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Enhancing thermoelectric performance through doping is a pivotal strategy, optimizing carrier
concentration, reducing energy band separation, and decreasing thermal conductivity. This study delves
into the thermoelectric and magneto-transport properties of SnTe single crystals, recognized for their
topological insulator characteristics. SnTe's unique electronic states, featuring highly conductive surface
states protected by crystal symmetry, significantly boost electrical conductivity while maintaining low
thermal conductivity. Consequently, a high thermoelectric figure of merit (ZT) of approximately 0.71 is
achieved at 873 K along the (111) direction. By fine-tuning carrier concentration and employing
nanostructuring techniques, we enhanced the ZT of pristine SnTe to 0.75 at 811 K. Additionally, we
explored the co-doping effects of Mg, Ag, and Bi on the thermoelectric properties of self-compensated
polycrystalline SnTe. Bi-doping effectively reduces carrier concentration, promotes valence band
convergence, and lowers thermal conductivity. The co-doping of Bi and Ag induces valence band
convergence, further amplified by Mg doping, resulting in high power factors of 20.7 and 22.8 pW cm™!
K2 at 872 K in SNp.94Ad0.03BinosTe and SnggsAdo.o3sMgo.osBigosTe, respectively. The all-scale
hierarchical structure and elemental doping significantly reduce lattice thermal conductivity to ultra-low
values of 0.135 and 0.123 W m~t K™ at 873 K in SNp.94Ad0.03Bio.osTe and SnpgsAdo.03MJo.0sBio.osTe,
respectively. These combined effects yield high ZT values of approximately 1.6 and 2.01 at 873 K in
SNo.94Ad0.03Bio.osTe and Sng.geBio.osAdo.03MJgo osTe, respectively. Moreover, we conducted de Haas—van
Alphen (dHvVA) studies to further elucidate the topological surface state properties of SnTe. These

investigations enabled us to extract critical parameters such as the cyclotron effective mass, Fermi
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Accepted 19th February 2025 surface area, and Fermi velocity, offering deeper insights into the electronic structure and enhancing our

understanding of the material's unique characteristics. Our findings highlight the significant potential of
co-doping and nanostructuring strategies in advancing the thermoelectric performance of SnTe, paving
the way for the development of high-efficiency thermoelectric materials.
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thermoelectric generators), high-efficiency waste heat recovery
in steel and glass manufacturing, and geothermal energy
conversion in the high-temperature range (600-1000 K).*” The

Introduction

Thermoelectric materials are pivotal in converting heat directly

into electricity and vice versa, making them highly attractive for
power generation, especially amid the current energy crisis.
Applications of thermoelectric materials include waste heat
recovery from industrial processes, automotive exhaust
systems, and power generation in remote sensors and small-
scale generators in the mid-temperature range (300-600 K), as
well as power generation in space missions (radioisotope
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efficiency of these materials is determined by the figure of merit
(ZT), which depends on the Seebeck coefficient (S), electrical
conductivity (¢), and total thermal conductivity (kior),
comprising electronic (k) and lattice (k) components. Opti-
mizing the intertwined parameters of S and ¢ in the power
factor (PF = S%¢) and «. is challenging, as they rely on carrier
transport, necessitating carrier optimization strategies to
enhance the power factor. However, increasing carrier concen-
tration typically reduces S, limiting PF values. To address this,
strategies such as band sharpening, band convergence,
minority carrier blocking, and resonant state doping have been
developed to intrinsically improve PF. Conversely, «;, which
depends solely on phonon transport, can be significantly
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reduced through methods like alloying, nanostructuring,® and
incorporating nano precipitates.>™*’

Topological insulators (TIs) are promising candidates for
thermoelectric applications due to their unique electronic
properties. TIs have gapless surface states protected by time-
reversal symmetry, which can contribute to high electrical
conductivity while maintaining low thermal conductivity. The
band inversion in TIs, driven by strong spin-orbit coupling,
leads to a warped bulk electronic structure. This warping can
enhance thermoelectric performance by reducing the transport
mass and effectively increasing valley degeneracy."**>* Mate-
rials like Bi,Te; and Sb,Te; are well-known TIs exhibiting
excellent thermoelectric properties.>*>® These materials have
been extensively studied for their potential in thermoelectric
devices. Techniques such as alloying, strain engineering, and
nanostructuring can be used to optimize the thermoelectric
performance of TIs.>”"*° SnTe (tin telluride) stands out due to its
unique combination of properties. As a topological crystalline
insulator (TCI), SnTe exhibits protected surface states that arise
from its crystal symmetry.>*** These surface states are robust
against certain types of perturbations, making SnTe a prom-
ising candidate for applications in quantum computing and
spintronics. On the thermoelectric front, SnTe is notable for its
potential to convert waste heat into electricity. However, its
thermoelectric performance has traditionally been limited by
high hole carrier concentration, which results in a low Seebeck
coefficient and high thermal conductivity.®»** The energy
separation between the light and heavy valence bands in SnTe,
approximately 0.35 eV,** can indeed pose a challenge for
achieving a high power factor. This separation can limit the
effective mass of the carriers and reduce the density of states
near the Fermi level, which in turn affects the Seebeck coeffi-
cient and electrical conductivity. Both SnTe and PbTe have
a cubic crystal structure at room temperature. However, SnTe
undergoes a ferroelectric transition at low temperatures, while
PbTe remains an incipient ferroelectric.*® In terms of band gap,
SnTe has a direct band gap of approximately 0.18 eV,** whereas
PbTe has a slightly larger band gap of about 0.31 eV.*® Ther-
moelectrically, PbTe has historically shown superior perfor-
mance with higher ZT values compared to SnTe. This is
primarily due to PbTe's lower lattice thermal conductivity and
better optimization of carrier concentration.’” Despite these
advantages, the toxicity of lead limits the large-scale application
of PbTe, making SnTe a more environmentally friendly alter-
native. The importance of using low-toxicity elements in ther-
moelectric materials arises from the need to ensure safety
during synthesis, usage, and disposal, mitigating health risks
and environmental pollution. To define and categorize low-
toxicity elements, we referenced regulatory standards from
agencies like the Environmental Protection Agency (EPA) and
European Chemicals Agency (ECHA), reviewed scientific litera-
ture, and assessed biocompatibility and environmental impact.
The selection of Mg, Ag, and Bi as dopants in SnTe was guided
by their low toxicity, environmental friendliness, and ability to
enhance thermoelectric properties. Recent research has focused
on enhancing the thermoelectric properties of SnTe through
various methods, including Bi doping and alloying with
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elements such as Ag, Mn, Zn, Cu, In, Se, Ge, Pd, (Ag, Mg), and
CdSe.?>**%1 These strategies help to reduce carrier concen-
tration and adjust the energy offset of the valence bands,
thereby improving the thermoelectric figure of merit. Notably,
Ag and Mg co-doping in SnTe has demonstrated significant
band engineering effects, achieving a figure of merit of
approximately 1.55 at 865 K.*” Additionally, MnCdTe, alloying
in SnTe has shown a remarkable figure of merit of about 1.97 at
900 K.** However, the low average ZT and the use of toxic
elements pose challenges for practical applications. Further-
more, advancements in nanostructuring and the incorporation
of nano precipitates have shown promise in reducing lattice
thermal conductivity, while emerging techniques like strain
engineering and resonant state doping continue to push the
boundaries of thermoelectric performance.

Our work thoroughly investigated the thermoelectric prop-
erties of both single and polycrystalline SnTe. We extracted key
parameters such as the cyclotron effective mass, density of
states effective mass, Fermi velocity, quantum mobility, and
scattering lifetime from the de Haas-van Alphen quantum
oscillations. Our directional studies on SnTe crystals revealed
low lattice thermal conductivity along the [111] direction.
Additionally, we demonstrated that nanostructuring is an
effective approach for SnTe, leading to an enhanced average ZT
compared to single-crystal SnTe. To further improve the ZT, we
doped SnTe with Ag, Mg, and Bi, achieving a remarkable ZT of
about =2.01 at 873 K in Sng geAgo.03Mgo.0sBio.osT€. Mg tunes
carrier concentration, Ag boosts electrical conductivity, and Bi
promotes valence band convergence, collectively improving
performance while maintaining safety and sustainability.

The X-ray diffraction (XRD) patterns for the pristine and
doped SnTe samples, shown in Fig. S1(a), were obtained using
Cu Ka radiation. The diffraction peaks correspond to the cubic
rock-salt structure with a space group of Fm-3m, indicating that
the main phase remains SnTe after doping. Significant shifts in
diffraction peaks, as seen in Fig. S1(b),} are due to the incor-
poration of various dopants. To examine phase evolution and
impurities, temperature-dependent synchrotron XRD was per-
formed with a wavelength of 0.62 A for SNy 04Ag0.03Big.0sTe and
SNy g6A80.03Mgo.0sBig.osT€, as shown in Fig. 1. In Ag and Bi-
doped SnTe, both Bi and AgsTe; precipitates are present. The
Bi peak disappears above 523 K, indicating that Bi precipitates
dissolve at higher temperatures, while the AgsTe; peak persists
up to 873 K, showing its stability at elevated temperatures. In
the Sng gsAgo0.0sMgo.0sBio.osTe sample, both MgTe and AgsTe;
precipitates are observed, with the intensity of the MgTe (100)
peak increasing up to 573 K and then decreasing, almost dis-
appearing at 923 K. The intensity of the (100) peak of the MgTe
precipitate gradually increases, reaching a maximum at 573 K,
and then decreases, almost disappearing at 923 K. In samples
doped with Ag, Bi, and Mg, the combined effects of these
dopants are evident, with shifts in primary peaks reflecting
changes in lattice parameters and additional peaks indicating
the presence of AgsTe; and MgTe secondary phases. These
structural changes and impurity phases, confirmed by the shifts
in diffraction peaks, are crucial for understanding and opti-
mizing the thermoelectric properties of SnTe.

This journal is © The Royal Society of Chemistry 2025
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(a) X-ray diffraction (XRD) patterns of Ag-doped SnTe samples at various temperatures. (b) Enlarged view of the XRD peaks for Bi-doped

SnTe samples, indicating the disappearance of Bi peaks above 523 K and the persistence of AgsTes peaks up to 873 K. (c) XRD patterns for
SNno.86Ad0.03MJ0.08Bin.os Te samples, highlighting the presence of MgTe and AgsTes precipitates. (d) Detailed peak analysis of the Sng gsAdo.03-
Mgo.08Bio.os Te samples, showing the temperature-dependent intensity changes of the MgTe (100) peak, which increases up to 573 K and then

decreases, almost disappearing at 923 K.

The scanning transmission electron microscopy (STEM)
image in Fig. 2(a) reveals MgTe nanoparticles with sizes ranging
from 1.3 nm to 10 nm, indicating a uniform distribution within
the matrix. Fig. 2(b) highlights the presence of MgTe precipi-
tates, marked by white circles, suggesting successful doping
and precipitation. In Fig. 2(c), the yellow rectangle designates
the area of the main SnTe matrix where Fast Fourier transform
(FFT) analysis was performed, with the inset displaying the FFT
pattern, confirming the crystalline nature of the SnTe matrix.
Fig. 2(d)—(f) present inverse FFT profiles for the (022), (113), and
(111) planes, respectively, confirmed by d-spacing measure-
ments. These profiles reveal lattice strain and dislocation
defects within the material. The red arrows in these images
point to specific features indicating these defects, while the
insets show diffraction patterns that further corroborate the
presence of these structural anomalies. The presence of MgTe
precipitates is further confirmed by Energy Dispersive X-ray
Spectroscopy (EDS) measurements, as shown in ESI Fig. S2.1
The grain size distribution of Sng geAgo.03Mgo.0sBio.osT€ sample
is shown in Fig. S3.7 The EDS analysis provides elemental
mapping and composition data, verifying the distribution and
concentration of MgTe within the sample. These observations
suggest that the doping process has introduced significant
lattice strain and defects, which could influence the thermo-
electric properties of the material.

The thermoelectric properties of single crystal and poly-
crystalline SnTe were systematically compared to understand

This journal is © The Royal Society of Chemistry 2025

the influence of nanostructuring and to elucidate the intrinsic
thermoelectric properties of SnTe. The electrical conductivity
(0) as a function of temperature (7) (Fig. 3(a)) shows that both
single crystal and polycrystalline SnTe exhibit a decreasing
trend with increasing temperature. However, the single crystal
SnTe maintains a higher electrical conductivity across the
temperature range, attributed to its higher carrier concentra-
tion (4.73 x 10*° cm®) compared to the polycrystalline sample
(5.26 x 10" cm™?). The Seebeck coefficient (S) versus tempera-
ture (Fig. 3(b)) indicates an increasing trend for single-crystal
and polycrystalline SnTe. Interestingly, the polycrystalline
SnTe shows a higher Seebeck coefficient than the single crystal
SnTe, which can be linked to the differences in carrier
concentration and scattering mechanisms. The thermal
conductivity (k) as a function of temperature (Fig. 3(c)) is
divided into electronic (k) and lattice (k) components. The
polycrystalline SnTe exhibits lower thermal conductivity than
the single crystal sample across the temperature range. This is
likely due to increased phonon scattering at grain boundaries
and defects in the polycrystalline structure. Additionally, the
thermoelectric properties were studied along the [010] and [111]
crystallographic directions, revealing that the [111] direction
shows lower thermal conductivity than the [010] direction,
which is consistent with reported phonon transport studies on
SnTe. These studies highlight the strong anharmonicity in
SnTe's phonon spectra, influenced by its resonant bonding and
crystal structure, leading to different phonon lifetimes and

J. Mater. Chem. A, 2025, 13, 8559-8570 | 8561
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Fig. 2 Transmission electron microscopy (TEM) studies on Sng g86Ado.03MJo.08Bio.osTe. The STEM image (a) shows MgTe nanoparticles ranging
from 1.3 nm to 10 nm. The TEM image (b) highlights MgTe precipitates with white circles. In (c), the yellow rectangle indicates the area for FFT
analysis, with the inset showing the FFT pattern. Images (d)—(f) display IFFT profiles, revealing lattice strain and dislocation defects, with red arrows
pointing to these features. The insets in these images show diffraction patterns.

scattering mechanisms along various crystallographic direc-
tions. The local off-centering of Sn®>" ions along the (111)
direction creates significant lattice distortions and scattering
centers, reducing thermal conductivity in this direction. In
contrast, the (010) direction experiences fewer distortions and
less scattering, resulting in higher thermal conductivity.?>>*->*
The polycrystalline SnTe shows lower x; of 0.47 W m™" K™ ' at
500 K, but an increased trend at higher temperatures due to
bipolar contribution. While the complete phase transition to
a rhombohedral structure (full ferroelectric phase) occurs below
114 K (Fig.S6(a)t), these local ferroelectric domains persist in
the cubic phase above 114 K, all the way to high temperatures.
Studies have confirmed these local domains at room tempera-
ture,* significantly influencing SnTe's thermal and electrical
properties. The interplay between cubic and ferroelectric phases
could introduce phonon Berry curvature, resulting in
phenomena like the nonlinear phonon Hall effect, further
modulating heat transport. This transition at 112 K in the MT
(magnetization vs. temperature) curve for the polycrystalline
sample aligns well with our resistivity findings (Fig.S6(b)t). It
indicates that the phase transition is indeed affecting the
magnetic properties. The fact that it's less pronounced in the
single crystal but still visible suggests that the structural tran-
sition impacts both types but is more accentuated in poly-
crystalline due to increased scattering at grain boundaries and
defects. Such observations highlight the intricate interplay
between structural phase transitions and magnetic properties,

8562 | J Mater. Chem. A, 2025, 13, 8559-8570

which can be pivotal for understanding the material's full range
of behaviors and potential applications. By ruling out carrier
concentration dependent phase transition speculation,® our
findings provide a clearer focus on the intrinsic structural
influences at play. The figure of merit (ZT) versus temperature
(Fig. 3(d)) demonstrates that ZT values increase with tempera-
ture for both single crystal and polycrystalline SnTe. However,
the polycrystalline SnTe achieves higher ZT values compared to
the single crystal SnTe, indicating superior thermoelectric
performance. The average ZT of polycrystalline SnTe is about
0.29 for the temperature range of 300 to 811 K and 0.34 for 500
to 811 K.

The weighted mobility (uw) versus T (Fig. 3(e)) shows
a decreasing trend with increasing log(T) for both types of SnTe.
The single crystal SnTe maintains higher mobility, which can be
attributed to fewer grain boundaries and defects, leading to less
scattering of charge carriers. The temperature dependence of
the weighted mobility provides insights into the scattering
mechanisms at play. The temperature dependence of the
weighted mobility reveals that for single crystal SnTe, the
mobility follows a T~ > dependence up to the mid-temperature
range, indicating significant phonon-boundary scattering and
transitions to a 7' dependence at high temperatures, where
phonon-phonon Umklapp scattering becomes dominant. In
contrast, polycrystalline SnTe exhibits a 7~ '* dependence up to
the mid-temperature range, suggesting boundary and defect
scattering, and a T~ >°° dependence at high temperatures, likely

This journal is © The Royal Society of Chemistry 2025
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Fig.3 Temperature-dependent electrical and thermal properties of SnTe single crystal and polycrystalline samples. (a) Electrical conductivity (a).
(b) Seebeck coefficient (S). (c) Thermal conductivity, including both total (ki) and lattice (k) components, for the [010] and [111] directions in
single crystal and polycrystalline samples. (d) Figure of merit (ZT). (e) Weighted mobility versus temperature plot, showing different temperature
dependencies and scattering mechanisms. (f) Log k versus log T plot for the [010] and [111] directions, where the [010] direction shows a T~

dependence and the [111] direction shows a T~1° dependence.

due to grain boundary and defect scattering. The log(ky) versus
log(7) plot (Fig. 3(f)) presents the lattice thermal conductivity as
a function of temperature on a logarithmic scale for a single
crystal. The linear fit applied to the data indicates that single-
crystal SnTe has lower lattice thermal conductivity along the
(111) direction than the (010) direction, confirming the aniso-
tropic phonon dispersion and further supporting directional-
dependent scattering mechanisms.

This journal is © The Royal Society of Chemistry 2025

In this study, we investigated the de Haas-van Alphen (dHvA)
oscillations in SnTe single crystals along the (010) crystallo-
graphic direction, as shown in Fig. 4(a). The magnetization
measurements were conducted at low temperatures, and the
data were analyzed using the Lifshitz-Kosevich (L-K) fit to
extract key electronic properties. The L-K formula accounts for
multiple valleys, increasing the effective mass by providing
more available states for carriers.*® The cyclotron effective mass

J. Mater. Chem. A, 2025, 13, 8559-8570 | 8563
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(a) dHVA oscillations as a function of the inverse magnetic field (1/H) for different temperatures (3, 4, 5, 6, and 7 K), showing quantum

oscillations indicative of the Fermi surface properties. (b) Peak oscillatory magnetization as a function of temperature, with the red curve rep-
resenting the Lifshitz—Kosevich (L-K) fit used to calculate the cyclotron effective mass. Peak 1 and Peak 2 indicate the positions of peak
oscillatory magnetization at different fields. (c) Peak oscillatory magnetization as a function of the inverse magnetic field, highlighting the periodic
nature of the dHVA oscillations. The linear fit is used to estimate the Dingle temperature and scattering lifetime. (d) FFT amplitude versus FFT
frequency, showing the frequency components of the oscillations, which correspond to extremal cross-sectional areas of the Fermi surface. The
FFT frequencies for the (010) and (111) directions are consistent with reported data.

(m;) of the charge carriers in single crystal SnTe was deter-
mined to be 0.09 m, (Fig. 4(b)) from de Haas-van Alphen (dHvA)
measurements at 3 K, indicating that the charge carriers are
light and contribute to higher mobility. Measurements along
the [010] and [111] crystallographic directions yielded consis-
tent values for the cyclotron effective mass, confirming the
isotropic nature of the band structure in SnTe. Consequently,
(m;) can be reliably equated to (m}) in this material. However,
different thermal conductivities observed along these directions
indicate anisotropic lattice dynamics. For pristine poly-
crystalline SnTe, the density of states (DOS) effective mass (m})
was estimated to be 0.173 m, using the Snyder*”*® formula at
300 K. This difference highlights the impact of crystallographic
structure and temperature on the effective mass. The consis-
tency between the effective masses obtained using different
methods and conditions indicates a robust electronic structure
across different modelling approaches.

The scattering lifetime was found to be approximately 1.899
x 107** s at 3 K and 1.845 x 10 > s at 4 K (Fig. 4(c)). The
quantum mobility was calculated to be 3368 cm®* V' s ' at 3K
and 3281 em® V™' 57" at 4 K, confirming the efficient transport

8564 | J Mater. Chem. A, 2025, 13, 8559-8570

properties of the charge carriers in SnTe. This is in close
agreement with the Hall mobility of about 3221 cm®* vV 's ' at 3
K. Fig. 4(d) shows the Fast Fourier Transform (FFT) analysis of
the dHvA oscillations revealed frequencies of 37 T for the (010)
direction and 52 T for the (111) direction, corresponding to
Fermi surface areas of 3.528 x 10 > A~2 and 4.958 x 10 > A2,
respectively. The Fermi vectors were found to be 0.033 A~" for
the (010) direction and 0.039 A™* for the (111) direction, with
corresponding velocities of 4.31 x 10° m s ' and 5.11 x
10° m s~ ". These values suggest that the charge carriers expe-
rience relatively infrequent scattering events, indicative of high
crystal quality and low impurity levels. The extracted parame-
ters align with those reported in the literature,* indicating the
presence of a nontrivial Berry phase and confirming the exis-
tence of topological surface states in SnTe,** as supported by
studies such as the one by Dybko et al.** Notably, we observed
that the DOS effective mass for single crystal SnTe is signifi-
cantly higher (0.648 m.) than polycrystalline SnTe (0.174 m,) at
300 K. Despite an order of magnitude difference in carrier
concentration, the Seebeck coefficient remains relatively stable,
measuring 24 pV K for single crystal and 25 pv K ' for

This journal is © The Royal Society of Chemistry 2025
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polycrystalline SnTe at 300 K. This stability suggests that the
intrinsic electronic properties are optimized through the
material's unique characteristics. The presence of topological
surface states and a Dirac cone in single crystal SnTe, which
introduces linear band dispersion, likely contributes to the
higher DOS effective mass. These topological surface states
enhance the electronic properties by providing additional
electronic pathways, which are more pronounced in the single
crystal form due to the absence of grain boundaries and defects.
Given that the Seebeck coefficient remains consistent across
both forms, efforts should be focused on minimizing lattice
thermal conductivity to improve thermoelectric performance.
collectively suggest that the nano-
structuring process has introduced significant lattice strain and
defects, which play a crucial role in influencing the thermo-
electric properties of SnTe along with topological surface states.
Interestingly, polycrystalline SnTe demonstrates better ZT
values than single-crystal SnTe. However, the single crystal SnTe
still shows comparable ZT, benefiting from higher carrier
concentration, better crystallinity, and lower lattice thermal
conductivity. This highlights the robust thermoelectric perfor-
mance of SnTe across different structural forms.

Fig. 5 illustrates the thermoelectric properties of poly-
crystalline Sn, ¢;Te with various dopants. The electrical
conductivity (¢) of all samples decreases with temperature,
indicating a degenerate semiconductor character, as shown in

These observations
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Fig. 5(a). Self-compensated SnTe exhibits high electrical
conductivity of approximately 7670 S ecm™', with a carrier
mobility of around 908 ¢cm® V' s~'. Ag-doping enhances
conductivity at high temperatures by increasing the carrier
concentration from 5.27 x 10" ecm ™ to 1.89 x 10** cm >, In
contrast, the conductivity of SngygsMgysTe decreases to
2347 S em™ ', though it maintains decent ¢ at high tempera-
tures. Combined doping with Ag (3 atm%), Bi (6 atm%), and Mg
(8 atm%) in Sn;gTe further reduces conductivity to
1703 S cm ™" due to lower carrier concentration and enhanced
carrier scattering. Fig. 5(b) shows that Mg doping results in
a higher Seebeck coefficient than singly and doubly doped SnTe.
Combined doping with Ag, Mg, and Bi balances these effects,
resulting in high Seebeck coefficients. This combination ach-
ieves a high power factor of approximately 22.8 yW ecm™" K> at
872 K, as shown in Fig. 5(c). Fig. 5(d) illustrates the variation in
carrier concentration (n,) and mobility (u,) for different
dopings. Excess Sn significantly reduces the hole concentration
while maintaining high carrier mobility. Notably, in Mg-doped
SnTe, ny, is significantly decreased to 4.80 x 10" cm® with
mobility of 293 cm® V™' s, Since Mg is likely to be 2+ like Sn, it
mitigates the formation of Sn vacancies, which helps maintain
a lower carrier concentration and enhances the Seebeck coeffi-
cient. In triply doped SnggeAgo.0sMgo.0sBio.osTe, the carrier

concentration slightly increases to 9.9 x 10" cm™>, while

maintaining a mobility of 112.07 em® V" s7".
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Fig.5 Temperature-dependent thermoelectric properties of polycrystalline and doped SnTe samples. (a) Electrical conductivity (o). (b) Seebeck

coefficient (S). (c) Power factor (PF). (d) Carrier concentration (n,,) and
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mobility (upn) vary with doping.
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Our research has demonstrated an enhanced power factor in
doped SnTe, primarily due to an increased Seebeck coefficient.
However, the precise mechanisms behind this improvement
were not fully understood. To gain deeper insights, we con-
ducted a detailed analysis using Pisarenko plots and density of
states (DOS) effective mass calculations. We utilized the Pisar-
enko plot methodology reported by Riddhimoy Pathak et al.,”
which accounts for contributions from both light and heavy
hole valence bands. The Pisarenko curve plots the room
temperature Seebeck coefficients of SnTe and its doped variants
against carrier concentration, considering contributions from
both light and heavy hole valence bands with varying energy
gaps, as shown in Fig. 6(a). The energy difference between the
light and heavy bands is approximately 0.35 eV.*” For pristine
SnTe, the Seebeck value follows the single-band contribution.
Bi-doped SnTe matches the curve for a 0.27 eV energy differ-
ence, while Ag and Bi co-doped SnTe shows a Seebeck value well
above the single band contribution. Mg doping significantly
decreases the energy difference, aligning closely with 0.10 eV.
The triply-doped Ag, Mg, and Bi in SnTe also aligns closely with
0.10 eV, better than singly and doubly co-doped SnTe. Addi-
tionally, Bi doping, whether with Mg, Ag, or both, subtly
decreases the energy difference, contributing to the overall
enhancement of thermoelectric properties.

The DOS effective mass (my;) was calculated using the
expression reported by Snyder et al., as shown in Fig. 6(b). For
pristine SnTe (Sn, o3Te), the DOS effective mass is 0.173 m,.
When doped with Ag, the DOS effective mass increases to 0.319
m,, and with Mg doping alone, it further increases to 0.353 me..
Bi-doping results in a lower DOS effective mass of 0.167 m.. Co-
doping with Ag and Bi increases the DOS effective mass to 0.325
m,, while Mg and Bi co-doping results in a DOS effective mass of
0.327 m.. Ag and Mg co-doping significantly increases the DOS
effective mass to 0.605 m, and triply doping with Ag, Mg, and Bi
further increases it to 0.627 m.. Importantly, the carrier
concentration of all samples is in the range of 4.8 to 9.9 x 10"°

cm ™, which is not significantly different from pristine Sn o;Te.
a)
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This consistency in carrier concentration allows us to attribute
the observed changes in band structure primarily to the doping
effects. Mg doping significantly decreases the energy difference
between the lighter and heavier bands, thereby increasing the
DOS effective mass. This is consistent with the estimated
effective mass values. The combined doping strategies of Ag,
Mg, and Bi further enhance the thermoelectric properties by
optimizing the band structure. These findings highlight the
importance of doping strategies in tuning the electronic prop-
erties of SnTe for improved thermoelectric performance.

The thermal conductivity of SnTe and its doped variants with
Ag, Mg, and Bi is shown in Fig. 7. Pristine Sn, o;Te shows a room
temperature thermal conductivity of about 7.95 W m™ ' K,
which is lower than reported values. It decreases significantly
with temperature up to 650 K and then starts to increase due to
bipolar contribution (Fig. 7(a)). Ag doping slightly increases the
total thermal conductivity due to enhanced electronic thermal
conductivity. Mg doping results in a very low total thermal
conductivity of about 2.48 W m~' K~ ', with an upward trend
above 600 K and a decline after 700 K. Bi doping alone shows
a remarkable reduction in . without bipolar contribution,
attributed to reduced electronic thermal conductivity, point
defects, and Bi precipitates. Co-doping with Ag and Bi signifi-
cantly reduces thermal conductivity, particularly at high
temperatures, due to point defects, large mass and strain field
fluctuations, and Bi and AgsTe; precipitates. AgsTe; is known
for its intrinsically low thermal conductivity, primarily due to its
complex crystal structure and low sound velocity.*® Mg and Bi
co-doping results in an almost flat thermal conductivity trend
from 300 K to 811 K with a suppressed bipolar contribution. The
combination of Ag, Mg, and Bi doping reduces ki, to 0.91 W
m~' K ' at 873 K, with «;, as low as 0.123 W m ™' K™%, as shown
in Fig. 7(b), this reduction is comparable to the values obtained
in (Sng.og5IN9.015T€)0.00(AgCl)0.10, as shown in Fig. 7(b) of the
referenced study.® It is clear that MgTe, Sn, Bi, and AgsTe;
precipitates contribute to reducing ;..

(b)
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(a) Pisarenko plot showing the Seebeck coefficient versus carrier concentration for SnTe, considering contributions from both light and

heavy hole valence bands with varying energy gaps (AE = 0.35 eV, 0.28 eV, 0.27 eV and 0.10 eV).*” (b) Density of states effective mass for pristine
and doped SnTe samples. Ag, Mg, and Bi doping increase the effective mass, with Mg doping alone showing a significant increase.
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(a) Total thermal conductivity (ki) Of pristine Sny gzTe and its doped variants with Ag, Mg, and Bi as a function of temperature. (b) Lattice

thermal conductivity (k). k. of (Sng.ogsNo.015T€)0.90(AgCl)g 10 is included for comparison. (c) Lattice thermal conductivity of Sn; ozTe and
SNo.86Ad0.03MJ0.08Bin.os Te fitted with the Debye—Callaway model, showing contributions from various phonon scattering mechanisms such as
Umklapp process (U), boundary scattering (B), point-defect scattering (PD), nanoparticle scattering (NP), stacking faults scattering (SF), and
resonant energy scattering (RES). (d) Specific heat capacity (Cp) divided by temperature (Co/T) versus the square of temperature (T?) for
SNo.s8sAd0.03M3go.08Bin.osTe, fitted with the Debye—Einstein model, indicating the presence of one Debye mode and two Einstein modes.

To further understand such ultralow k;, we conducted
Debye-Callaway®** and Debye-Einstein model®® analyses. The
Debye-Einstein model was specifically chosen for C,, analysis
because it effectively captures the contributions of both acoustic
and optical phonon modes, which are crucial for understanding
the phonon scattering mechanisms in doped SnTe. Optical
phonon modes introduce additional phonon scattering and
impede the normal transport of acoustic phonons with similar
frequencies, resulting in low «;.. The temperature-dependent C,,
data is fitted well with one Debye mode and two Einstein modes
(Fig. 7(c)). From the fitted parameters (given in Table S1t), the
Debye temperature (6p) is estimated to be 126.6 K. We extended
the thermal conductivity analysis using average sound velocity
(1658 m s ')*” and 6, to understand the influence of different
phonon scattering mechanisms on the ultralow «;, of the (Ag,
Mg, and Bi) co-doped SnTe. The measured «;, below 300 K is
fitted based on the Debye-Callaway model, as shown in
Fig. 7(d), by considering phonon scattering mechanisms such
as the Umklapp process (U), boundary scattering (B), point-
defect scattering related to mass and strain field fluctuations
(PD), nanoparticle scattering (NP), stacking faults scattering
(SF), and resonant scattering (RES). The model is selected due to

This journal is © The Royal Society of Chemistry 2025

its comprehensive approach to phonon transport, providing
a robust framework for analyzing complex materials. However,
it has limitations arising from simplifying assumptions, such as
the phonon dispersion relation, which may not fully capture the
material's complexity. Additionally, the model's accuracy
heavily depends on precisely determined scattering parameters,
with minor inaccuracies potentially leading to significant devi-
ations. Discrepancies between experimental and modelled
values, especially at low temperatures, may occur due to these
assumptions, inhomogeneities in doping concentration and
distribution, and experimental measurement errors. The
phonon mean free path of SnTe is about 10 nm.* In Sng ge-
Ago.03Mgo.0sBio.osTe, MgTe nanoprecipitates with sizes varying
from 1.3 nm to 10 nm are effective in scattering phonons and
thus reducing «;. Additionally, the presence of AgsTe; precipi-
tates, a low thermal conductivity material, further contributes
to the reduction in thermal conductivity. The Debye-Einstein
model analysis revealed two Einstein modes and one Debye
mode, indicating the presence of optical phonon modes that
introduce additional phonon scattering. These combined
effects of nanoprecipitates, precipitates of low thermal
conductivity materials, and the presence of optical phonon
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modes result in the observed ultralow «;, in our doped SnTe
samples. These findings provide a comprehensive under-
standing of the factors contributing to reduced thermal
conductivity, which is crucial for optimizing the thermoelectric
performance of SnTe.

Fig. 8(a) shows the thermoelectric figure of merit (ZT) for
SnTe and its doped variants (Ag, Mg, and Bi) as a function of
temperature, highlighting the enhanced performance due to
doping. Fig. 8(b) compares the average ZT values of these doped
SnTe compounds over two temperature ranges (300-870 K and
500-870 K) with other reported SnTe materials, demonstrating
the superior thermoelectric efficiency of the doped SnTe vari-
ants. This indicates that doping SnTe with these elements
significantly improves its thermoelectric properties, making it
a promising material for thermoelectric applications. Notably,
Sny.92A80.0sMgo.0sTe shows a ZT of about =1.55 at 865 K,
consistent with reported data. Pristine nanostructured SnTe
exhibits better average ZT than other reported values. Ag and Bi
doping enhances ZT, similar to Ag and Mg doping, but with less
impressive average ZT. Mg doping significantly increases
average ZT, achieving a peak ZT of about =2 at 873 K and an
average ZT of =0.66 between 300-873 K. We fairly reproduced
the thermoelectric data as shown in Fig. S4.1 Fig. S5t shows the
thermogravimetric curve of Sng geAgo.03Mgo.0s8Bio.osTe. The 5%
of weight loss above 823 K to 873 K does not show any signifi-
cant changes in thermoelectric transport data.

To understand the doping effects on the topological char-
acteristics, we performed a resistivity analysis of pristine and
doped polycrystalline SnTe, revealing significant insights into
their topological characteristics. The resistivity model used in
this analysis is p(T) = p, + AT — B In(T), where p, represents
the residual resistivity, A corresponds to weak antilocalization
(WAL) effects, and B corresponds to weak localization (WL) or
electron-electron interactions (EEI) effects. This model is based
on the weak antilocalization theory described in detail by
Hikami, Larkin, and Nagaoka (1980).°%%” Pristine SnTe exhibits
high intrinsic conductivity (p, = 7.39 x 10”7 Q m), strong weak
antilocalization (WAL) effects (A = 3 x 1077 Q m), and
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pronounced weak localization (WL) effects (B = —5.68 x 10~ Q
m), indicating robust topological surface states and quantum
interference effects typical of topological insulators. Interest-
ingly, pristine SnTe shows a metal-insulator (M-I) transition at
approximately 12.5 K, indicating the presence of complex
interactions and possible disorder even in the pristine sample,
as shown in Fig. S7.7 In contrast, doped SnTe shows increased
residual resistivity (0o = 4.23 x 107° Q m) due to introduced
disorder and impurities but retains weak antilocalization effects
(4 = 1.52 x 1077 Q m), suggesting the preservation of some
topological characteristics. The weaker WL effects (B = —2.29 X
1077 Q m) and the observation of an M-I transition at approx-
imately 10 K in doped SnTe highlight the significant impact of
disorder introduced by doping, disrupting conductive pathways
and altering electronic behavior.

Our comprehensive study reveals significant enhancements
in the thermoelectric performance of SnTe through strategic
doping and nanostructuring, capitalizing on its topological
insulator properties. The highly conductive surface states of
SnTe, protected by crystal symmetry, contribute to high elec-
trical conductivity while maintaining low thermal conductivity.
Doping with Mg, Ag, and Bi optimizes carrier concentration,
induces valence band convergence, and reduces thermal
conductivity through solid solution point defects and nano-
precipitates. Mg plays a crucial role in band engineering,
increasing the density of states (DOS) effective mass, and
reducing thermal conductivity, particularly at low temperatures.
However, its impact on thermal conductivity is less significant
at high temperatures. In contrast, Bi doping effectively reduces
thermal conductivity across a broader temperature range, while
also optimizing carrier concentration, reducing the energy
difference between valence bands, and introducing lattice
strain. Ag enhances the effective mass (m;), and when
combined with Mg, it further increases the DOS effective mass
more effectively than either element alone. HRTEM and
synchrotron X-ray diffraction measurements support the pres-
ence of MgTe nanoprecipitates and AgsTe; and MgTe secondary
phases. These synergistic effects result in high power factors
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Fig. 8 Thermoelectric performance comparison of doped SnTe compounds: (a) ZT values as a function of temperature for various doped SnTe
variants,®® and (b) average ZT values over different temperature ranges compared with other reported materials.
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and substantial improvements in the thermoelectric figure of
merit (Z7), with peak values reaching approximately =2 at 873
K. Additionally, de Haas-van Alphen (dHvA) studies provided
deeper insights into the topological surface state properties of
SnTe, further elucidating its unique electronic structure. Our
dHvVA oscillation studies confirm the isotropic electronic band
structure, whereas thermal transport studies reveal the aniso-
tropic phonon transport. These findings underscore the
potential of co-doping and nanostructuring strategies in
developing high-efficiency thermoelectric materials, paving the
way for future advancements in thermoelectric technology.
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