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Impact of Hierarchical Dopant-Induced Microstructure on
Thermoelectric Properties of p-Type Si-Ge Alloys Revealed
by Comprehensive Multi-Scale Characterization

Kyuseon Jang, Won-Seok Ko, Ji-Hee Son, Jeong-In Jang, Bongseo Kim,
Miquel Vega-Parades, Hanhwi Jang, Maryam Allahyari, Se-Ho Kim, KenHee Ryou,
Donghyeon Chae, Hail Park, Yeon Sik Jung, Min-Wook Oh, Chanwon Jung,*

Christina Scheu,* and Pyuck-Pa Choi*

Dopant-induced microstructure in thermoelectric materials significantly
affects thermoelectric properties and offers a potential to break the
interdependence between electron and phonon transport properties.
However, identifying all-scale dopant-induced microstructures and correlating
them with thermoelectric properties remain a huge challenge owing to a lack
of detailed microstructural characterization encompassing all length scales.
Here, the hierarchical boron (B)-induced microstructures in B-doped Sig,Ge,,
alloys with different B concentrations are investigated to determine their
precise effects on thermoelectric properties. By adopting a multi-scale
characterization approach, including X-ray diffraction, scanning and
transmission electron microscopy, and atom probe tomography, five
distinctive B-induced phases within SigyGe,, alloys are identified. These
phases exhibit different sizes, compositions, and crystal structures.
Furthermore, their configuration is comprehensively determined according to
B doping concentrations to elucidate their consequential impact on the
unusual changes in carrier concentration, density-of-states effective mass,
and lattice thermal conductivity. The study provides insights into the intricate
relationship between hierarchical dopant-induced microstructures and
thermoelectric properties and highlights the importance of investigating
all-scale microstructures in excessively-doped systems for determining the
precise structure-property relationships.

1. Introduction

Owing to growing concerns on envi-
ronmental pollution, the necessity for
developing novel methods for generat-
ing clean energy is increasing rapidly.l!]
Thermoelectric technology, which can
be used to convert heat into electricity
and vice versa, has been highlighted as
a promising way to produce clean en-
ergy because of its low noise level and
reliability.>] The conversion efficiency
of thermoelectric materials is indicated
by their dimensionless figure-of-merit 2T,
which is given by 2T = if’T, where S is
the Seebeck coefficient, o Is the electrical
conductivity, k is the thermal conductivity,
and T is the absolute temperature.l®) How-
ever, improving zT is highly challenging
due to the interdependence between S,
o, and k. Various approaches have been
proposed to break this interdependency
and increase the zT,* including doping,[”!
nanostructuring,!®® band engineering,!”’
and grain boundary modification.['V12]

Among these approaches, doping via
minor element alloying has traditionally
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been the most popular to vary the carrier concentration and
tune the thermoelectric properties.['*] Typically, the optimum car-
rier concentration for the highest zT in thermoelectric materi-
als is in the range of 10! to 10?! carriers cm~3,[*] corresponding
to the range for degenerate semiconductors. However, dopant
levels required for achieving the optimum carrier concentra-
tion in thermoelectric materials normally exceed the solubility
limit, and they can cause the formation of dopant-rich secondary
phases during material synthesis and processing, which are
collectively referred to as “dopant-induced microstructure”.l!]
Such microstructures can have a size ranging from nanoscale to
macroscale in parent materials.['*1°]

The beneficial impact of dopant-induced microstructures
on thermoelectric properties has been reported for vari-
ous thermoelectric materials, such as phase separation,!¢]
grain refinement,['718] precipitates,['>?!] texturing,??! and grain
boundary phases.!??*l The dopant-induced microstructure can
be exploited for designing advanced thermoelectric materials as
it provides an additional parameter space to break the interdepen-
dence between electron and phonon transport. Furthermore, the
presence of dopant-induced phases with different size scales can
improve zT by effectively scattering phonons across a broad spec-
trum of wavelengths. It is imperative to comprehensively charac-
terize such phases across all scales to understand the underly-
ing origins of thermoelectric properties.’?®] However, the multi-
scale natures of dopant-induced microstructures pose a signifi-
cant challenge to their comprehensive analysis.

For instance, itis hard to obtain the accurate compositions and
crystal structures of nanoscale features and figure out the config-
uration (i.e., number density and volume fraction) of all individ-
ual microstructures. These challenges can lead to issues where
only a specific microstructure is considered in interpreting ther-
moelectric properties, or the impact of a particular microstruc-
ture is either exaggerated or underestimated. Such challenges
hinder the establishment of a precise structure-property relation-
ship in thermoelectric materials.['] However, despite the criti-
cal importance of this task, a comprehensive analysis addressing
these challenges is still lacking for thermoelectric materials.

In this work, we select boron (B-doped silicon-germanium (Si-
Ge) alloys with different B concentrations as model systems to
study the effect of the all-scale dopant-induced microstructure
on thermoelectric properties. Si-Ge alloys show excellent thermo-
electric performance and good chemical stability at temperatures
above 1000 K.I®! B is a widely used p-type dopant for Si-Ge alloys,
and many researchers have proposed that it is likely to have a het-
erogeneous distribution in Si-Ge alloys.[#2¢-2] However, there is
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a lack of clarity on many aspects of B-doped Si-Ge alloys, such as
the number of secondary phases that can coexist, the composi-
tion of the phases, the effect of the phases on the transport prop-
erties, and the distribution of B in the alloys. The lack of clarity
is because of the difficulty in detecting and quantifying B owing
to its low atomic mass and small atomic radius. Notably, an in-
explicable discrepancy between experimentally observed proper-
ties and those determined through modeling by using the Boltz-
mann transport equation has been reported for B-doped Si-Ge al-
loys, and it could potentially be related to the effect of B-induced
phases on the transport properties.*") The aforementioned as-
pects are worth investigating since B is a widely used dopant for a
variety of thermoelectric materials apart from Si-Ge alloys.[17:31-33]

Here, we identify the all-scale B-induced microstructures in
nanostructured Sig,Ge,, alloys for different B concentrations
(B, SigyGe,y, ¥ = 0, 0.2, 1, 5, and 10) by using multi-scale ma-
terial characterization techniques, including X-ray diffraction
(XRD), scanning electron microscopy (SEM), scanning transmis-
sion electron microscopy (STEM), and atom probe tomography
(APT). The complementary use of these techniques facilitated
the investigation of all microstructural features of each of the de-
tected phases (i.e., size, composition, density, volume fraction,
crystal and interface structure), and the complete mapping of the
B distribution in each B, Siz,Ge,, sample. The results show that
five types of B-induced phases ranging from several nanometers
to several micrometers in size can coexist and their configuration
significantly varies with the B concentration. Importantly, these
phases influence the thermoelectric transport properties, leading
to their unusual changes with increasing B concentration. As a
result, we demonstrate the complex structure-property relation-
ships between the all-scale dopant-induced microstructures and
transport properties.

2. Results and Discussion

2.1. Distinctive Changes in Thermoelectric Transport Properties
with B Concentration

To investigate the effect of B on the thermoelectric transport prop-
erties, we first measured the electrical transport properties of
B, Sig,Ge,, (x =0, 0.2, 1, 5, and 10) samples. In Figure 1a, while
the undoped sample (x = 0) shows minimal change in ¢ with
temperature, the B-doped samples (x = 0.2, 1, 5, and 10) exhibit
a monotonous decrease in ¢ with increasing temperature, which
is a typical trend in degenerate semiconductors. The ¢ value of
the B, Siz,Ge,, samples increased with B and saturated at x =
5. Meanwhile, the Hall carrier concentration (py;) saturated at x =
1, hence the samples with x =1, 5, and 10 showed nearly identical
py values at room temperature (Figure 1b). A comparison of the
measured py; with the ideal p;; value (i.e., the p,; value obtained
by assuming that all B atoms were ionized and generated holes)
exhibited that the sample with x = 0.2 showed 100% doping effi-
ciency while those with x = 1, 5, and 10 showed considerably low
doping efficiency (31.1%, 6.8%, and 3.3%, respectively; Figure S1
and Table S1, Supporting Information).

The measured py; values for x = 1, 5, and 10 were equivalent
to the ideal p;; value when x = 0.28 (see Supporting Informa-
tion). This result implies that the maximum amount of B atoms
capable of generating charge carriers in Sig,Ge,, is ~0.28 at.%,
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Figure 1. Electrical transport properties of B,SigyGe,q. a) Electrical conductivity (c), b) Hall carrier concentration (py) and Hall mobility () at 298 K,
c) Seebeck coefficient (S), d) Pisarenko plot at 298 K based on the single parabolic band model, ) weighted mobility (u,), and f) power factor (PF) of

B,SigoGeyg (x=0,0.2, 1,5, and 10) samples. The inset in (d) shows the density-of-states (DOS) effective mass (m

Pisarenko plot; mg denotes the electron mass.

slightly exceeding the reported solubility limit of B (0.2 at.%) in
Si at room temperature.** This value can be attributed to the ball
milling process, which introduces a large number of defects that
facilitate alloying with high B content.*®] Therefore, the excess
amount of B above 0.28 at.% is insoluble in the Sig,Ge,, matrix
and cannot act as an acceptor to generate holes. However, without
any detailed microstructural characterization, it remains unclear
in which phases such residual B atoms exist in Sig,Ge,,.

The Hall mobility (uy;) also showed an unusual trend with in-
creasing B. It first increased with B up to x = 0.2, slightly de-
creased for x = 1, and again increased thereafter, with the in-
crease continuing at x = 5 and 10 (Figure 1b). The increase in u,
between x = 0 and 0.2 was atypical, as u; generally decreases with
increasing py; owing to strong ionized impurity scattering.>®! A
similar atypical increase has been reported for B-, P-, and NaBH,-
doped Sig,Ge,, alloys.!?837:38] This behavior can be explained by

Adv. Funct. Mater. 2024, 34, 2403785 2403785 (3 of 15)
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*) of each sample obtained from the

the change in the deformation potential (E,.¢), which indicates
the strength of carrier scattering by the acoustic phonons®! (see
Supporting Information). Notably, the sample with x = 0.2 ex-
hibits a lower E,.; compared to x = 0, suggesting that B doping
attenuates the electron-phonon coupling (Figure S2, Supporting
Information). This lower E, observed for x = 0.2 accounts for
the higher uy; in x = 0.2 than in x = 0 despite its higher n;;. How-
ever, the lowest y1; observed for x = 1 and the slight increment of
uy; for x =5 and 10 cannot be explained solely by the change in
E,.s This trend can be related to changes in the microstructure
or band structure.

For the B, Sig,Ge,, samples, S exhibited a monotonous in-
crease with increasing temperature, while for x = 0, it decreased
above 873 K due to the bipolar effect (Figure 1c). This was con-
firmed from high-temperature Hall measurements. For x = 0,
py increased at 1073 K compared to 298 K by thermal activation

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Thermal transport and thermoelectric properties of B,SigyGe,o. a) Total thermal conductivity (k;4,), b) electronic thermal conductivity (x,),

c) lattice thermal conductivity (x;), and d) figure-of-merit (zT) of B,Sig,Ge,

(Figure S3, Supporting Information). By contrast, the other sam-
ples showed almost identical p, values at 298 and 1073 K. Since S
is inversely proportional to carrier concentration according to the
Pisarenko relation, the largest S was observed for x = 0 and the
smallest values were expected for x = 1, 5, and 10.1*°1 However,
the sample with x = 1 showed a larger S value than those with
x =5 and 10, despite the identical p,; values. This difference orig-
inated from the different density-of-states (DOS) effective mass
(m*). The m* of each sample was determined from the Pisarenko
plot based on the single parabolic band (SPB) model (see Sup-
porting Information). We assumed that acoustic phonon scatter-
ing is the dominant carrier scattering in all B, Siz,Ge,, samples
across the entire temperature range, based on the results of the
Kang-Snyder model (see Supporting Information and Figure S4,
Supporting Information).*!] As shown in the Pisarenko plot in
the inset of Figure 1d, m* increased from x = 0 to x = 1, but
decreased for x = 5 and 10. The largest m* value of 2.3m, was
measured for x = 1. This significant increase in m* for x = 1
counteracts the advantageous effect of its E ¢ on uy,, thereby re-
sulting in its lower p;; compared to other B-doped Sig,Ge,, sam-
ples. Accordingly, the smaller y;; and higher S of the sample with
x = 1 compared with those of the samples with x = 5 and 10 are
ascribed to its larger m*. Such nonlinear change in m* could have
resulted from the alteration in the band structure induced by ei-
ther B doping or the formation of the B-induced microstructure.

We also calculated the weighted mobility (u,,) by using ¢ and
S to identify the intrinsic scattering mechanism of each sam-
ple (see Supporting Information). For the samples with x = 0.2,

Adv. Funct. Mater. 2024, 34, 2403785 2403785 (4 of 15)
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o (x=0,0.2,1,5, 10) samples.

1, 5, and 10, y,, decreased with increasing temperature, and all
samples showed similar T-! dependence. This observation indi-
cated the insignificant difference in the electron scattering mech-
anism between the B-doped Sig,Ge,, samples. The T! depen-
dence showed mixed electron scattering by acoustic phonon scat-
tering (u,,«xT/?) and point defect scattering (p,,«T~1/2).142] By
contrast, u, for the sample with x = 0 showed thermally activated
behavior up to 500 K, could be attributed to the grain boundary
scattering. Furthermore, the sample with x = 1 showed the high-
est u,,, unlike yy, since it had the largest m*; y, is given byl*]

e\ 2
uw=uH< ) )

My

Because of the combination of high ¢ and high S resulting
from the large m*, the sample with x = 1 had the highest power
factor (PF) (Figure 1f).

In addition to py; and m*, anomalous changes resulting from
B addition were also observed in the thermal transport properties
(Figure 2). The samples with x = 0.2 and 1 showed similar total
thermal conductivity (x,,,;) values, while those with x = 5 and 10
showed higher «,,, values (Figure 2a). Except for the sample with
x = 0, no sample showed the bipolar effect at high temperatures.
The parameter «,,, can be decomposed into electronic (x,) and
lattice (k) contributions by using the Wiedemann—Franz law, as
expressed in the following equation:

= LO—I KL = Kiotal — K (2)
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where the bipolar effect is not considered. Lorenz number, L was
calculated using the SPB model assuming that acoustic phonon
scattering is dominant (see Supporting Information)

In accordance with Equation (2), «, follows the same trend as
o, namely, it increased with the B content and reached saturation
at x = 5 (Figure 2b). However, k; showed an unexpected trend;
the sample with x = 1 had the lowest k|, and the samples with x =
5 and 10 had much higher «; values (Figure 2c). The lower | for
x = 0.2 compared with k; for x = 0 can be explained by phonon
scattering induced by substitutional B atoms in the Sigz,Ge,, ma-
trix. Similarly, the lower «; for x = 1 compared with «; for x =
0.2 can be attributed to stronger phonon scattering from higher
B concentration. However, this cannot explain why the samples
with x = 5 and 10 showed much higher «; than that with x = 1,
despite all three samples having identical p;;. These results sug-
gest that the B-induced microstructure associated with residual B
affects «; of the samples with x = 1, 5, and 10 differently, under-
scoring the need for a comprehensive microstructure analysis to
understand such behavior.

The combination of high u,, and low «; positioned x = 1 as the
optimal B doping concentration with the highest thermoelectric
quality factor (see Supporting Information and Figure S5, Sup-
porting Information).3!! Consequently, x = 1 yielded the highest
maximum zT value (~0.8) across the entire temperature range
(Figure 2d) with the largest average zT value (~0.5) (Figure S6,
Supporting Information). The zT values of B_Sig,Ge,, samples
in this study show comparable zT values with the other reported
B-doped Sig,Ge,, systems, surpassing the zT values of Sig,Ge,,
samples used in NASA RTG owing to their lower «,,,; (Figure
S7, Supporting Information).®! Moreover, previous studies have
suggested that the incorporation of additional composites such as
Ga,0;, Si0,, B,0;, and WSi, can further enhance the zT values
of B, Sig,Ge,, systems.

2.2. Identification of B-Induced Phases at Microscale and
Macroscale

To understand the microstructural origins of the distinctive
changes in thermoelectric transport properties (i.e., p;; satura-
tion and unexpected variations in m* and «; in the samples with
x =1, 5, and 10), we conducted XRD and SEM analyses. In
Figure 3a, the main peaks can be assigned to the Si-Ge al-
loy and no additional peaks were observed for x = 0 and
0.2. However, for x > 1, additional peaks of low intensity ap-
peared at higher 20 values next to the Si-Ge alloy peaks, as ev-
ident in the magnified patterns in Figure 3a. The additional
peaks can be ascribed to a secondary phase that has the same
crystal structure as the Si-Ge alloy but with a smaller lattice
constant.

The lattice constants of the B-doped Sig,Ge,, samples (i.e., x =
0.2, 1, 5, and 10) were smaller than that of the sample with x =
0, indicating that lattice contraction occurred because of substitu-
tional B atoms in the Si-Ge lattice due to its smaller atomic radius
(87 pm) than Si (110 pm) and Ge (125 pm) (Figure 3b). This asser-
tation is corroborated by density functional theory (DFT) calcu-
lations by modeling the B-doped Sigz,Ge,, (B, Sig, .Ge,,.,) alloys
based on special quasi-random structures (SQS) (see Supporting
Information). The DFT calculations reveal that the lattice param-
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eter of B-doped Sigz,Ge,, alloys linearly decreases with increas-
ing B concentration (Figure S8, Supporting Information). How-
ever, the lattice constants of the Si-Ge matrix were almost identi-
cal for x = 0.2, 1, 5, and 10. This implies that differences in the
matrix B concentration among the samples were insignificant,
in agreement with the Hall measurements (Figure 1b). The sec-
ondary phase had a smaller lattice constant (~5.425 A) than the
Si-Ge matrix (~5.468 A), and it was even smaller than the pure Si
samples (5.431 A) fabricated by the same process as B, Sig,Gey,
(see Experimental Section). This finding indicates that the sec-
ondary phase was not pure Si, but a mixture of Si and a small
amount of B; B caused the Si lattice to contract.**] The volume
fraction of the secondary phase for x = 1, 5, and 10, determined
by using the XRD peak integration method, was almost identi-
cal (2.4 vol.%) for x = 1, 5, and 10 (Figure S9, Supporting In-
formation). Therefore, the secondary phase could not fully ex-
plain how residual B atoms were present in the B, Sig,Ge,, sam-
ples, and this implies that different types of B-induced phases
or B-enriched defects, which were not detected by XRD, were
present.

The presence of B-induced phases for x =1, 5, and 10 was con-
firmed by SEM analyses (Figure 3c—g). While the samples with
x = 0 and 0.2 had homogeneous surfaces without any precipi-
tates, dark-contrast precipitates were formed on the samples with
x =1, 5, and 10. These precipitates showed a dark contrast in
backscattered electron (BSE) images (Figure S10, Supporting In-
formation), indicating the presence of elements with a lower av-
erage atomic number than the Si-Ge matrix. Furthermore, some
precipitates showed a darker contrast than others in BSE images,
suggesting the presence of different precipitate types on the sur-
face. Notably, the number density of these precipitates increased
with the nominal B concentration (Figure 3h), but their average
sizes did not change significantly (1.35 + 0.98, 0.99 + 0.84, and
1.04 = 1.00 pm for x = 1, 5, and 10, respectively). This result
implies that residual B atoms increased the number of precip-
itates rather than the precipitate size. The size distributions of
the precipitates are well represented by log-normal distribution
(Figure 1h).

The composition of the matrix and precipitates was investi-
gated by using energy-dispersive X-ray spectroscopy (EDS). The
composition of the matrix closely matched the nominal value
(SigoGe,o) for every sample (Figure S11, Supporting Informa-
tion). Precipitates with different contrasts in BSE images were
categorized into two types based on their EDS spectra. While pre-
cipitates with less dark contrast showed a strong Si peak with-
out any Ge and B peaks in their EDS spectra, those with darker
contrast exhibited a very strong B peak and minor O, Mg, and
Si peaks (Figure S11, Supporting Information). Since additional
peaks in XRD patterns were expected for the mixture of Si with
a trace amount of B, precipitates with less dark contrast (here-
after referred to as Si(B) phase) were presumed to be the sec-
ondary phase detected by XRD, while B was not detected by
SEM-EDS owing to its low concentration. By contrast, the pre-
cipitates with darker contrast were identified as B inclusions.
However, it was difficult to determine their exact composition
because of the insensitivity of EDS to light elements. To deter-
mine their composition and why such B inclusions were not
detected by XRD, we performed further analyses by STEM and
APT.
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Figure 3. Evolution of microstructure induced by B. a) XRD patterns of the B,SigyGe,q (x =0, 0.2, 1, 5, and 10) samples. b) Lattice constants of Si-Ge
alloy (purple) and secondary phase (orange) of B,SigGe,, calculated from the XRD peaks. The dotted line shows the lattice constants of pure Si pellet
fabricated using the same procedure as that employed for preparing B,SigoGe,q. c—g) Surface SEM images of B, SigoGe,q samples. h) Size distribution
of dark precipitates observed in the samples with x = 1, 5, and 10. Dashed curves show log-normal distributions.

2.3. Identification of B-Induced Nanoprecipitates through STEM
and APT

STEM analyses were conducted to detect the presence of
nanoscale B-induced phases and ascertain the crystal structure of
each phase. Figure 4 presents representative STEM-EDS results
for the hierarchical B-induced microstructure for the sample with
x = 1. In Figure 4a, the phase with darker contrast showed a high-
intensity Si signal in EDS maps (Figure 4b) and it corresponded
to the Si(B) phase. However, the B signal was hardly distinguish-
able owing to the low B concentration in Si(B). The size of the
Si(B) phases, detected in multiple TEM specimens for different
samples, ranged between 2 and 4 um. Figure 4c shows a phase
with a strong B signal and Siand Ge are absent in the correspond-
ing EDS maps (Figure 4d); these observations indicate that the
phase corresponds to B inclusion detected in the SEM-EDS anal-
yses. In the EDS spectrum of this region, distinct B peaks and
Mg peaks were observed (Figure S12, Supporting Information).
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The presence of Mg in the B inclusion can be attributed to Mg
impurities in the raw B powder, as the amorphous B powder was
prepared through the reduction of B,0; with Mg.[*’]

The size range of the B inclusion was mostly ~0.5 to 2 um
as observed using STEM; thus, it was smaller than the Si(B) re-
gions. Besides Si(B) and B inclusions, silicon oxide (SiO,) par-
ticles were identified through STEM-EDS analyses (Figure 4e,f).
Although we conducted ball milling and spark plasma sintering
(SPS) in a vacuum, nanoscale SiO, particles with sizes ranging
from 5-50 nm were formed because of the presence of oxygen
in the raw materials or low vacuum (=107 to 10~ Torr) of the
SPS chamber.[**#’l Such oxygen contamination is hardly avoid-
able given the ubiquitous nature of oxygen and the high oxygen
affinity of Si. Residual oxygen has been consistently observed
in a variety of sintered Sig,Ge,, samples prepared using differ-
ent techniques, such as induction melting, gas atomization, and
pulverization.*¥] In Si-Ge alloys, the formation of SiO, particles
is well-documented, and these particles are recognized for their
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Figure 4. STEM-EDS analysis for hierarchical B-induced phases in the sample with x = 1. High-angle annular dark-field (HAADF)-STEM images and
corresponding EDS maps of a,b) the Si(B) phase, c,d) B inclusion, and e,f) silicon oxide (SiO,) particles. The insets in (a) and (c) show selected area
electron diffraction (SAED) patterns of the Si(B) phase and B inclusion in the regions within the dotted yellow circles, respectively. g,h) High-resolution
STEM images of (g) the interface between the Si(B) phase (HAADF image) and the Si-Ge matrix and (h) the interface between B inclusion and the Si-Ge
matrix (ADF image) captured from the dotted squares in (a) and (c).

dual effect of reducing the k; of the alloys while simultaneously
decreasing the ¢ due to their insulating properties.*"! Similar B-
induced microstructures (i.e., Si(B), B inclusions, and SiO, ) were
observed in the samples with x = 5 and 10 (Figure S13, Sup-
porting Information). By contrast, no B-induced phases were ob-
served for x = 0 and 0.2, as expected from their SEM images, but
nanoscale SiO,, particles were presented in both samples (Figure
S14, Supporting Information).

Furthermore, we investigated the crystal and interface struc-
ture of Si(B), B inclusions, and SiO, as both factors influence
thermoelectric properties by altering the scattering behavior of
precipitates for carriers and phonons. The selected area electron
diffraction (SAED) pattern showed that the Si(B) phase had the
same crystal structure as the Si-Ge matrix consistent with the
XRD results (inset of Figure 4a). Furthermore, the Si(B) phase
shared a identical zone axis with the adjacent matrix, and hence,
it had a coherent interface with the matrix (Figure 4g). By con-
trast, the B inclusion had an amorphous structure, indicated by
a diffuse ring in the SAED pattern (inset of Figure 4c); there-
fore, it had an amorphous-crystalline interface with the matrix
(Figure 4h). This result explains why B inclusions were not de-
tected by XRD.

There have been conflicting observations regarding the crystal
structure of SiO, particles in Si-Ge alloys in previous studies (i.e.,
whether they have an amorphous or crystalline structure).[5%>!]
We employed 4D-STEM to investigate the crystal structure of the
SiO,, particles since their size was too small to obtain a stand-
alone SAED pattern. The pixelated detection of diffraction pat-
terns by using a nanoprobe in 4D-STEM facilitated the investi-
gation of the crystal structure of individual nanosized SiO,, par-
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ticles. The nanobeam diffraction patterns obtained from three
points around SiO, for x = 1 are shown in Figure S15 (Support-
ing Information). As the points approached the SiO, particles,
the diffraction pattern showed a diffuse ring apart from reflec-
tions of the surrounding Si-Ge matrix. This result indicates the
amorphous nature of our SiO, particles, in agreement with the
observation of Bernard-Granger et al.’*! The mixed pattern of a
diffuse ring and diffraction spots was formed since the thickness
of the TEM lamella caused the overlap of the SiO, particle signal
and surrounding Si-Ge matrix. The SiO, particles also had an
amorphous-crystalline interface with the matrix, similar to the
B inclusion. No other nanoscale precipitate was found to have a
crystalline structure in the 4D-STEM analyses.

Next, APT was used to investigate the composition and distri-
bution of B in each phase. APT is an advanced analytical tech-
nique used for 3D, atomic-scale material analysis. It is capable of
quantitatively analyzing all elements regardless of their atomic
mass, including light elements such as B and O, with a sensitiv-
ity at the parts-per-million level.[’>53] The APT results confirmed
that Si(B) indeed contained a very small amount (~0.15 at.%) of
B (Sigg 5B 15) and the B inclusion primarily consisted of B along
with ~4 at.% of Mg impurities, consistent with the STEM-EDS
results (Figure S16, Supporting Information).

We identified additional B-induced nanoprecipitates from the
APT results. Figure 5 presents the 3D atom maps of B, Siz,Ge,,
(x=10.2,1, 5, 10) samples, showing the spatial distribution of B.
For x = 0.2, most of the atom maps revealed a homogeneous B
distribution (Figure 5a). However, some APT maps of the sam-
ple with x = 0.2 revealed small B clusters ~#10 nm in size (Figure
S17, Supporting Information), which could be attributed to local
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Figure 5. APT results for B,SigyGe,o (x = 0.2, 1, 5, 10). 3D atom maps of the samples with a) x = 0.2, b) x =1, ¢) x = 5, and d) x = 10 with an iso-
concentration surface of 1.5 at.% B. e—g) Proximity histograms of the three different B-induced nanoprecipitates marked by arrows in the atom maps.
(e) B-incorporated SiO,, (f) B-enriched Si-B, and (g) equilibrium SiB, precipitates.

compositional fluctuations of B beyond its solubility limit (i.e.,
0.28 at.%) in the matrix during the synthesis. Since the p;; of
x = 0.2 matched the ideal p,; (Figure S1, Supporting Informa-
tion), the B clusters was considered to have a negligible impact
on py; and thermoelectric properties. For x =1, 5, and 10, a highly
heterogeneous distribution of B was evident from 1.5 at.% B
iso-concentration surfaces (see Figure 5b—d). These surfaces
showed several B-induced nanoprecipitates ranging from a few
nanometers to tens of nanometers in size. Based on their chem-
ical composition, the B-induced nanoprecipitates in the samples
with x = 1, 5, and 10 could be categorized into three types: B-
incorporated SiO,, B-enriched Si-B, and SiB, precipitates.

The 3D atom map for x = 1 showed the coexistence of B
clusters with Si and O atoms, suggesting the presence of B-
incorporated SiO, (0.5 < x < 2) (Figure 5b). B-incorporated SiO,
nanoprecipitates also existed in the samples with x = 5 and 10,
and they were distinguishable from SiO, particles in samples
with x = 0 and 0.2. While SiO,, particles have been observed in Si-
Ge alloys,1>*!] the presence of B in SiO, has not been reported
before. The B concentration in SiO, was ~10 at.% as shown in
the proximity histogram (proxigram), whereas the matrix com-
position closely matched that of Sig,Ge,, with ~0.21 at.% of B
(Figure 5e). This observation suggests that when the B concen-
tration exceeds the solubility limit of the Si-Ge matrix, residual
B atoms can diffuse into the SiO, during the high-temperature
SPS process. Although B-incorporated SiO, has been reported in
Si used in optical applications, this phase has not been explored
for Si or Si-Ge alloys used in thermoelectric applications.>

Additionally, distinctive nanoprecipitates primarily composed
of Si and B were identified in the samples with x = 1, 5,
and 10 (Figure 5f). These precipitates could be differentiated
from Si(B) because of their considerably higher B concentration,
which ranged from 10-50 at.% (Si,B, 1 <y < 10). However, the
amount of B in these precipitates was lower than that required

Adv. Funct. Mater. 2024, 34, 2403785
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to attain thermodynamic equilibrium (i.e., SiB,, n = 3, 4, 6,
etc.). These metastable Si-B precipitates were previously detected
through APT for annealed Si films and referred to as B-enriched
clusters.5>] Their compositional variation possibly resulted from
uneven diffusion during nonequilibrium fabrication processes.
Hereafter, we will refer to these precipitates as B-enriched Si-B.
Besides B-incorporated SiO, and B-enriched Si-B, only the sam-
ple with x = 10 contained the SiB, equilibrium phase (Figure 5g)
since the amount of B was sufficient for the formation of the
phase.

While x = 1, 5, and 10 shared common B-induced nanopre-
cipitates except for SiB,, the detailed configuration of each nano-
precipitate varied considerably among the different samples. We
conducted an in-depth analysis to determine the configurations
of nanoprecipitates, focusing on their average size, number den-
sity, volume fraction, and composition obtained from APT. To en-
sure statistical reliability, we employed at least five 3D atom maps
for each of the samples with x = 1, 5, and 10, with more than
10 million ions detected. Owing to the irregular shapes of nano-
precipitates in atom maps, we approximated their shape as a
sphere with an equivalent volume (the volume enclosed by the
1.5 at.% B iso-concentration surface).

The average size and number density of B-incorporated SiO,
and B-enriched Si-B showed contrasting trends with B concentra-
tion. With increasing B concentration, the size of B-incorporated
SiO, increased from 9.1 nm (x=1) to 13.5nm (x=5) and 20.3 nm
(x = 10) while the number density decreased (Figure 6a). This
trend can be attributed to the difference in grain size in each
sample. From STEM analyses, the majority of SiO, particles were
located at grain boundaries, suggesting that grain boundaries
serve as nucleation sites for SiO,, (Figure S18, Supporting Infor-
mation). The larger average grain sizes observed in the samples
with x = 5 (140.3 nm) and x = 10 (169.5 nm) compared to x =
1 (107.2 nm) indicate a reduced number of nucleation sites for
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Figure 6. APT results for hierarchical B-induced phases and the holistic distribution of B. a) Size and number density of B-induced nanoprecipitates in
the samples with x =1, 5, and 10. b) B concentration in the matrix and nanoprecipitates of samples with x = 0.2, 1, 5, and 10, along with the standard
deviation. The B concentration in each phase was calculated using the formula [B]/([Si]+[Ge]+[B]), where [A] is the number of A atoms. c) The volume
fraction of hierarchical B-induced phases in the samples with x =1, 5, and 10. d) B accumulation chart (unit: percentage) for the samples with x =1, 5,

and 10. The dashed lines in (a—d) are for guiding the eyes.

B-incorporated SiO,, particles (Figure S19, Supporting Informa-
tion). Since total oxygen contents in each sample would be almost
identical due to the same fabrication procedure, the number den-
sity of B-incorporated SiO, in the samples with x =5 and x = 10
is smaller than x = 1 but shows a larger size. These findings sug-
gest that B did not stimulate the nucleation of SiO,, particles but
promoted their growth, resulting in larger SiO, particles in the
sample with x = 10 compared to the samples with x = 1 and 5.
This is plausible since SiO, particles were formed during SPS
owing to the presence of residual O in the samples or cham-
ber, regardless of the B concentration. By contrast, the size of
B-enriched Si-B precipitates remained almost constant, ranging
from 5 to 8 nm, with increasing B concentration (Figure 6a).
However, their density increased linearly with B addition, indi-
cating that B promoted the nucleation of B-enriched Si-B precip-
itates in contrast to the case of B-incorporated SiO,. The SiB, pre-
cipitates had the largest average size (%26 nm) but the smallest
number density among the formed nanoprecipitates.

We also compared the average B concentration in the Si-Ge
matrix and each nanoprecipitate for the samples (Figure 6b). The
matrix B concentration in the sample with x = 0.2 was 0.21 at.%,
consistent with its py;. For x =1, 5, and 10, the B concentrations
in the matrix were nearly identical (Figure 6b), in good agreement
with the p; values obtained from Hall measurement (Figure 1b).
Similarly, the average B concentration of the B-incorporated SiO,
and B-enriched Si-B precipitates remained constant for x = 1,
5, and 10, ranging from 11 to 15 at.% (Figure 6b). These re-
sults indicate that the addition of B promoted the formation of
B-incorporated SiO, and the nucleation of B-enriched Si-B with-
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out significantly increasing the internal B concentration. Notably,
SiB, in the sample with x = 10 showed a much higher B concen-
tration than the other phases.

In addition to the size, number density, and composition, the
volume fraction of all B-induced phases was determined through
the combined use of XRD and APT. The volume fraction of the
Si(B) phase in each sample was obtained through XRD (Figure
S9, Supporting Information), while that of B-incorporated SiO,,
B-enriched Si-B, and SiB, was obtained from 3D atom maps ob-
tained using APT. However, the volume fraction of B inclusion
could not be determined since B inclusion was not detected by
XRD and was too large to be entirely included in APT specimens.
To calculate the volume fraction of B inclusion, we assumed that
the total B concentration of the samples with x =1, 5, and 10 was
maintained at a nominal value and that B atoms were distributed
among different B-induced phases. Subsequently, we employed
the equations

Nyar = Z N; = Z CxVixXp; 3)

Crotat X Virar = 2 GxV; (4)

(i=matrix, Si(B), B-incorporated SiO,, B-enriched Si-B, SiB,, and
B inclusion) where N, is the total number of B atoms, and
N,, C;, V,, and p; denote the number of B atoms, B concentra-
tion, volume fraction, and atomic density per unit volume of each
phase (i), respectively. Assuming that p; of the different phases is
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roughly identical, we can simplify Equation (3) to Equation (4).
By using C; and V; of each phase obtained from XRD (Vg;s) and
APT analyses, we can then calculate the volume fraction of B in-
clusion (see Table S2, Supporting Information).

The volume fraction of each phase in the samples with x =1,
5, and 10 is shown in Figure 6¢. The Si(B) phase showed a nearly
consistent volume fraction, which was obtained from XRD. Simi-
larly, the volume fractions of B-incorporated SiO, and B-enriched
Si-B were similar for x = 1, 5, and 10 as their average size and
number density showed opposite trends with increasing B con-
centration. On the other hand, the SiB, precipitates showed a
slightly higher volume fraction (2.83 vol.%) than Si(B) and the
other nanoprecipitates, which can be attributed to their large
size. A significant change in the volume fraction with increas-
ing B concentration was observed for the B inclusion. While the
volume fraction of the B inclusion was insignificant for x = 1
(0.50vol.%), it increased significantly for x =5 (4.30 vol.%) and 10
(7.10 vol.%) and the B inclusion became the dominant B-induced
phase with the highest volume fraction. Consequently, the total
volume fraction of all-scale B-induced phases in the samples with
x=1,5, and 10 amounted to 4.70, 10.30, and 14.60 vol.%, respec-
tively (Figure 6c¢).

Finally, the distribution of B atoms in B, Sig,Ge,, was compre-
hensively visualized by combining the volume fraction of each
B-induced phase with the average B concentration of the phase.
Figure 6d presents the B accumulation chart that shows the frac-
tion of B atoms in each phase for the samples with x = 1, 5, and
10. The chart provides a clear answer to the question raised by
the Hall measurements: In which phases do the excess B atoms
exist within the Si-Ge matrix? It should be noted that Figure 6d
depicts the relative fraction of B atoms in each phase. The B ac-
cumulation chart with the absolute B amount is shown in Figure
S20 (Supporting Information).

The B accumulation chart shows that the percentage of B
atoms in the matrix was 29.9%, 5.8%, and 3.0% for x =1, 5, and
10, respectively. These values are in good agreement with the dop-
ing efficiency calculated from the Hall measurement, confirming
the reliability of the B accumulation chart (Figure S1, Support-
ing Information). Furthermore, this result indicates that 70.1%,
94.2%, and 97.0% of B atoms were distributed in the B-induced
phases. In the sample with x = 1, most of the B atoms were dis-
tributed in the B inclusions and B-incorporated SiO,, while the
B inclusion contained the majority of B atoms for x = 5. How-
ever, for x = 10, the B fraction of all existing structures decreased
because of the formation of SiB, (Figure 6d). Notably, the Si(B)
phase contained a very small percentage of B atoms among all
the samples (<0.4%) owing to the very low concentration of B in
the phase (x0.15 at.%). This highly heterogeneous distribution
of B indicates that a heterogeneous dopant distribution should
be considered when modeling thermoelectric materials.

It should be mentioned that in contrast to several reports of
grain boundary segregation of B in Si and Si-Ge doped with ex-
cess B33 we did not detect such segregation in any of our
samples in the APT analyses. To confirm the absence of B grain
boundary segregation, we conducted correlative APT-TEM analy-
ses to verify the existence of grain boundaries in APT specimens
before analysis. The sample with x = 10 was chosen for the correl-
ative study since it had the highest possibility for showing distinct
grain boundary segregation owing to the highest B concentra-
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tion. From a TEM image, we could identify the presence of a grain
boundary at the apex of an APT specimen (Figure S21a, Support-
ing Information). APT reconstruction of this specimen showed
the feature observed in the TEM analysis, thus confirming the
presence of a grain boundary in the reconstructed specimen. Im-
portantly, the 3D atom maps revealed B clusters but did not indi-
cate any grain boundary segregation (Figure S21b—d, Supporting
Information). The absence of B grain boundary segregation has
previously been reported for polycrystalline B-doped Si gates of a
MOSFET with an excess amount of B.[*>®l As proposed before,
this unexpected B distribution could be attributed to the influ-
ence of the synthesis process of Si-Ge or the existence of impurity
elements, such as oxygen.[>%¢!l

2.4. Effect of All-Scale B-Induced Microstructure on Electrical
Transport Properties

The formation of the hierarchical B-induced microstructure led
to distinctive changes in the electrical transport properties of
B, SigyGe,,. The evolution of B-induced phases because of excess
B resulted in the saturation of py, for x =1, 5, and 10 (Figure 1b),
as depicted in the B accumulation chart (Figure 6d). This phe-
nomenon was correlated with the unusual variation in m*, which
initially increased up to x = 1 but decreased for x = 5 and 10,
despite of their identical p;; (Figure 1d). To understand this, we
investigated the effect of B doping and the resulting B-induced
phases on the band structure of Sig,Ge,,. It is well established
that Siy,,Ge, alloys exhibit a Si-like band structure for x < 85.

Consequently, the band structure of Sig,Ge,, can be approxi-
mated as that of Si, featuring three primary non-parabolic valence
bands known as heavy-hole (HH), light-hole (LH), and split-off
(SO) bands at the I point and a conduction band minimum near
the X point.[2l The HH and LH bands degenerate at the I" point
while the SO band is located slightly below the HH and LH (Si:
0.044 eV; Ge: 0.30 eV).I9%] Generally, the effect of the SO band on
the hole transport of Si-Ge alloys is neglected since their transport
properties can be well described by considering only the HH and
LH bands.[**] Here, m* of Siz,Ge,, can be expressed as!®!

m* = N\z,/ ’ m; 5)
where Ny, and m,* are band degeneracy and single band effective
mass, respectively.

The introduction of B can create an acceptor level near the va-
lence band, shifting the Fermi level closer to the valence band of
Si and Sig,Ge,,.%! Furthermore, B addition has been reported to
increase the DOS of Si, thereby resulting in m* increasing with
the B concentration.[” 8] Likewise, we expected that B addition
would also increase the m* of Sig,Ge,, alloys and conducted DFT
calculations to confirm our hypothesis. The electronic band struc-
ture was calculated for pure Si and Si-Ge alloys (B, Sig, .Ge,...)
with varying B doping levels (Figure S22, Supporting Informa-
tion). From these band structures, we determined the DOS ef-
fective mass for holes (m;,*) and electrons (m,*) by differentiat-
ing each constituent band of the conduction and valence bands
and computing the weighted average mass of each band in differ-
ent directions (Figure S23, Supporting Information). The result
indeed demonstrated an increase in m, * with increasing B con-
centration, while m_* unchanged. This finding is consistent with
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Figure 7. Strain mapping in the sample with x = 1 by using geometric
phase analysis (GPA). a) A schematic illustrating the potential effect of
strain on the band structure of B, SigyGe,o. b—€) A high-resolution HAADF-
STEM image and the corresponding strain distribution (e,,) of (b,c) the
interface between amorphous B inclusion and Si-Ge matrix and (d,e) Si-Ge
matrix far from the B-induced phases obtained through GPA. The insets in
(b) and (d) show fast Fourier transform patterns for two diffraction spots
selected for use in the GPA.

our result that m* increased from x = 0 to x = 1. However, this ex-
planation cannot account for the decrease in m* for the samples
with x = 5 and 10 as their DOS would be analogous with that of
the sample with x = 1 because of the identical p;;. This peculiar
m* reduction can be ascribed to the strain introduced by the B-
induced phases. The precipitates in the matrix can create a local
strain field when their lattice or volume does not match with the
matrix phase.[*”! Such strain fields could reduce «; by interfering
with phonon propagation and even modifying the band struc-
ture by altering the original lattice structure of the matrix.[®70]
In the case of Si-Ge, both compressive and tensile strain have
been known to break the degeneracy of the valence band by split-
ting the HH and LH bands and separating the six-fold conduction
bands (A valleys) into four-fold and twofold bands, resulting in a
reduced bandgap and smaller m* (Schematics in Figure 7a).[7172]
Furthermore, strain can impact m,* by warping both the con-
duction and valence band structure of Si and Si-Ge alloys (see
Figure 7a).l”*7*] Given that u; (x 1/m) of the sample with x =
1is smaller than that of the x = 5 while y,, (x m*) remains com-
parable in both samples at 298 K, we inferred that the strain field
has a more significant effect on m, * than N,.[>) This implies that
areduction in m,* due to the band sharpening induced by strain
consequently leads to a reduction in m* for x = 1 to x = 10.7677]

The strain field in B, Sig,Ge,, can be originated from both sub-
stitutional B in the matrix and B-induced phases. However, since
the B concentration in the matrix was almost identical for x =
1, 5, and 10, the B-induced phases would be the main factor re-
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sponsible for the difference in total strain between the samples.
The total volume fraction of B-induced phases increased with the
nominal B concentration (4.90%, 10.26%, and 14.60% for x =
1, 5, and 10, respectively) (Figure 6¢). Except for Si(B), which
showed a crystalline phase with a coherent interface with the
matrix, the other phases (i.e., B-incorporated SiO,, B-enriched
Si-B, SiB,, and B inclusion) had an amorphous structure. The
amorphous-crystalline interface between these phases and the
Si-Ge matrix can introduce interfacial lattice strain owing to the
density and thermal expansion coefficient mismatch.[*'78] The
strain field generated by amorphous B-induced phases was an-
alyzed using high-resolution STEM images and the geometric
phase analysis (GPA) method, which is a semiquantitative lat-
tice image processing method.”’! Shear strain mapping (e,,) at
the interface between a B inclusion and the Si-Ge matrix showed
the presence of a strong strain field at the interface and in the
adjacent matrix (Figure 7b,c). By contrast, there was no signifi-
cant strain in the Si-Ge matrix far from the amorphous B-induced
phases (Figure 7d,e). The same trend was obtained for normal
strain distributions (e,, and ¢, ) in both regions (Figure S24, Sup-
porting Information). These results indicate that amorphous B-
induced phases generated additional lattice strain in the matrix.

As a larger amount of amorphous B-induced phases was
formed with increasing B concentration, the total strain in
B, Sig,Ge,, also increased. This effect could break the degeneracy
of HH and LH bands, leading to reduced m* for x =5 and 10. Ow-
ing to their smaller m*, the samples with x = 5 and 10 exhibited
slightly higher u;; and o but lower S compared with the sample
with x = 1 and consequently, they had a smaller PF (Figure 1f). A
similar trend in thermoelectric properties (i.e., increased ¢ and
decreased S and PF) has previously been observed in p-type bi-
axially strained Si in comparison with unstrained Si under both
compressive and tensile strain.[®] This result indicates that the
differences in thermoelectric properties between x = 1, 5, and 10
in our experiments can be attributed to the effect of strain.

2.5. Effect of All-Scale B-Induced Microstructure on Thermal
Transport Properties

The unusual variation in «; is also closely linked to the con-
figuration of the B-induced microstructure. As mentioned ear-
lier, the sample with x = 1 exhibited much lower «; than the
samples with x = 5 and 10. To investigate the contribution of
different phonon scattering mechanisms on «;, we used the
Debye-Callaway model. We considered five different scattering
mechanisms to model «; in B, Sig,Ge,,: Umklapp scattering, al-
loy scattering, grain boundary scattering, point defect scattering
(induced by B atoms), and nanoprecipitate scattering (see de-
tails in Supporting Information). The grain size for calculating
grain boundary scattering was determined from high-angle an-
nular dark field (HAADF)-STEM images using the line intercept
method®! (Figures S18 and S19, Supporting Information). In
particular, for modeling the nanoprecipitate scattering, we only
considered B-incorporated SiO,, B-enriched Si-B, and SiB,, since
Si(B) and B inclusions were much larger (2—4 and 0.5-2 um, re-
spectively) than the phonon mean free path (i.e., the average dis-
tance phonons travel between scattering events) of Sig,Ge,, alloys
(100-300 nm).[3%82] When the size of precipitates significantly
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Figure 8. Comparison between experimental k; and k calculated using the Debye—Callaway model. a) Temperature-dependent experimental (symbols)
and calculated (dashed lines) «; for the given scattering mechanisms. b) Comparison of «;,,, between B,Sig,Ge,, and a B pellet measured at 298 K.
All samples were fabricated using SPS under identical conditions. c) The contribution of each phonon scattering mechanism to «; for x = 1 at each
temperature. d) The spectral thermal conductivities (k) for x = 1 at 298 K for different phonon scattering mechanisms according to the ratio between
phonon and Debye frequency (w/wp). The inset shows magnified k, excluding U, U+A, and U+GB. Here, U, A, GB, PD, and NP denote Umklapp,
alloy, grain boundary, point defect, and nanoprecipitate scattering, respectively. NPg_epriched si-8 (8-5i0x) d€notes nanoprecipitate scattering involving only

B-enriched Si-B and B-incorporated SiO, precipitates.

exceeds the phonon mean free path, phonons do not interact with
the feature frequently enough during their propagation, result-
ing in a limited reduction in k.88 Furthermore, we used the
average size, composition, and number density of each nanopre-
cipitate obtained from APT measurements to model the nano-
precipitate scattering in the Debye-Callaway model (see Table S3,
Supporting Information).

The calculated «; closely matched the experimental x; values
for x = 0 and 0.2 (Figure 8a). With the fitting parameters derived
from the samples with x =0 and 0.2, the calculated x, for x=1 for
nanoprecipitate scattering matched well with the experimental
k. By contrast, without considering nanoprecipitate scattering,
the calculated k; for x =1 was significantly higher than the exper-
imental «; (Figure 8a). These findings highlight the substantial
role of nanoprecipitates in reducing «; for x = 1. According to the
Debye—Callaway model, the calculated «; for x =5 and 10 should
be lower than that for x = 1, owing to their stronger nanopre-
cipitate scattering from nanoprecipitates with a higher density.
However, such results did not match the experimental «; values,
which were notably higher by ~1 W m™ K. Considering that
the calculated «; values for x = 5 and 10 without nanoprecip-
itate scattering were closer to the experimental x;, we inferred
the existence of a factor that counteracts the decrease in «; by
nanoprecipitates (Figure S25, Supporting Information).

The main reason behind this discrepancy was identified as the
B inclusion, since it is the only B-induced phase that exhibits a
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significantly different volume fraction between x = 1, 5, and 10.
To indirectly measure «,,, of the B inclusion, we fabricated a B
pellet from raw B powder using the same SPS conditions as those
for the B, Sig,Ge,, samples. Indeed, the B pellet showed a higher
Ko (4.94 W m™ K1) than any of the B, Siz,Ge,, samples at 298 K
(Figure 8b). We report only «,,, at 298 K since the B pellet broke
at high temperatures owing to insufficient sintering temperature
(1273 K) for obtaining a dense B pellet. B powder generally re-
quires 1.5 times higher sintering temperatures (1873-1973 K)
than the temperatures we used.®>8¢] Nevertheless, it is expected
that a denser B pellet would exhibit even higher «,,, than the
pellet as the density increases. Consequently, the high «; of the
B inclusion could counterbalance the decrease in «; attributed to
nanoprecipitate scattering, resulting in the elevated x; observed
for the samples with x = 5 and 10 which had a dominant amount
of B inclusions (4.30 and 7.10 vol.%, respectively). By contrast,
since the sample with x = 1 contained a negligible volume of B
inclusions (0.50 vol.%), nanoprecipitate scattering was predomi-
nant, leading to lower «,. The high «,,, of our B pellet conflicts
with previous studies that amorphous B reduces k; of thermo-
electric materials because of its low k,,,,.[31*"] We presumed that
such disparity may be due to Mg impurities in the B inclusion
in our samples since «,,, of B is very sensitive to the impurity
content.®)

The identical p;; values at 298 K and 1073 K for x = 1, 5, and
10 from the high-temperature Hall measurements indicate that
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B-induced phases remained stable at high temperatures, and
hence they continuously affected the thermal transport prop-
erties across the entire temperature range (Figure S3, Sup-
porting Information). Figure 8c shows the contribution of the
individual phonon scattering mechanism to x; for x = 1.
It shows that nanoprecipitate scattering suppresses k; across
all temperatures between 0.2 and 0.4 W m™ K. Such re-
duction in x; by nanoprecipitates diminishes with increasing
temperature, implying that nanoprecipitate scattering is more
dominant at low temperatures. Furthermore, B-incorporated
SiO, was more effective in scattering phonons than B-enriched
Si-B precipitates, and hence it suppressed k; to a greater
extent.

We investigated the contribution of each scattering mecha-
nism based on phonon frequency by calculating spectral ther-
mal conductivities (x,) for x = 1. The parameter «, at 298
K revealed that alloy and grain boundary scattering were ma-
jor mechanisms for suppressing «, and that they were dom-
inant at high (> 0.3wp) and low (< 0.3wp) frequencies, re-
spectively (Figure 8d). These trends persisted at both tem-
peratures, 673 and 1073 K (Figure S26, Supporting Informa-
tion). The impact of point defect and nanoprecipitate scatter-
ing specifically appeared ~0.2w,, where a niche area between
alloy and grain boundary scattering exists. Furthermore, the
suppression of «, by B-incorporated SiO, was more signifi-
cant than that by point defects and B-enriched Si-B phases,
as depicted in Figure 8c. Consequently, x, could be reduced
across the entire phonon frequency spectrum at all tempera-
tures by the combined contribution of the scattering mecha-
nisms, which corresponds to the concept of “all-scale hierarchical
architecture”.[?]

3. Conclusion

In summary, we investigate the all-scale hierarchical B-induced
microstructures in B-doped Siz,Ge,, alloys and elucidate their
significant impact on thermoelectric transport properties. The
combination of multimodal characterization techniques facili-
tated the identification of five different B-induced phases over a
wide length scale along with their microstructural features, in-
cluding their composition, size, crystal/interface structure, num-
ber density, and volume fraction. This detailed information facil-
itated the mapping of the holistic distribution of B atoms in the
Sig,Ge,, matrix, resulting in the saturation of py; values. More-
over, by using the GPA and Debye—Callaway model, we show
that strain-induced band shifts and contrasting effects of differ-
ent B-induced phases contributed to atypical variations in m*
and «;. These overall effects indicated x = 1 to be the opti-
mal carrier concentration with a maximum zT value. Our find-
ings, based on a comprehensive multi-scale characterization ap-
proach, not only resolve long-standing questions pertaining to
the B-doped Si-Ge alloy system but also underscore the impor-
tance of considering all-scale microstructures for accurately de-
termining structure-property relationships in thermoelectric ma-
terials. We expect that this approach can be extended to other
systems to improve our understanding of the origin of thermo-
electric properties and for designing advanced thermoelectric
materials.
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4. Experimental Section

Fabrication of B,SigyGe,g and Pure Si Samples: Mechanical alloying
and SPS were used to prepare the p-type nanostructured B,SigyGe,q
(x=0,0.2, 1,5, and 10). The stoichiometric amounts of Si chunk (1-
4 mm, 99.999%, TAEWON), Ge grains (4—-6 mm, 99.99%, TAEWON), and
B powder (1-2 um, 99.9%, TAEWON) were loaded in a ball milling jar with
tungsten carbide balls. Raw materials were milled in a planetary mill (Nano
Ceratech NCTP-05L) at the milling speed set to 300 rpm for 20 h under an
argon atmosphere. The as-milled powders were loaded in a 12.7 mm diam-
eter graphite die and consolidated by using SPS (Dr. Sinter Lab SPS-515S,
Japan) with the ramping rate of 100 K min~" and sintered for 5 min at 1273
K under 80 MPa. To compare the lattice constant determined by XRD, the
sintered pellets of pure Si were synthesized using the identical fabrication
process.

Measurement of Thermoelectric Properties: As-sintered samples were
cut and polished for thermoelectric property measurement. The ¢ and
S were simultaneously measured from rectangular specimens (3 x 3 X
11 mm?) using ZEM-3 (Ulvac) with a four-probe method under a He at-
mosphere. The thermal conductivity of samples was calculated using x =
DpCp, where D is the thermal diffusivity, p is the density, and Cp is the heat
capacity. The thermal diffusivity (D) was obtained from disk specimens (®
12.7 x 2 mm3) using LFA-457 (Netzsch). The density of specimens (p) was
measured by a He gas pycnometer (AccuPyc Il 1340, Micromeritics), and
the heat capacity (C,) was determined from the Dulong-Petit law.!8! The

average zT (zT,,,) value was calculated using the following equation:

Th
zT,,, = —— [ zTdT 6
avg Th _ Tc 7, ( )

in which T,, and T_ are the temperatures of the hot and cold side, respec-
tively. The uncertainty of zT measurement is between 15 and 20%, due to
the combined uncertainty of measuring o, S, D, p, and Cp.[u]

The Hall coefficient (Ry) at room temperature was measured for rect-
angular specimens (3 X 1x 9 mm?) using a Physical Properties Measure-
ments System (PPMS 9T, Quantum Design). The Hall carrier concentra-
tion (n) and carrier mobility (u) were calculated according to the formula
Ry = 1/ne and o = ney, respectively, with e being the elementary charge.
The Ry at room temperature and 1073 K was also measured by HMS
model 8407 (Lake Shore Cryotronics Inc.) from cylindrical specimens (®
12.7 x 1 mm3), and the same equations were applied to calculate n and p.

Measurement of the Sound Velocity: The sound velocities were mea-
sured by the pulse-echo method, and a longitudinal transducer (CMR-052,
ndtXducer) and a normal incidence shear transducer with a 5 MHz cen-
ter frequency were utilized for measuring longitudinal (v)) and transverse
(v4) sound velocities, respectively. An ultrasonic pulser/receiver (DPR 300,
JSR Ultrasonics) was used for controlling ultrasonic pulse signals, and a
digital oscilloscope (DSO-X 2022A, Keysight) was used for recording the
signals. The average sound velocity (v,,g) for each specimen was calcu-
lated by the following equation from transverse (v;) and longitudinal (v))
sound velocity.[%]

_1
1(2 1 ’
s [5<_+7>] v

Material Characterizations: Phase identification and structural anal-
yses were performed by XRD (SmartLab, RIGAKU) operated with
monochromatic Cu Ka1 radiation (1 = 1.5406 A) at 0.01° step size.
The microstructures of samples were observed by SEM (SU-8230, HI-
TACHI), and STEM-EDS (Talos F200X and Titan Themis 80-300, Thermo
Fisher). HAADF-STEM images of the interfaces between the matrix
and precipitates as well as 4D STEM data were collected using a Cs-
corrected STEM (Titan cubed G2 80-300, Thermo Fisher, Cs-correction
for the probe forming lens system). STEM and APT specimens were
fabricated using a FIB (Helios Nanolab 450, Thermo Fisher). Strain
analyses by GPA method were performed with the software Strain++
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(http://jjppeters.github.io/Strainpp/) using high-resolution STEM images
with marked reference vectors in Figure 7 and Gaussian masks with ¢ =
S5nm~".

APT measurements were carried out using a CAMECA LEAP 5000X HR
system under pulsed-laser mode at a base temperature of 50 K, a pulse
frequency of 125 kHz, a detection rate of 1%, and a laser pulse energy of
30 p). Data analyses were done using the commercial AP Suite software
developed by CAMECA instruments. All atom maps were reconstructed
according to the standard voltage reconstruction protocol. Correlative
APT-TEM analyses were done using the protocols proposed by Herbig
etal.[1

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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