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Enhancing the thermoelectric figure of merit of BiN
via polymorphism, pressure, and nanostructuringf

Elena R. Remesal,@éa Victor Posligua, © 12 Miguel Mahillo-Paniagua,®
Konstantin Glazyrin, (2 < Javier Fdez. Sanz, @2 Antonio M. Marquez &2
and Jose J. Plata *2

Materials discovery extends beyond the synthesis of new compounds. Detailed characterization is essential
to understand the potential applications of novel materials. However, experimental characterization can be
challenging due to the vast chemical and physical spaces, as well as the specific conditions required for
certain techniques. Computational high-throughput methods can overcome these challenges. In this
work, the transport and thermoelectric properties of the recently synthesized bulk BiN are explored,
including the effects of temperature, pressure, carrier concentration, polymorphism and polycrystalline
grain size. We find that the band structure is strongly dependent on pressure and the polymorph studied.
Both polymorphs exhibit low thermal conductivity at 0 GPa, which rapidly increases when pressure is
applied. Electronic transport properties can be finely tuned based on the effects of pressure and
polymorph type on the band gap, carrier mobilities, and presence of secondary pockets. The
thermoelectric figure of merit can reach values around 0.85 for both p- and n-type BiN if the power
factor and lattice thermal conductivity are optimized at 600 K, making this material competitive with
other well-known thermoelectric families, such as BiTes or PbX, in the low-to-medium temperature range.

Introduction

A significant proportion of technological breakthroughs rely on
the discovery of new materials. Historically, three primary
approaches have been used to develop new materials." Some
compounds are accidentally discovered through serendipity
while pursuing other objectives. Others are created using
rational design principles based on previous successes, pre-
dicting desired properties using theoretical models and then
synthesizing them in the laboratory. However, major advance-
ments rarely occur this way. Incremental advances seldom lead
to groundbreaking applications. Meanwhile, there are
compounds that remained unused for many years until their
functionality and commercial potential were eventually recog-
nized. Polyacetylene, for example, was initially thought to be
a useless black powder until its conductivity properties were
discovered in the 1970s, leading to significant advancements in
organic electronics.> GaN, another first

example, was
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synthesized in 1928 but remained relatively unknown until the
1980s when its potential for electronic and optoelectronic
applications was stablished.?

The emergence of high-throughput experimental methods
combined with artificial intelligence has speed up the pace in
which new compounds are discovered and synthesized.*
Autonomous laboratories are potentially capable of targeting
new materials, designing the optimal synthetic routes, and
performing their synthesis.®> However, these new methodologies
have already faced significant challenges in the characterization
process,® not to mention that many sophisticated approaches,
including thin film sputtering, high-pressure synthesis are still
beyond the current capabilities of autonomous labs. This
scenario reaffirms the importance of developing systematic,
accurate, and robust experimental measurements and theoret-
ical predictions of materials properties, in which materials are
not merely approached as single compounds but more as
platforms for future wide-ranging applications. The use of
graphene in different applications such as water filtration,
sensors, and optoelectronics or CoSb; as thermoelectric mate-
rial underscore the significance of comprehensive character-
ization and its crucial role optimizing emerging materials for
diverse uses. This task is particularly critical in certain areas,
such as thermoelectricity, where the transport properties that
determine their thermoelectric performance are highly sensi-
tive to synthetic, processing, and operando conditions. In
addition to the challenge of covering a wide range of
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parameters, experimental characterization techniques require
specific conditions that may not be compatible with the stability
conditions of the materials.

The bulk structure of BiN is a good example of how exploring
novel materials potentially exhibiting a wide range of
phenomena, e.g. thermoelectrics, piezo and/or pyro-electrics
requires the use of theoretical modeling. Here and below we
focus on BiN thermoelectric performance. While 2D BiN has
been attracting attention for its potential use in transistor
technology,” its bulk structure and properties have remained
a mystery for a century after the first reported synthesis.® Gla-
zyrin et al. recently synthesized and characterized two bulk BiN
polymorphs at different pressures.® Pbcn BiN represents the
stable polymorph at pressures higher than 12.5 GPa, whereas
Pca2, is the prevailing phase under ambient conditions. The
structural characterization of these compounds has revealed
various features that make them candidates for thermoelectric
materials. First, Pbcn BiN shares the same structural prototype
as SnSe, which is one of the most efficient reported thermo-
electric materials.’ Bismuth is also a common element in
thermoelectric materials due to its electron lone pair and the
anharmonicity of its bonds with other elements."* Moreover, the
difference in mass between Bi and N should increase the
anharmonicity of the material and reduce its thermal conduc-
tivity. It is, however, difficult to experimentally characterize the
thermoelectric properties of BiN due to its reactivity in the
presence of O, or H,O. In this work, DFT calculations are
combined with Machine Learning to explore the transport
properties of BIN bulk materials to determine its potential
application as thermoelectric material, its deficiencies and
venues for improvement.

Methodology
Thermal transport properties

Geometry optimization. DFT calculations were performed
with VASP package,'>** using projector-augmented wave (PAW)
potentials.’* Energies were calculated with the exchange-
correlation functional proposed by Perdew-Burke-Ernzerhof
(PBE).* Core and valence electrons were selected following
standards proposed by Calderon et al.*® A dense k-point mesh of
2 x 4 x 2 k-points per reciprocal atom and a high-energy cutoff
of 500 eV were used. Wavefunction was considered converged
when the energy difference between two consecutive electronic
steps was smaller than 10™° eV. Geometry and lattice vectors
were fully relaxed, using a 32 atoms conventional cell, until
forces over all atoms were smaller than 10~ eV A", An addi-
tional support grid for the evaluation of the augmentation
charges was included to reduce the noise in the forces.

Supercell single-point calculations and force constants.
Interatomic force constants, IFCs, were calculated using the
hiPhive package, which combines the forces calculated for
random atomic distortion in supercells with machine learning
regression.” The forces were calculated in a 2 x 4 x 2 supercell
(512 atoms) using the same setup as the one used for the
geometry optimizations. The amplitude of the distortions
applied to the atoms plays an important role in the calculation

This journal is © The Royal Society of Chemistry 2025
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of the IFCs so a 2 steps approach was designed.*® First, small
random distortions were generated for all the atoms of three
supercells and second and third-order IFCs were extracted
using the hiPhive package. Then, 50 new distorted supercells
were created superimposing normal modes with random phase
factors and amplitudes corresponding to 300 K, using the
second-order IFCs obtained in the previous step. The force
constants were calculated from multi-linear regression to the
DFT forces with the recursive feature elimination, RFE, algo-
rithm. Although RFE is more expensive than using ordinary
least-square regression, it has been proved that this algorithm
requires a fewer number of structures to converge.'* Addition-
ally, reducing the number of parameters via RFE also simplifies
the model, keeping only the most relevant interaction terms. To
ensure compatibility at different pressures and polymorphs,
cutoffs were determined based on coordination shells. The
second-order terms include all interactions within the 2 x 4 X
2-supercell. The third and fourth-order force constant cutoffs
vary slightly depending on the polymorph and pressure. For
instance, the third and fourth-order force constants interatomic
cutoffs are 5.3 and 3.2 A, respectively, for the Pca2, polymorphs
at 0 GPa.

Boltzmann transport equation, BTE, solver. ShengBTE code
is used to calculate the lattice thermal conductivity, «;, through
the iterative solution of the BTE, which produces better results
than the relaxation time approximation.*® Scattering times were
computed including isotopic and three-phonon scattering.
Memory demand and the convergence of k; with the number of
g-points were balanced using a Gaussian smearing of 0.1 and
a dense mesh of 12 x 12 x 12 g-points.

Electronic transport properties

Electrical conductivity, the Seebeck coefficient, and the elec-
tronic contribution to the thermal conductivity were calculated
using the AMSET package.”* This code solves the Boltzmann
transport equation using the Onsager coefficients to predict
electronic transport properties with the wavefunction from
a DFT calculation as the main input. Scattering rates for each
temperature, doping concentration, band, and k-point are
calculated including scattering due to deformation potentials,
polar optical phonons, and ionized impurities. Wavefunction
coefficients were obtained using the HSE06 functional proposed
by Heyd et al.,”> using the primitive cell (32 atoms) and a dense
mesh of 6 x 12 x 6 k-points. Elastic constants and deformation
potential, required to compute the different scattering contri-
butions were computed using the same setup used for the
geometry optimization and force constants calculations. More
details on how the thermal transport properties are incorpo-
rated into our high-throughput framework can be found in our

previous studies.>***

Results and discussion
Electronic band structure

We investigated the electronic band structure of both poly-
morphs, Pca2, and Pbcn, under varying pressure conditions. To
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ensure accuracy and consistency across our calculations, we
employed a uniform dense k-point mesh, which was also
utilized for the geometry optimization. We observed that the
band gap value (E,) decreases in both polymorphs by approxi-
mately 0.4 eV as pressure is increased from 0 to 12.5 GPa, in
good agreement with Glazyrin et al® Our electronic band
structure provides additional details. At 0 GPa (Fig. 1a and c),
both polymorphs exhibited flat valence bands (VBs), indicating
low mobility and large effective masses (Table 1). However,
when the pressure was increased to 12.5 GPa (Fig. 1b and d),
a slight curvature in the VBs was detected, suggesting increased
mobility in both Pca2, and Phcn polymorphs. This effect is also
observed in a reduction of the effective masses with increasing
pressure.

The decrease in E, values with increasing pressure in our
study can be explained by the general reduction in interatomic
distances within the materials.**>” This reduction typically
leads to increased overlap between electronic orbitals, which in
turn affects the energy levels of the VBs and conduction bands
(CBs). As the atoms are pushed together, the energy separation
between these bands decreases, resulting in a narrower band
gap. This phenomenon is commonly observed in semi-
conductors and insulators under high-pressure conditions.>**°
However, it is important to note that the behavior of E, under
pressure can vary depending on the specific material system. In
some other systems, E, can increase with pressure due to
different electronic structure modifications.**-*

Furthermore, the curvature observed in the CBs is higher
than that in the VBs. This increased curvature in the CBs
suggests lower effective masses, which may influence the elec-
tron mobility (u) in both polymorphs. Higher curvature typically
indicates higher u, as electrons can move more freely within the
CB. Consequently, this effect would also impact the electrical

View Article Online
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Table 1 Effective masses of electrons, me, and holes, my, in units of
the free electron mass for BiN polymorphs at different pressures

mp me
Pressure  SG [100] [010] [001]  [100] [001] [001]
0 GPa Pca2, —1.97 —1.03 —-0.70  0.36 0.54 0.49
Phcn —3.84 —1.45 —-2.10 0.01 0.14 0.90
12.5 GPa  Pca2, —0.473 —-0.453 —0.32 0.17 0.93 0.15
Phcn —3.57 —1.64 —0.89 1.44 0.11 0.25

conductivity (o) of the material, as u is directly related to o.
Therefore, the increased curvature of the CBs under pressure
suggests that both u and ¢ would be affected proportionally in
both polymorphs. These implications for ¢ will be discussed in
the following section, where we analyse the results obtained for
the electronic transport properties of these systems.

Thermal conductivity analysis

Thermal transport is explored on both polymorphs, calculating
thermal conductivity (), a crucial property for understanding
the efficiency of materials in thermoelectric applications, as it
influences how well a material can conduct heat. Lattice
thermal conductivity (k;) is described first because: (i) the
moderate band gap of these materials makes phonon heat
conduction the primary mechanism for heat transport at low
and medium temperatures, and (ii) (k;) can be more easily
tailored compared to the electronic contribution (x.), which is
strongly coupled to electrical conductivity by the Wiedemann-
Franz law.

For both Pca2, and Pbcn polymorphs, we observed that «;
decreases with increasing temperature (Fig. 2). This behavior is

Pca2, Pbcn
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Fig. 1 Electronic band structures and density-of-states, DOS, for Pca2; (a and b) and Pbcn (c and d) polymorphs at O and 12.5 GPa.
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(green) GPa.

typical in semiconductors due to increased phonon-phonon
scattering rates at higher temperatures. This, in turn, reduces
the mean free path of phonons, decreasing «;***® The lattice
thermal conductivity is dominated by phonon-phonon
Umklapp scattering, resulting in a 7" dependence that reflects
the increasing number of phonons available for scattering as
the temperature rises.

Interestingly, at 0 GPa, Pbcn polymorph exhibits lower «;
compared with Pca2,, while at 12.5 GPa, «; values of Pbcn are
higher than that of Pca2,. This observation can be attributed to
the differences in the group velocities between the two poly-
morphs (Fig. 3a and c). Our analysis revealed that the group
velocities obtained for Pbcn polymorph are consistently higher
than those of Pca2,, with the values at 12.5 GPa being approx-
imately three times higher at the 4-8 THz frequency range. This
suggests that phonons in Pbcn polymorph exhibit faster prop-
agation speeds, leading to enhanced thermal transport and
higher k; compared to Pca2,, particularly at higher pressures.

The scattering rates (W) are illustrated in Fig. 3b and d for
Pca2, and Pbcn polymorphs, respectively. Both polymorphs
display low scattering rates at low frequencies, where acoustic
modes are predominant and serve as the primary contributors
to the thermal conductivity of these materials. However, at
0 GPa, Phcn polymorph presents higher values of W at these
modes compared to the Pca2; polymorph. This explains the
lower «; values for Phcn polymorph at 0 GPa since higher scat-
tering rates correspond to shorter phonon lifetimes and
increased resistance to thermal transport. For Pca2, polymorph
at 0 GPa, lower scattering rates allow for more efficient phonon
transport, resulting in higher «; values compared to Pbcn. At
12.5 GPa, the situation is different: Pca2, polymorph exhibits

This journal is © The Royal Society of Chemistry 2025

similar values of W at low-frequency modes, however, «; is lower
compared to Pbcn.

Further insight into the thermal conductivity behavior can
be gained from examining the phonon dispersion curves for the
Pca2, and Pbcn polymorphs at 0 and 12.5 GPa (Fig. 4). Addi-
tionally, the cumulative «; has been computed to understand
the contribution of each vibrational mode to ;. The dispersion
curves provide useful information to understand the group
velocities and scattering rates discussed previously. At 0 GPa,
both polymorphs present similar dispersion curves, with a first
band containing acoustic and low-frequency optic modes in the
0-4.5 THz range, a second optical band around 6-9 THz, and
a third optical band above 11 THz. Despite this similarity, their
contribution to «; differs as can be deduced examining the
cumulative contributions of each vibrational mode to x;. The
main difference stems from the larger contribution of the first
band to k; in the case of the Pca2; polymorph (around 1.83 W
m~ ' K') compared to the Phcn polymorph (0.81 Wm ™' K™ 1). As
mentioned earlier, this difference is due to the Phcn polymorph
presenting higher values of W in this range of frequencies. The
differences in «; between the two polymorphs are slightly
diminished by the larger contribution to «; from the second
optical band in the case of the Pbcn polymorph, primarily owing
to its higher group velocities. This scenario completely changes
at 12.5 GPa. Both polymorphs exhibit similar contributions to «;
from the acoustic and low-frequency optical modes (3.53 Wm ™"
K ' and 3.68 W m ™' K"). There is a significant shift of the
second optical band in both polymorphs to higher frequencies,
producing an overlap with the higher energy band. This shift is
also connected to a strong increase in the group velocities,
which significantly enhances their contribution to «; For
instance, for the Pca2; polymorph, the contribution of the

J. Mater. Chem. A, 2025, 13, 220-229 | 223
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second and third bands increases from 0.15 W m™" K ' to
0.65 W m ' K ' when pressure is changed from 0 GPa to
12.5 GPa. However, the main feature that changes the trend and
makes the Phcn polymorph present a higher «; than Pca2; at
12.5 GPa is the presence of two modes with exceptionally large
group velocities in the region between 4.5-7.5 THz. Due to these
large group velocities, these two modes contribute 0.73 W m™*
K™ to k;, whereas this feature is not found in the Pca2; poly-
morph. The Pbhcn polymorph also exhibits these high-velocity
modes at higher pressures.

Electronic transport properties

To further elucidate the relationship between the structural,
electronic, and transport properties of BiN, we investigated the
electronic transport properties: power factor (PF), Seebeck
coefficient (S) and electrical conductivity (o) for both Pca2, and
Phcn polymorphs. Both p- and n-type BiN polymorphs have been

224 | J Mater. Chem. A, 2025, 13, 220-229

explored in a large range of carrier concentrations (10'7-10>°

cm?), at different temperatures (300-600 K) and pressures (0-
12.5 GPa). This study did not investigate bipolar effects. To the
best of our knowledge, AMSET is unable to simultaneously
explore both electron and hole transport. However, bipolar
effects are typically significant for materials with very narrow
band gaps at high temperatures. In the present work, the lowest
band gap obtained was around 0.4 eV, and the temperatures
explored did not exceed 600 K, so bipolar effects are not ex-
pected to be dominant under the conditions investigated. As the
thermoelectric figure of merit (27) depends directly on the PF,
first this magnitude will be explored then, its behavior will be
analyzed as function of S and o (Fig. 5).

Pressure appears to play a significant role in the transport
properties of this material. The power factor is drastically
increased when pressure is changed from 0 to 12.5 GPa, for both
n-type and p-type as well as both polymorphs (Fig. 5a). This is

This journal is © The Royal Society of Chemistry 2025
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primarily due to a large increase in ¢, in some cases around one
order of magnitude, while the S is barely reduced (Fig. 5b). The
large increase in ¢ can be analyzed based on the band structures
discussed earlier. Pressure produces two main effects: it reduces
the band gap of both polymorphs, and in some cases, it changes
the curvature of the bands, thereby increasing the mobility of
the charge carriers. Both of these phenomena contribute to the
enhancement of o.

Overall, n-type BiN exhibits a higher PF compared to its p-
type counterpart. The larger electrical conductivity of n-type
BiN, which is primarily responsible for its higher power factor
compared to p-type, is strongly linked to its higher carrier
mobility as indicated by the curvature of the conduction band
edge. Furthermore, the enhancement of this trend with
increased pressure can be attributed to not only the mobility
increase, but also the creation of secondary carrier pockets with
similar energy levels, particularly in the Pbcn polymorph. The
presence of these secondary pockets is the reason why n-type
BiN demonstrates exceptionally large PF values at higher
temperatures (and specially at high carrier concentration).

The Pca2, polymorph exhibits slightly lower power factor
values compared to the Phcn polymorph for n-type behavior, but
larger PF values for p-type behavior. Analyzing the band struc-
ture cannot explain this trend based solely on the band gap
values. At 0 GPa, the Phcn polymorph presents a lower band gap
(1.03 eV) compared to Pca2, (1.22 eV). This trend is even more
attenuated at 12.5 GPa, where the band gaps are reduced to
0.69 eV for Phcn and 0.75 eV for Pca2,. However, the presence of

This journal is © The Royal Society of Chemistry 2025

2-3 different carrier pockets at the edge of the valence band of
the Pca2, polymorph, which are very close in energy, explains
the larger PF for the p-type Pca2, polymorph compared to Pbcn.

In summary, the electronic transport properties analysis
reveals a complex behavior for BiN, which is influenced by
temperature, carrier concentration, pressure, and poly-
morphism. There is a delicate balance between band gap,
electron mobility, and secondary carrier pockets, and these
factors can be tuned by the aforementioned variables to opti-
mize the power factor of the material.

Figure of merit

Combining the analysis of thermal and electronic transport
properties allows us to chart the thermoelectric figure of merit,
zT, using variables such as temperature, pressure, carrier
concentration, carrier type, and polymorph (Fig. 6 and 7). Due
to the large band gap of this material, the electronic contribu-
tion to thermal conductivity, «., is small enough at low and
medium temperatures, so the lattice thermal conductivity «; is
the main contributor to the total thermal conductivity . This is
why some of the trends observed in the power factor PF analysis
can be extrapolated to zT. For instance, n-type BiN exhibits
higher zT than its p-type counterpart, and the Phcn polymorph
generally presents higher zT than the Pca2,; polymorph. For
single crystal BiN, n-type Pbcn shows a zT of approximately 0.8 at
600 K and a carrier concentration around 10*° cm ™, while p-
type Pbcn exhibits a zT' of approximately 0.45 under the same

J. Mater. Chem. A, 2025, 13, 220-229 | 225
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conditions. These values are slightly lower for the Pca2; poly-
morph, with values of 0.45 and 0.30 for n- and p-type, respec-
tively, at 600 K.

Pressure is an interesting variable to consider. PF increases
with pressure (Fig. 5a), but the lattice thermal conductivity «;
also increases (Fig. 2). These trends balance each other, so zT
values do not change drastically with increased pressure.
Although the maximum zT values do not change significantly,
there are important qualitative changes in the way zT is opti-
mized. For single crystal p-type BiN at 0 GPa, the alignment of
the contour lines parallel to the x-axis suggests that increasing
the carrier concentration is the most effective route to enhance
zT. At 0 GPa, both polymorphs exhibit low thermal conductivi-
ties, so the limiting factor is the carrier concentration in order
to improve PF and, consequently, zT7. When pressure is

increased, k; increases substantially, so increasing the
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Fig. 7 Thermoelectric figure of merit (zT) for n-type BiN as function of temperature (T), carrier concentration (n) and averaged grain size (L). (a

temperature to reduce this parameter also plays an important
role. This fact drastically changes the shape of the contour lines
and the approach to optimize z7. At high temperatures, maxi-
mizing z7T requires not only increasing the carrier concentra-
tions but also the temperature. A similar trend is observed for n-
type BiN. As discussed earlier, n-type exhibits larger PF even at
low carrier concentrations, which is why «; plays an important
role at 0 GPa as well. When pressure is increased to 12.5 GPa,
the main variable becomes temperature and z7Tp.x can be ob-
tained at moderate carrier concentration (5 x 10*° cm™?) by
increasing the temperature.

Optimizing the thermoelectric figure of merit, zT, of BiN
requires considering additional variables beyond those dis-
cussed earlier. Until now, the predicted transport properties
were considered for defect-free single crystals. However, most
thermoelectric materials are synthesized and measured in
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and b) zT for Pca2; and Pbcn polymorph at O GPa, respectively. (c and d) zT for Pca2; and Pbcn polymorph at 12.5 GPa, respectively.
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polycrystalline form. Indeed, the microstructure plays a crucial
role in determining the thermal and electronic transport
properties of solids. Nanostructuring is a powerful strategy to
optimize the thermoelectric efficiency of materials.?” The ideal
scenario is finding a size range where thermal conductivity is
reduced while the power factor, PF, is maintained. The effect of
grain size on thermal conductivity is discussed based on
a decomposition of the contributions to «; by the phonon mean
free path.®® This approach has been widely used to theoretically
investigate the nanostructuring effects on thermal transport in
thermoelectric materials.***' The value of «; for a particular
particle size, L, is approximated as the cumulative contributions
for all mean free paths up to L, effectively subtracting the
contributions from mean free paths longer than the particle
size. On the other hand, for the electronic transport properties,
an extra term is included in the calculation of the electron/hole
scattering rate, which is proportional to v/L, where v is the group
velocity of the electron/hole. When average grain size is
considered as a variable, a new trend emerges. While grain size
does not appear to significantly affect the z7 values for the Phcn
polymorph, zT is substantially increased for the Pca2; poly-
morph at grain sizes below 100 nm for both p- and n-type
samples. For the p-type Pca2,; polymorph of BiN, zT can more
than double at 600 K when the grain size is around 50-60 nm.
This suggests that the electron and phonon mean free paths are
quite similar for the Pbcn polymorph, whereas the phonon
mean free paths for the Pca2, polymorph are large enough to
reduce the lattice thermal conductivity without significantly
modifying the power factor, PF.

Conclusions

This work presents a comprehensive exploration of the ther-
moelectric properties of BiN. A high-throughput framework has
been applied to efficiently explore the transport properties of
BiN as a function of temperature, pressure, grain size, carrier
concentration, type of conduction, and polymorph. The elec-
tronic transport properties of these systems are influenced by
important changes in the band gap, electron/hole mobility, and
presence of secondary carrier pockets. Overall, BiN exhibits
higher power factor values for high-pressure and p-type
samples. Additionally, the thermal transport properties appear
to be very sensitive to the applied pressure. Lattice thermal
conductivity increases with pressure but in different ways for
both polymorphs. The presence of optical modes with large
group velocities causes the Phcn polymorph to increase its «; at
a faster pace with pressure. When both electronic and thermal
transport properties are combined, z7 of this material can be
explored. Different strategies to optimize z7T can be extracted for
the two polymorphs. zT values around 0.85 can be obtained for
n-type Pbcn BiN at 600 K and 0 GPa, which suggests the need to
find strategies to stabilize the high-pressure phase at 0 GPa/low
pressures. On the other hand, both p- and n-type Pca2; poly-
morph can exhibit z7 values around 0.6-0.7 for polycrystalline
samples with an average grain size around 50-60 nm at 600 K
and 0 GPa. These zT values are similar to those of other well-
known thermoelectric families of materials in the low-to-
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medium temperature range, such as oxychalcogenides,”
Bi,Tes;,* or lead chalcogenides,* without toxic elements such
Sb or Te, demonstrating the potential of undoped BiN for
thermoelectric applications. Finally, but not the least, we note
that chemical doping could further enhance thermoelectric
performance, suggesting promising avenues for future research
that will require a close collaboration between theory and
experiment.
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