at RT
or 473 K (referred as RT-CoGe or HT-CoGe, respectively).
The epitaxy of B20-CoGe films on Si substrate was achieved
only by using nanoseeds because B20-CoGe is only formed
under high temperature and high pressure in general [34,35].
Some samples were post-annealed at 473, 523, or 573 K in
an N, atmosphere, which are referred to as A-RT-CoGe or
A-HT-CoGe.

Reflection high energy electron diffraction (RHEED) and
high-resolution transmission electron microscopy (HRTEM)
observations were carried out with 20 or 200 keV elec-
tron beams incident in the direction of (112)g;, respectively.
X-ray diffraction (XRD) measurement was conducted us-
ing Cu K, line with the wavelength of 0.15418 nm. XRD
pole figures were obtained under the condition that a tilt
angle v varied from 0 to ~75° and a rotation angle ¢
varied from O to 360°. Hall carrier concentration ny, o,
and § were measured in the in-plane direction using the
Hall effect measurement method, van der Pauw method, and
Seebeck coefficient measurement system (ADVANCE-RIKO
Inc., ZEM-3), respectively. Based on the parallel conduction

model, the contribution of the Si substrates to thermoelec-
tric properties was considered, resulting in the negligible
contribution of the Si substrates to measurements of § and
o due to the insulatorlike o of the undoped substrates and
high o of semimetal B20-CoGe films (Sec. I in Ref. [38]).
k was measured in the out-of-plane direction using front-
detection/front-heating type pulsed-light-heating time domain
thermoreflectance (TDTR) method with a Mo transducer on
the B20-CoGe film. The uncertainties of the S, o, ny, carrier
mobility pu, S2¢, and k were estimated to be within +7,
+1, £10, 10, £15%, and £30%, respectively, where the
error of k comes from an interfacial thermal resistance range
of the Mo/B20-CoGe (1 x 107193 x 10™° m2 KW~1). First-
principles calculations were performed on the PAW method
using Quantum Espresso (Sec. I in Ref. [38]). The calculated
result of B20-CoSi agreed with the previous one reported by
one of the authors [27].

III. RESULTS

The calculated electronic band structure and projected
electronic density of states (DOS) of B20-CoGe are shown
in the right and left figures, respectively, in Fig. 2(a), and
the crystal structure of B20-CoGe is shown in Fig. 2(c).
The electronic band structure is similar to that of B20-CoSi
and corresponds to that of B20-CoGe in previous reports
[23,25,28,39-42]. It should be noted that the peculiar elec-
tronic structure is observed around the I' point; Dirac-like
and flat bands intersect near its crossing point of the Dirac-
like linear band and Ef, as shown in Fig. 2(b), which is
an enlarged graph of the square marked region in the right
graph in Fig. 2(a). The calculated electronic DOS indicated
that a pseudogap appears between 0.0 and 0.4 eV around Ep
(gap ~ 0.4 eV). As shown in the left graph in Fig. 2(a), the
main contribution of 3d states of Co atoms to bands near Er
indicates that a 3d electron of Co is dominant for the carrier
transports in B20-CoGe.

Figures 2(d) and the left figure in Fig. 2(e) show the
calculated phonon band structure and phonon DOS of B20-
CoGe, respectively. Phonon modes in the frequency range
below 200 cm™~!, which corresponds to RT thermal energy,
originate from both Ge and Co atoms, which have similar
atomic mass. On the other hand, in the case of B20-CoSi, the
high-frequency range of phonons (>270 cm~!) mainly comes
from the vibrations of the lighter Si atoms, while the heavier
Co atoms mainly contribute to the lower phonon frequency
range below 200 cm~' [the center figure in Fig. 2(e)]. As
a result, in the RT thermal range, the phonon total DOS in
B20-CoGe is larger than that in B20-CoSi. The right figure
in Fig. 2(e) shows Eliashberg spectrum («*F) of B20-CoGe
and B20-CoSi, related to EPI strength, respectively. In the RT
thermal range (below 200 cm™"), the o>F value of B20-CoGe
is significantly higher than that of B20-CoSi, suggesting larger
EPI due to the larger phonon DOS coming from both contri-
butions of Co and Ge.

To confirm the ESE of B20-CoGe experimentally, we
fabricated B20-CoGe thin films by seed-assisted epitaxy
[Fig. 3(a)]. Figure 3(b) shows the RHEED pattern after
5 MLs of Ge deposition. A (5 x 5) surface reconstruction
pattern was observed, indicating that flat Ge film was
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epitaxially grown on Si substrate. Figure 3(c) shows the
RHEED pattern after 12 MLs of Co deposition, where
the amount of Co deposition is larger than that of de-
posited Ge (Co/Ge deposition ratio = 2.4). To form the
nanoseeds, the samples were annealed, where the RHEED
pattern became clearer and spottier, as shown in Fig. 3(d).
The RHEED patterns agreed with the theoretical ones
of B20-CoSi;_,Ge, showing the epitaxial relationship of
(111 p2o-cosi,_,Ge,//(111)g; with [110]g20.cosi, _,Ge,//[112]s;
or [110]g0.cosi,_.Ge,//[112]s;, which analysis is elaborated
in Sec. III of Ref. [38]. This indicated B20-CoSi;_,Ge,
nanoseeds were epitaxially grown due to the diffusion of Si
atoms from Si substrates into B20-CoGe nanoseeds through
annealing. It was also observed that the {112} lattice plane
spacing on RHEED streak spacing decreased with increasing
annealing temperature, indicating that the amount of Si atoms
diffusing from the Si substrate increased with increasing an-
nealing temperature (Sec. III in Ref. [38]). Intriguingly, when
a Co and Ge deposition ratio is a stoichiometric ratio (12 MLs
of Co/12 MLs of Ge: Co/Ge = 1.0), the diffraction spots were
not observed, indicating amorphous CoGe formation (Sec. IV
in Ref. [38]). From these results, the growth of single-phase
B20-CoGe nanoseeds is difficult due to the instability of B20-
CoGe, while the growth of B20-CoSiGe on Si(111) is done
by a Ge-poor deposition rate (Co/Ge ~ 2.4). Formation of
B20-structure MX (M = Cr, Mn, Fe, Co,...; X = Ge,...) is
considered to be governed in the viewpoint of the atomic
radius ratio of M to X, based on the previous research [34].
Therefore it is difficult to directly form stoichiometric B20-
CoGe nanoseeds on a Si substrate, while alloying to the
CoSiGe is effective for achieving epitaxial growth of the B20
crystal structure on the Si substrate.

After that, we conducted the seed-assisted epitaxy; Co and
Ge with a stoichiometric ratio (Co/Ge = 1.0) were code-
posited on the B20-CoSi;_,Ge, nanoseeds at RT or 473 K
to form B20-CoGe films (referred as RT-CoGe or HT-CoGe,
respectively). Figure 3(e) shows the RHEED pattern after
codeposition at 473 K. As is the case with the nanoseeds,
the diffraction spots of the B20-structure were observed, in-
dicating the formation of B20-CoGe thin films, where the
lattice plane spacing was roughly consistent with the theo-
retical one of B20-CoGe (Sec. III in Ref. [38]). This reveals
that there is no Si diffused from the substrate into the films.
The RHEED patterns after codeposition at RT also showed
similar but indistinct B20 structure diffraction spots (Sec. V
in Ref. [34]). On the other hand, RHEED patterns of B20-
CoGe were not observed without nanoseeds (Sec. VI in Ref.
[38]). It should be noted that the B20-CoGe thin film was
not epitaxially grown without the nanoseeds, indicating the
necessity of nanoseeds for the epitaxial growth of B20-CoGe
on the Si substrate.

XRD measurements were carried out for the RT-CoGe and
HT-CoGe. XRD 26-w scans displayed a 111ps.coce peak
at 26 of ~33.4° in addition to the peak coming from a Si
substrate in each sample [Fig. 3(f)]. In HT-CoGe, a very
small 111g. peak appears. The full width at half maximum
(FWHM) of the rocking curve for the 111g50.coge in HT-CoGe
is smaller than that in RT-CoGe [the inset of Fig. 3(f)]. This
indicates that a higher deposition temperature leads to a higher
crystallinity accompanying with small Ge segregation. We
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FIG. 4. (a) Cross-sectional HRTEM image of the epitaxial B20-
CoGe film/Si (HT-CoGe). (b) Enlarged HRTEM image near the
substrate interface. [(c) and (d)] FFT patterns of the solid (c) and
dashed square regions (d) in (b), respectively. [(e) and (f)] Optical
reflectivity (e) and oqp (f) of the epitaxial B20-CoGe film/Si (HT-
CoGe).

carried out XRD pole figure measurements of these samples.
Figure 3(g) shows the pole figure of HT-CoGe. The pole figure
displayed sixfold symmetric peaks although the B20-CoGe
crystal is threefold symmetrical to [111]gsg.coge axis. This
indicates the presence of a twin crystal rotated by 180° on a
Si(111) substrate. This result was also obtained with RT-CoGe
(Sec. V in Ref. [38]).

Figure 4(a) shows a cross-sectional HRTEM image of
the HT-CoGe. An island and a flat film part are observed
in the HT-CoGe with a thickness of ~50 nm. Island parts
are various Ge-rich regions such as CoGe, and Ge or stable
monoclinic Ge-rich CoGe due to Ge segregation, resulting
in the composition deviation of Ge-Co (Co rich compo-
sition) in the flat film parts (Secs. VII and VIII in Ref.
[38]). Fig. 4(b) shows an enlarged HRTEM image near the
interface between flat film region and Si substrate. It was
found that there are two regions in a film part: thin film
and nanoseeds. Fast Fourier transform (FFT) analyses were
performed for the dashed and the solid square regions in
Fig. 4(b), which results are displayed in Figs. 4(c) and
4(d), respectively. Both FFT patterns corresponded to the
B20 structure with different details; The FFT pattern in the
nanoseeds region [Fig. 4(c)] has lightly broader spot spacing
than those in the thin film region [Fig. 4(d)]. The lattice
space analysis revealed that the FFT patterns of the thin film
(the nanoseeds) region corresponded to the theoretical ones
of B20-CoGe (B20-CoSi;_,Ge,) with the epitaxial relation-
ship of (111)p2g-coge//(111)si((111)p20-cosi,_,Ge,//(111)s;)
(Sec. IX in Ref. [38]). These results were consistent with the
observation of RHEED and XRD results.
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Next, to check if the formed B20-CoGe thin films have
the electronic structure predicted by theoretical calculation,
we experimentally measured the optical properties of the HT-
CoGe. The optical conductivity oqp [Fig. 4(f)] was acquired
from the optical reflectivity spectrum obtained using a Fourier
transform infrared spectroscopy (FTIR) apparatus [Fig. 4(e)].
The oy, was very small below the optical energy Ep of
~0.1-0.2 eV and rapidly increased with the increase of Ep.
This rapid increase with the maximum value at Ep of ~0.4 eV
corresponds to the pseudogap (~0.4 eV) of CoGe predicted
by calculation. In addition, ooy further increased above Ep
of ~0.7 eV, which is consistent with the existence of a large
DOS around Ep of ~1.0 eV in the calculated electronic DOS
with a peculiar electronic structure. These results suggest that
epitaxial B20-CoGe thin films in this study have an electronic
band structure similar to the theoretically predicted one.

We show thermoelectric properties of RT-CoGe, HT-CoGe,
A-RT-CoGe, and A-HT-CoGe in Fig. 5. Here, we use ny,
that is, an effective carrier concentration as a variable of
thermoelectric properties because ny can be acquired both by
experiments and calculation. In general, thermoelectric prop-
erties strongly depend on the carrier concentration. However,
the carrier concentration definition of a semimetal is difficult,
so there are some descriptions [28,43]. In the previous works
with only electron packets near Ef, carrier concentration was
approximately calculated from the electronic DOS by consid-
ering thermal energy, where the precise comparison with ny
was difficult because of the different definitions. In this study,
the comparison between the experimental and calculation re-
sults was achieved by using calculated and experimental ny
with the same definition (Hall coefficient Ry = 1/gny with
the carrier charge g). This approach could serve as an impor-
tant method for understanding the thermoelectric properties of
semimetallic materials. The calculation detail is described in
Sec. II of Ref. [38].

The calculated thermoelectric properties are directly de-
pendent on the Er [Fig. 1(c)]. The relationship between the
Er and the ny is calculated as shown in the inset of Fig. 5(a)
and Fig. S2 in Sec. II of Ref. [38]. Figure 5(a) shows S of
B20-CoGe thin films as a function of ny at RT. The calculated
S - ng curves using t for EPI and a constant t (CRT) were
also plotted. In calculation, the two values of S at the same
ny are attributed to the same ny value at different Eg. S
values in B20-CoGe thin films agree well with the calculated
ones [the upper curve denoted by the purple solid line in
Fig. 5(a)] for EPIL. To clarify this behavior, we discuss the
relationship among Ef, ny, and S in the EPI case. From EDX
measurement (Fig. S8 in Ref. [38]), the flat film parts in
HT-CoGe, where carrier transport mainly occurs, have a more
Co rich composition (Co/Ge ~ 1.3) than those in RT-CoGe
(Co/Ge ~ 1.1). Since Co atoms are considered to act as an
electron donor, the Er in HT-CoGe could be higher than that
in RT-CoGe. In contrast, the experimentally measured ny of
HT-CoGe is lower than that of RT-CoGe. This decrease in ny
accompanying an upward shift of the Ef is consistent with the
behavior of calculated ny in the Ep range from —0.15 to —0.05
eV [the inset in Fig. 5(a)], which corresponds to the upper
S-ny curve (the purple solid line) in the EPI case in Fig. 5(a).
Based on the above discussion, the relationships between S
and nyg in B20-CoGe thin films agree well with the calculated
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FIG. 5. (a) S of B20-CoGe thin films as a function of ny. The
solid and the dashed curves are the calculated S-ny curve using t
for EPI and a constant 7, respectively. The relationship between the
ny and Er (the inset). (b) S of HT-CoGe as a function of 7. The
calculated S curves using t for EPI (the solid curve) and a constant
T (the dashed curve) are simultaneously plotted. [(c)—(e)] u (¢), o
(d), and S%o (e) of B20-CoGe thin films as a function of ny. (f) S?c
comparison between HT-CoGe and typical group IV element-based
thermoelectric semiconductor thin films [36,37]. (g) « of HT-CoGe
with those of B20-CoGe bulk [23] and B20-CoSi film [28].

ones for EPI, indicating that the carrier transport is dominated
by EPL.

To confirm the carrier transport mechanism, we measured
the temperature dependence of S of HT-CoGe with ny =
1.51 x 10> cm™ in the range of 160-300 K [Fig. 5(b)].
We also plotted the calculation results using t for EPI and
constant t, respectively. Therein, the Er of the HT-CoGe was
—0.01 eV at RT, which was determined from calculation and
experimental data in Fig. 5(a). At higher temperature near RT,
experimental S roughly agreed well with the calculated one for
EPI, while at lower temperature, experimental S is deviating
from the calculation for EPI to that for CRT. This deviation
could come from the weaker EPI due to the phonon number
decrease at low temperature. This result clearly indicates that
EPI is dominant for the carrier transport in B20-CoGe thin
films at RT. Incidentally, we confirmed that the effect of Ge
precipitates on the S was negligible (Sec. XI in Ref. [38]).
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Figures 5(c) and 5(d) show the p and o of B20-CoGe
thin films as a function of ny at RT. HT-CoGe exhibited
higher o than RT-CoGe due to higher p. B20-CoGe thin
films in this study show higher ¢ than conventional thermo-
electric materials (1000-2000 W~' cm™!), such as Bi,Te;,
PbTe, etc. [44-47]. Due to Ge precipitates, the performance
presented here may be underestimated, and the single-phase
B20-CoGe thin films could potentially exhibit superior prop-
erties (Sec. XI in Ref. [38]). We measured the post-annealing
temperature dependence of ny, S, u, and o, and no depen-
dence was found (Sec. X in Ref. [38]). This indicates that the
thermoelectric properties are independent of the crystallinity,
supporting that the EPI is a main scattering mechanism in
this topological material with strong resistance to defect scat-
tering. Figure 5(e) shows S?0 of B20-CoGe thin films as a
function of ny at RT. The highest $%c is ~5.8 uW cm~! K2,
Even higher S%0 is expected through optimization of ny (at
smaller nyy). The S?0 of B20-CoGe thin film is comparable to
group IV element-based typical thermoelectric semiconduc-
tor thin films although B20-CoGe is a semimetal [Fig. 5(f)]
[36,37].

Although the measurement direction is different from that
of S and o, the out-of-plane « of the HT-CoGe was measured
to be 6.2 Wm~!K~! by TDTR method. The anisotropy of
the thermal conductivity in the present films with ~50 nm
thickness is presumably negligible because of the cubic crys-
tal structure of B20-CoGe and their thickness [48,49]. This
value is lower than that of polycrystalline B20-CoGe bulk
(~9.0 Wm~'K™") [23] and epitaxial B20-CoSi thin film
(~7.4 Wm~" K1) [28] [Fig. 5(2)]. k was divided into lattice
thermal conductivity «; and electrical thermal conductivity
ke using Wiedemann Franz law. Lorenz number L of B20-
CoGe has not been reported, and it has been reported that
L exceeds Ly = 2.44 x 107" WQ K2 in B20-CoSi with the
peculiar asymmetric electronic structure [50]. Therefore, we
used Ly to evaluate x, as the maximum possible value. Also,
since B20-CoGe has a cubic crystal structure, the in-plane
and out-of-plane o are considered to be equivalent. Therefore
we used the in-plane o in the Wiedemann—Franz law for
estimating out-of-plane «r.. It was found that k1, of HT-CoGe
was ~2.6 Wm~! K~!, which is lower than those of polycrys-
talline B20-CoGe bulk (~5.7 Wm~! K1) [23] and epitaxial
B20-CoSi thin film (~3.5 Wm~! K~!) [28]. The reduction in
k1, in the B20-CoGe bulk may be due to phonon scattering
on the film/substrate interface. The reduction in k. in the

epitaxial B20-CoSi thin film is likely attributed to the fact
that Ge is a heavier atom than Si, leading to a decrease in
phonon group velocity. On the other hand, «. of HT-CoGe is
relatively high (~3.6 W m~' K~'), which is higher than that
of the epitaxial B20-CoSi thin film (~3.5 W m~! K~!) mainly
due to the high ny. This indicates that even lower « could be
achieved by reducing ny to the same or lower than that of
epitaxial B20-CoSi thin films.

IV. CONCLUSIONS

This study demonstrates the validity of the new strategy
of phonon frequency control to enhance ESE experimentally
and theoretically. The projected phonon DOS of B20-CoGe
calculations revealed that both Ge atoms and Co atoms with
similar atomic mass mainly contribute to the phonon mode
in the frequency range below 200 cm~! (RT thermal energy),
leading to a large phonon DOS related to enhancing EPIL
B20-CoGe thin films were epitaxially grown on Si substrates
by seed-assisted epitaxy. The § as a function of ny eluci-
dated the agreement between experiments and calculations
for EPL. As a result, the B20-CoGe thin films exhibited S2o
of ~5.8 uW cm~!' K=2 at RT, which is comparable to group
IV element-based typical thermoelectric semiconductor thin
films although B20-CoGe is a semimetal.

In addition, the « of HT-CoGe (6.2 Wm 'K}
was lower than that of polycrystalline B20-CoGe bulk
(~9.0Wm~'K™") and epitaxial B20-CoSi thin film
(~7.4Wm~' K1), which is attributed to the thin film
structure and a heavier Ge atom than Si. The strategy phonon
frequency control in topological materials opens a new
road to realize thermoelectric thin film generation for low
temperature waste heat on the Si platform.
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