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ABSTRACT: The charge carrier transport and corresponding thermoelectric properties are often affected by several parameters,
necessitating a thorough comparative study for a profound understanding of the detailed conduction mechanism. Here, as a model
system, we compare the electronic transport properties of two layered semiconductors, Sb,Si,Tes and Bi,Si>Tes. Both materials have
similar grain sizes and morphologies, yet their conduction characteristics are significantly different. We found that phase-boundary
scattering can be one of the main factors for in Bi,Si;Tes to experience significant charge carrier scattering whereas Sb,Si>Tes is
relatively unaffected by the phenomenon. Furthermore, extensive point-defect scattering in Sb,Si>Tes significantly reduces its lattice
thermal conductivity and results in high z7 values across a broad temperature range. These findings provide novel insights into

electron transport within these materials and should lead to strategies for further improving their thermoelectric performance.

1. Introduction

Recently, thermoelectric (TE) energy conversion technolo-
gies are attracting significant attention owing to the fact that the
generation of electricity from conventional turbines results in
undesirable CO, emissions as well as noise.' Nevertheless, the
efficiency of TE generators is markedly lower than those of
other energy-harvesting technologies, and their market growth
has stagnated for years.* The ideal efficiency of TE materials
can be determined using the dimensionless figure of merit z7 =
S26T/xo, Where S, o, T, and k.o are the Seebeck coefficient, elec-
trical conductivity, absolute temperature, and total thermal con-
ductivity of the TE material.> ¢ It is well known that materials
with high zT values exhibit high conversion efficiencies. How-
ever, increasing z7 is challenging because the various material
properties are highly interdependent.

Therefore, researchers have focused on developing novel TE
materials with high performance, such as Bi,Te;!!, GeTe!*¢,
PbTe!”%, SnSe?!' 24, AgBiSe,>>?, Mg;Sb,> 252 half-Heuslers’”
31 and metal silicides*>?®. Among the various TE materials be-
ing explored, Sb,Si,Tes constitutes an emerging class of layered
p-type TE materials.’” Even when undoped, it has an intrinsi-
cally high hole concentration at 6 x 10'/cm® yet shows a rea-
sonably high Seebeck coefficient at 120 uV/K. Furthermore, its
layered crystal structure and high Griineisen parameter value

result in exceptionally low lattice thermal conductivity (xiax)-
These intriguing features make Sb,Si;Tes suitable for use as a
high-performance TE material.

The existence of its chemical family, Bi,Si,Tes, has already
been predicted by first-principles calculations. Similar to
Sb,Si>Tes, BirSizTes is expected to have a layered crystal struc-
ture but a slightly smaller bandgap compared with that of
Sb,Si;Tes.3® In terms of thermal properties, BiSi;Tes is ex-
pected to exhibit a lower ki« value than that of Sb,Si,Tes owing
to the substitution of Sb by the heavy Bi atoms, which may also
result in high zT values. However, the electronic and thermal
transport properties of polycrystalline Bi,Si>Tes have not been
investigated experimentally. Therefore, we synthesized
Bi,Si,Tes and evaluated its TE properties to elucidate the struc-
ture—property relationship for Sb,Si;Tes and Bi,Si> Tes.

In this work, we report, for the first time, the TE properties
of polycrystalline Bi,Si;Tes and compare them with those of
Sb,Si,Tes. Through systematic characterization measurements,
we were able to elucidate the complex microstructures of
Sb,Si>Tes and BiSix Tes and evaluate the effects of their hetero-
interfaces. The electronic transport properties of Sb,Si,Teg are
superior to those of Bi»Si;Tes. This can be attributed to the sup-
pression of phase-boundary scattering at the heterointerfaces in
the former. Moreover, it was found that point-defect scattering
is the principal mechanism responsible for the reduced lattice



thermal conductivity of Sb,Si,Tes. These findings emphasize
the importance of understanding the phenomenon of electron
transport at interfaces with respect to the development of high-
performance TE materials.

2. Results and discussion

2.1. Phase and structural characterization

The phase purities and crystal structures of the synthesized
samples were characterized using powder X-ray diffraction
(XRD) analysis. Figure 1c and 1d show the powder XRD pat-
terns of Sb,Si; Tes and Bi,Si> Tes, respectively. Both materials
have a trigonal structure with space group R-3. In addition, all
the diffraction peaks with the except of that at approximately 6
=42° could be indexed to either SbySi,Tes or Bi,Si;Tes. We
found that this extra peak arises from the Sb,Te; and Bi>Te;
secondary phases. The results of a quantitative analysis indi-
cated that the volume fractions of Sb.Te; and BixTes in the
matrix were 22.9% and 9.32% for Sb,Si,Tes and Bi, Te,Tes,
respectively. Although we used the synthesis procedures re-
ported by Luo et al., the volume fractions of the secondary
phases were greater than reported values by Luo et al. (0.6
wt%).3” Moreover, the difference in the phase purities was
probably related to the differences in the processing conditions
such as the ball-to-powder ratio, volume of the jar used, and
annealing environment.

The presence of secondary phases was also confirmed by
transmission electron microscopy (TEM) imaging. The high-
angle annular dark-field scanning TEM (HAADF-STEM) im-
ages and corresponding elemental mapping by energy disper-
sive X-ray spectroscopy (EDS) in Figure 1a and 1b show that
large Sb-Te-or Bi-Te-rich precipitates as well as Si and Te na-
noprecipitates were present in the samples. The lateral size of
the Sb-Te precipitates was as high as a few micrometers,
which is almost double that of the Bi-Te precipitates. This is
consistent with results of the XRD analysis, which suggested
that the amount of Sb,Te; was nearly twice that of Bi,Te;.
Moreover, although Si and Te nanoprecipitates were also pre-
sent, their contents were extremely low since related peaks
could not be observed in the XRD patterns. Table 1 lists the
experimentally measured lattice parameters of Sb,Si,Tes and
Bi,Si>Tes and compares them with those determined by den-
sity functional theory (DFT) calculations.*® The measured
value for SboSi>Teg is almost identical to that reported previ-
ously.”” Moreover, the lattice parameter of Bi,Si>Tes was
slightly higher compared with that of Sb,Si,Tes. This is be-
cause the ionic radius of Bi** (103 pm) is larger than that of
Sb** (76 pm).*>° Note that the lattice parameters as obtained
from the DFT calculations may be overestimated when the
generalized gradient approximation (GGA) exchange-correla-
tion functional is implemented.*’ 4!

2.2. Electronic transport properties

Sb,Si, Tes exhibits superior electronic transport properties
compared with those of Bi>Si>Tes. Figure 2a and 2b show the
temperature-dependent Seebeck coefficient (S) and the electri-
cal conductivity (o) of both materials. The S value of
Sb,Si,Tes increased with increasing temperature, indicating
that Sb,Si> Tes shows degenerate conduction characteristics.
Similarly, the S value of Bi,Si,Teg increased till approximately
550 K and then decreased monotonically till 773 K. In

addition, the Seebeck coefficients of Sb,Si,Tes and Bi,Si; Tes
were positive, implying that for both materials, the conduction
process is primarily governed by holes. The ¢ value of
Bi,Si,Tes increased with increasing temperature, starting at
673 K, suggesting that Bi,Si,Tes shows nondegenerate con-
duction characteristics. The n-like shape of the curve for the
Seebeck coefficient can be attributed to bipolar conduction,
which can be expressed using the following equation:
S = Spop—Snon
opton
where S,, Sh, 0p, and g, are the Seebeck coefficients of holes
and electrons, and the electrical conductivities of holes and
electrons, respectively.*> When the electron concentration is
comparable to that of holes owing to thermal excitation, the
magnitude of the Seebeck coefficient decreases because S,
compensates S.

It is known that TE properties of materials significantly
vary due to several factors such as the electronic band struc-
ture, band gap, and even the spatial distribution and molar
fraction of the secondary phases. Therefore, the aforemen-
tioned factors should be considered to understand the complex
TE properties of the current samples. As both Sb,Si,;Tes and
Bi,Si,Tes exhibit a peak Seebeck coefficient at a certain tem-
perature, their electronic bandgaps can be estimated using the
Goldsmid—Sharp rule, which is given by the following equa-
tion:

Eg,GS = 2|Smax|Tmaxs

where Smax is the maximum Seebeck coefficient and Tray is
the temperature corresponding to Smax.*>** The bandgap calcu-
lated using the Goldsmid—Sharp rule was 0.33 eV for
Sb,Si;Tes and 0.21 eV for Bi;Si,;Teg. The calculated bandgap
0f 0.33 eV for Sb,Si,Tes is almost half of that reported by Luo
et al. (optical bandgap of 0.6 €V).’” Therefore, we measured
the optical absorption spectra of Sb,Si;Tes and Bi,Si>Tes and
determined their optical bandgaps, which were found to be 0.4
eV and 0.28 eV, respectively (Figure S1). Furthermore, the
DFT-calculated bandgaps of Sb,Si,Tes and Bi»Si>Tes are 0.15
eV and 0.07 eV, respectively.’® These results confirm that both
materials have a narrow bandgap, which ranges from 0.2 to
0.4 eV. This is consistent with the electronic property meas-
urement results, according to which Bi,Si>Tes exhibits bipolar
conduction while Sb,Si,Tes does not.

We found that Sb,Si;Tes is also resistant to carrier scatter-
ing at the phase boundaries. Figure 2c shows the calculated
weighted mobilities (uw) of SbaSi>Tes and Bi,Si» Teg. Similar to
the Hall mobility, the temperature-dependent ., can be used to
understand the charge-transport mechanism.* One can see that
in the case of Sb,SiTes, iy is dependent on T°'%, suggesting
that electron—phonon scattering (or deformation potential scat-
tering) is the predominant scattering mechanism.**4” How-
ever, the u,, value of Bi,Si,Tes is not dependent on 7' for
temperatures close to room temperature and those higher than
600 K. As discussed above, Bi,Si;Tes exhibits strong bipolar
conduction at temperatures higher than 600 K owing to its
small bandgap. Hence, the reason for the observed deviation at
high temperatures is the bipolar effect of electrons and holes.
Interestingly, at temperatures close to room temperature, ., in-
creased with increasing temperature. This behavior has also
been observed in Mg;Shy-based systems when a higher degree
of grain-boundary scattering hinders electron transport.*’- 48
The positive slope of yuy can be attributed to the thermal acti-
vation of charge carriers, which helps overcome scattering in



certain media.** However, in contrast to previous studies, we
did not observe a significant difference in the grain morpholo-
gies of Sb,Si,Tes and Bi,Si,Tes (Figure 2d and 2e). This is rea-
sonable as both materials were synthesized and sintered under
the same conditions. Hence, we suspect that the observed pre-
cipitates act as a phase boundary, resulting in a strong scatter-
ing effect similar to that of grain-boundary scattering. In the
next section, we propose an explanation why phase-boundary
scattering has no effect on the electronic transport properties
of szSizTes.

2.3. Thermal properties and compositional analysis

It is known that Sb,Si, Teg exhibits ultralow thermal conduc-
tivity (x) owing to its high Griineisen parameter values and
low phonon group velocity.’” We expected that Bi,Si;Tes
could exhibit an even lower x value than Sb,Si,Tes because
the atomic number (Z) of Bi is larger than for Sb.>® However,
both the total thermal conductivity (ki) and lattice thermal
conductivity (xia) of SbaSi> Tes were significantly lower than
those of Bi,Si;Tes (Figure 3a and 3b). The xju value of
Bi,Si,Tes decreases from 0.85 W m'K! at 323 K to 0.60 Wm"
'K-! at 773 K. Similarly, the xi. value of Sb,Si;Tes drops from
0.72 W m'K" at 323 K to 0.26 Wm'K™" at 773 K. The kiax
value of our sample is almost 30% lower than that reported by
Luo et al. at temperatures close to room temperature.’” We at-
tribute this reduction in xi. to the presence of nano- and mi-
cro-sized precipitates shown in Figure 1. These micro-sized
precipitates effectively scatter long-wavelength phonons at
temperatures close to room temperature while the nano-sized
precipitates consistently scatter short-wavelength phonons
over the entire temperature range.'”

The observed low kiu value of Sb,Si;Tes can be explained
by the results of the STEM-EDS compositional analysis and
Hall measurements. As shown in Figure 3c and 3d, the
Sb,Si,Tes and Bi,Si,Tes matrices are Si- and Te-deficient.
This may be owing to the precipitated Si and Te secondary
phases observed during XRD and STEM analyses. Luo et al.
reported that Sb vacancies (Vsp) are the reason for the high
hole concentration of Sb,Si;Tes because Vs, has the lowest
DFT-calculated formation energy among all possible point de-
fects.’” However, it is also likely that Si vacancies act as ac-
ceptors to increase the hole concentration as the matrix is Si-
deficient. Interestingly, the measured hole concentration of
Sb,Si; Tes was 10 times greater than that of Bi,Si,Teg, although
their constituent element ratios were similar. This implies that
the formation energy of Vg, is lower than that of Vs; yielding
the high concentration of point defects in Sb,Si;Tes. Thus,
point defects in Sb,Si,Tes can effectively scatter short-wave-
length phonons and reduce the value of i, at high tempera-
tures. Indeed, the ki value of Sb,SixTeg is 15.2% lower than
that of Bi,Si;Tes at 323 K but 56.6% lower at 773 K.

The intrinsic thermal properties of materials are mainly de-
termined by the Griineisen parameter, which is a degree of an-
harmonicity present in the phonon dispersion. The estimated
Griineisen parameters of Sb,Si,Tes and Bi>Si;Tes, which have
been deduced from the elastic properties, were 2.98 and 2.53,
respectively (Table S3). The larger Griineisen parameter of
Sb,Si; Tes would lead to the much low xia determined by
Umklapp process. However, a theoretical calculation based on
the modified Debye—Callaway model overestimates the lattice
thermal conductivity of both materials if the Umklapp process
is considered only (Figure S7). Thus, it can be inferred that the

principal reason for lower k. values of Sb,Si,Tes than that of
Bi,Si;Tes would mainly originate from the high Griineisen pa-
rameter, as well as a combined effect of the strong point-de-
fect scattering, and phase boundary scattering. Based on the
EDS quantification results, we could evaluate the transport
characteristics of the secondary phase in Bi,Si;Tes. As the
Bi,Si,Tes matrix is Bi-rich, its precipitate (Bi;Tes) would be
Bi-poor. As a result, Bi>Te; exhibits n-type conduction be-
cause of the Teg; antisite defects.’"- 3> Therefore, n-type Bi,Tes
precipitates form a highly resistive phase boundary within the
p-type Bi>Si;Tes matrix. Similarly, the Sb,Tes precipitates in
Sb,Si,Tes are Sb-poor. However, SboTe; always exhibits p-
type conduction because of the significantly low formation en-
ergy of Sbre.’> 3 As a result, the phase boundary between
SbySixTes and SbaTes is less resistive to holes than that be-
tween Bi;Si;Tes and BiyTes.

2.4. Mechanism responsible for high 7T of Sb2Si>Tes

The systematic investigations described above suggested
that (i) the phenomena of strong phase-boundary scattering
and (ii) significant point-defect scattering are responsible for
the high zT values of Sb,Si,Tes, as described in Figure 4a.
Even though the volume fraction of the secondary phase of
Sb,Si,Tes is approximately three times that of Bi,Si,Teg, the
former exhibits superior electronic transport properties owing
to its homogeneous p-type phase boundary. However,
Bi,Si,Tes experiences significant phase-boundary scattering at
temperatures close to room temperature because of its resis-
tive, n-type phase boundary (Figure 4b). This fact is further
corroborated by transient potential Seebeck microscopy (T-
PSM) measurements (Figure 4c and 4d). The spatial distribu-
tion of the Seebeck coefficient was uniformly p-type for
Sb,Si,Tes. However, BixSi>xTes shows distinctive p- and n-type
regions, which consists of p-type matrix and n-type Bi,Te;
precipitates.

The above characteristics can be reasonably understood by
the valence band offset (4Evg), which acts as a barrier to hole
transport. The ionization energy (IE) of Sb,Si;Tes as measured
by ultraviolet photoelectron spectroscopy (UPS) was 4.78 eV,
which is consistent with the previous result of Luo et al. (Figure
S4).37 1t is known that the IE of SbyTe; is 4.45 eV, yielding AEvg
of 0.33 eV.>* However, given that the Fermi level of Sb,Si;Teg
lies 0.26 eV above that of Sb,Tes, the effective AEvs would be
0.07 eV after Fermi level alignment (Figure S5). The measured
IE value of Bi,Si; Tes was 4.85 eV, giving an 4Evg value of 0.52
eV. However, this energy barrier does not decrease significantly
after Fermi level alignment, and the effective 4Evg is approxi-
mately 0.37 eV, almost 5 times to that of the SboSi>;Tec—Sb,Tes
system. From this estimation of 4Evg, we can infer that the prin-
cipal mechanism for the severe phase boundary scattering of
Bi;SixTes stems from the misalignment of the valence band
maximum. Similar observations have been made in various TE
systems, where a small variation in 4FEvg between the matrix
and secondary phase dramatically changes the electronic
transport properties.”>**° In addition, it is noteworthy that endo-
taxial nanostructures, i.e., secondary phases with a coherent in-
terface to the matrix, can minimize the detrimental effects on
carrier mobility.’> 3% 5 Hence, crystal coherency between the
matrix and secondary phases could affect the overall electronic
transport properties in Sb,Si;Tes and Bi,Si Tes.

We quantitatively evaluated the electronic transport proper-
ties of Sb,Si>Tes based on the electronic quality factor (B.).%



As can be seen from Figure 4e and 4f, the fitted B. value of
SbySixTes is 1.8, which is slightly lower than that reported by
Luo et al. (B.=2.6). This difference can be attributed to the
scattering of holes in the secondary phases. However, one
should also consider that the i« value of our sample is almost
30% lower than that reported by Luo et al. This eventually
yields a similar thermoelectric quality factor (B¢ BeT/kiar).
However, Bi,Si,Tes exhibits a maximum B. of 0.7, and its B.
value is lower at temperatures close to room temperature as
well as at high temperatures owing to additional scattering
mechanisms. With its low B, value, its relatively high xja. re-
sults in significantly lower zT values over both low- and high-
temperature range. As illustrated above, a frequent scattering
of charge carriers in Bi,Si;Tes results from several scattering
centers: bipolar transport from narrow band gap and resistive
phase boundary formed by Bi,Tes. This leads to the relatively
small power factor and corresponding low B, value. Moreover,
the modest concentration of point defects and smaller Griinei-
sen parameter of Bi,Si;Tes compared to that of Sb,Si;Tes re-
sult in high xi.¢ values. The calculated z7 values in Figure 4f
clearly highlight the detrimental effect of phase-boundary
scattering in Bi,Si,Tes as well as that of its bipolar conduction
characteristics. In contrast, Sb,Si,Tes exhibits a high z7 value
(>1) owing to the point-defect scattering of phonons but does
not show significant bipolar scattering.

3. Conclusions

In summary, we successfully synthesized Sb,Si,Tes and
Bi,Si,Tes by a solid-state reaction method and measured the
TE properties of polycrystalline Bi>Si,Tes for the first time.
We found that both, Sb,Si,Tes and Bi,Si,Tes contain several
types of nanoscale precipitates within their matrices. However,
these have an opposite effect on the electronic transport prop-
erties of both materials. Similar to the case for other high-per-
formance TE materials, in Sb,Si>Tes, hole carriers are mainly
scattered because of electron—phonon scattering. However,
Bi,Si,Tes experiences significant phase-boundary scattering
and bipolar transport over nearly all operating temperature
ranges and exhibits low z7 values. Furthermore, we found that
point-defect scattering plays a critical role in ensuring that the
lattice thermal conductivity of Sb,Si,Tes is low. On the other
hand, the formation of point defects is inhibited in Bi,Si,Tes.
The results of this work not only highlight the importance of
understanding the fundamental scattering mechanism in TE
materials but can also serve as guidelines for further improve-
ment of the performance of other TE materials through inter-
face engineering.

4. Experimental section

Reagents: Sb shots (99.999%, 5N Plus), Bi shots (99.999%,
5N Plus), Te shots (99.999%, 5N Plus), and Si granules
(99.999%, 5N Plus) were used as received without further pu-
rification.

Synthesis: We synthesized Sb,Si,Teg and Bi,Si;Tes by ball
milling and annealing as per the method described by Luo et
al.”’ Stoichiometric amounts of the starting materials were
added to a zirconia jar (70 mL) along with zirconia balls (di-
ameter of 10 mm). The ball-to-powder ratio was 10:1. To pre-
vent oxidation during the milling process, the jar was evacu-
ated, filled with N, gas, and sealed. The milling process was
performed using a planetary ball mill (Pulverisette 7, Fritsch)

at 450 rpm for 2 h. The obtained powder was pressed into a
pellet using a hydraulic press under a uniaxial pressure of 200
MPa. The obtained pellet was placed in a tube furnace under a
constant Ar gas flow (190 mL/min). The tube furnace was
heated to 823 K for 2 h, annealed at this temperature for 48 h,
and cooled to room temperature.

Densification: The obtained sample was ground into a pow-
der using an agate mortar and placed in a graphite mold (diam-
eter of 12.7 mm). Graphite punches of the same diameter were
used during the densification process. The powder was densi-
fied by spark plasma sintering (Dr. SINTER SPS-211Lx, Fuji
Electronic Industrial) in vacuum at 773 K for 10 min under a
uniaxial pressure of 50 MPa.

Measurement of TE properties: The obtained sample was
machined into a rectangular bar (3x3x8 mm?®) and a cylinder
(®12.7x1 mm?), which were used to measure the electrical
and thermal properties, respectively. S and o were measured
simultaneously using a commercial apparatus (BS-1, Bluesys)
with a four-probe setup under a weak He backpressure to min-
imize sample outgassing and improve the contact between the
sample and the measuring electrodes. The temperature gradi-
ent between the heater electrode and heat sink electrode was
set to 10, 20, and 30 K, and the actual temperature gradient
across the sample was approximately 2 to 10 K. Before the
measurements, we calibrated the equipment by using con-
stantan as a reference material and performing measurements
from 323 K to 773 K. We could confirm that the measured
values lay within the standard error range of the S and o values
reported in the literature. The value of x was calculated using
the expression x =p-C,-D, where p is the bulk density, C,, is
the specific heat capacity, and D is the thermal diffusivity. The
value of p was measured by the Archimedes method, while C,
was calculated using the Dulong—Petit law. D was measured
using a laser flash apparatus (LFA 457, Netzsch) in an Ar at-
mosphere. A thin graphite layer was coated on the sample sur-
face to minimize sample evaporation and improve the emissiv-
ity of the sample. A pulse-corrected Cowan model was em-
ployed to calculate the D values.

XRD analysis: The XRD measurements were performed us-
ing an X-ray diffractometer (Smartlab, Rigaku) with a Cu-Ka
radiation source and a Ge(111) monochromator. Whole-pow-
der pattern fitting (WPPF) was performed using the software
PDXL2 (Rigaku). The diffraction planes and corresponding
Bragg angles were calculated using the software VESTA.

SEM analysis: Fracture surface analysis was performed us-
ing a field-emission scanning electron microscopy (SEM) sys-
tem (S-4800, Hitachi) at an acceleration voltage of 20 kV.

TEM analysis: Thin lamellae samples for the TEM analysis
were prepared with a focused ion beam system (Helios G4,
FEI) using liquid Ga metal as the ion source. HAADF-STEM
imaging and EDS elemental mapping were performed using a
TEM system (Talos F200X, FEI) equipped with a Super X
EDS detector.

Measurement of optical properties: The optical absorption
spectra of the samples were acquired using a Fourier transform
infrared spectrometer (Nicolet iS50, Thermo Scientific). Their
optical reflectances were measured by diffuse reflectance
spectroscopy, and their absorption coefficients were calculated
using the Kubelka—Munk equation. The optical bandgap was
obtained by the linear interpolation of the absorption spectrum
from the Tauc plot.



Hall measurements: The Hall coefficient was measured us-
ing a Hall effect measurement system (HMS-3000, Ecopia)
with the van der Pauw configuration at room temperature. The
carrier concentration was calculated from the Hall coefficient.
The high-temperature Hall measurements were conducted us-
ing a high-temperature apparatus (HMS 8407, Lake Shore
Cryotronics) under a magnetic field of 1 T.

UPS measurements: Ultraviolet photoelectron spectroscopy
(UPS) was conducted using electron spectroscopy for chemi-
cal analysis (ESCA) apparatus (Axis Supra, Kratos) with a He
I radiation source (photon energy = 21.2 eV) in an ultra-high
vacuum chamber (base pressure < 5x107'° Torr). The sample
spectra were calibrated using a gold (Au) standard sample
stored in the load lock chamber.

Kelvin probe force microscopy (KPFM): We utilized KPFM
measurements to analyze the spatial distribution of the work
function. This method has been exploited in various materials
systems including metals, ceramics, and conducting poly-
mers.%!"* Topographic image and contact potential difference
(CPD) values were simultaneously obtained using an atomic
force microscope (AFM; NX10, Park Systems) and Au-coated
cantilevers (PPP-NCSTAu, Nanosensors). We used noncon-
tact mode for topographic imaging and CPD measurements
with a tip resonance frequency of 157 kHz and vibration am-
plitude of 21.98 nm. The typical setpoint and scan speed were
9.5 nm and 0.5 Hz, respectively. For CPD measurements, an
AC voltage of 5 V with 17 kHz frequency was applied to the
tip, and the response signals were acquired using a lock-in am-
plifier integrated in the AFM. The work function of the tip
(9up) was determined using a highly oriented pyrolytic graph-
ite (HOPG) standard sample. Then, the sample work function
(ps) was determined by the following equation: @s= @iip-g Vcpp,
where ¢ is the charge of an electron and Vepp is the contact po-
tential difference.®

Measurement of sound velocity: The sound velocity of
Sb,Si,Tes and Bi,Si,Tes was measured by pulse-echo method,
where a transducer first sends an initial pulse and acts as a re-
ceiver. A longitudinal transducer with a center frequency of 5
MHz (CMR-052, ndtXducer) and a normal incidence shear
transducer of identical frequency (SM-052, ndtXducer) were
used with an ultrasonic pulser/receiver system (DPR 300, JSR
Ultrasonics). A resulting waveform was recorded by a digital
oscilloscope (DSO-X 2022A, Keysight). The time delay of ul-
trasound reflections was determined by measuring time inter-
vals between back wall echoes. Then, the speed of sound was
calculated by the following equation: v=2A/t, where 4 is the
sample thickness and ¢ is the time delay.

Potential Seebeck microscope measurements: The Seebeck
coefficient microprobe scanning was performed at room tem-
perature and under vacuum on Sb,Si;Tes and Bi,Si,Tes sam-
ples using the transient Potential-Seebeck Microprobe (T-
PSM). During the T-PSM measurement the sample surface is
scanned by a heated tungsten carbide tip with a radius of cur-
vature of 12 um. The tip carries a laser-welded type-T thermo-
couple and builds the apex of a fiber optical cable. The optical
cable is connected to a laser module (VFM 1,5-25, Messtec
Power Converter GmbH), which delivers a maximum pulse
energy of 1600 mW at a wavelength of 450 nm for thermal ex-
citation of an infinitesimal sample volume. The laser diode
(OSRAM PLTB450B built into Thorlabs collimation kit) was
operated in a constant mode with a continuous beam power of
300 mW for the measurements. The sample was mounted

within a sample holder on an encoder-controlled x-/y-motion
stage from Micos (type: LS-110 52 VSS43 HV LIA) with a
nanometer resolution. Another thermocouple of the same kind
is attached to the sample holder, which is kept at room temper-
ature during scanning by a passive heat sink. Once the tip con-
tacts the sample surface, both thermocouples form two inde-
pendent thermoelectric measurement circuits, which are fed to
differential pre-amplifiers from Elsys Instruments (EL-LNA2)
with high gain/bandwidth (100/5 MHz), low input noise (<

61 Vms) and electric isolation between input channels. The am-
plifier outputs are connected to a TransCom transient recorder
(MF-Instruments) with a high sampling rate (max. 80
MHz/channel). A vertical z-axis actuator sets a reproducible
tip pressure by a control loop with a force sensor from
ALTHEN GmbH (type: 31E-001N5-30b), which ensures the
necessitated high repeatability of thermal contact resistance
between the tip and the sample surface. Measurement of the
spatially resolved Seebeck coefficient is accomplished by a la-
ser-based excitation of a local temperature gradient in a micro-
scopic sample volume in the vicinity of the tip. The underlying
evaluation of generated thermovoltages is described in the pre-
vious work.%® The uncertainty of the measured Seebeck coeffi-
cient < 10%, which was determined against a reference value
of FeSi, bulk reference material® with a certified uncertainty
of the homogeneity of 2.4 uV/K, which corresponds to 1.4%
of the expectation value at room temperature. The ability to re-
solve differences in thermopower remains unaffected from the
absolute accuracy, yielding distinguishable Seebeck contrasts
around 1-2% within the limits of local resolution.’” While the
predecessor PSM offered a lateral resolution of maximal 10
um, the T-PSM resolves the local Seebeck coefficient on a
length scale of 1-3 um by a fast data acquisition during the
transient process of laser-induced thermal excitation of the
sample volume.
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Table 1. DFT-calculated lattice parameters of Sb2Si>Tes and Bi>Si2Tes and experimentally measured values obtained after Rietveld refine-
ment

Composition a (calc/A) a (exp/A) c (calc/A) c (exp/A)
Sb,SixTes 7.223 7.166 21.236 21.205
BiSi,Tes 7.316 7.270 21.438 21.311
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