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ARTICLE INFO ABSTRACT

Keywords: Although graphene presents excellent transport properties, its potential for thermoelectric applications is still
Graphene limited due to its low Seebeck coefficient and high thermal conductivity. Efforts to enhance its thermoelectric
Boron and nitrogen doping properties have involved the usage of carbon-based nanoribbons (Zheng et al., 2012; Hossain et al., 2016)

Thermoelectric properties

o . [1,2], strain engineering (Nguyen et al., 2015), and heteroatom co-doping, particularly with nitrogen and/or
Atomistic simulation

boron atoms (Wang et al., 2018) [3]. In this work, multiscale simulation approaches combining density
functional theory calculations and semi-empirical models are used to investigate the thermoelectric properties
of graphene via borazine (B;N;)-ring doping. In particular, the bandgap engineering obtained by this doping
technique (Caputo et al., 2022) can separate opposite electron and hole contributions and therefore results in
a significant enhancement of the Seebeck effect and, accordingly, of the power factor. The results obtained
are not only dependent on the concentration of B;N; rings but are also notably influenced by their orientation
configuration. Furthermore, the effects of distribution and rotational disorders are also considered, clarifying
the thermoelectric properties of realistic systems. Lastly, the thermal lattice conductance is estimated revealing
a substantial reduction of up to 40% compared to pristine graphene opening up the possibility of enhancing the
thermoelectric efficiency of BNC materials. The present theoretical approach highlights how BN-ring doping can
refine the thermoelectric properties of graphene, offering a pathway for enhancing its suitability in practical
thermoelectric applications.

1. Introduction Seebeck coefficient and accordingly higher power factor (PF = S%5),
compared to bulk materials. Note that the thermoelectric efficiency is

The thermoelectric effect has been known for nearly 200 years, yet quantified by the figure of merit ZT = 65T /x, where k represents
new applications continue to emerge. In fact, thermoelectric materials the thermal conductivity. Therefore, two well-known strategies for
are becoming increasingly important in the search for sustainable and improving ZT are either to enhance the power factor or to reduce the
efficient energy solutions, which is essentially due to their ability thermal conductivity. Enhancing the power factor has also the benefit
to turn waste heat into electrical power. This makes thermoelectric of increasing the output power of thermoelectric generators [10]. Many

materials highly relevant in various applications, including automotive
waste heat recovery [4], spacecraft power generation [5], and wearable
energy harvesting devices [6]. Initially, the research on bulk materials
explored the best thermoelectric properties in alloys of materials such
as PbTe, Bi, Te;, or (Bi;_,Sb,),(Se,_,Te ); alloy family, and so on [7,8].
However, these bulk materials still exhibit limitations in thermoelectric
efficiency and the pioneering works of Hicks and Dresselhaus [9]
suggested that nanostructuring materials into low-dimensional systems
could improve the performance of thermoelectronic devices. Their
research shows that improving the energy-dependent nature of the
electronic conductivity (¢) can significantly increase the Seebeck co-
efficient (S), which is the key parameter of thermoelectric materials. to its semi-metallic characteristics. Indeed, opposite contributions of
Consequently, low-dimensional systems are expected to offer a higher electrons and holes cannot be separated in this gapless material, thus

nanostructuring methodologies have been studied up to date, including
organic materials [11], inorganic materials [12], systems with different
dimensionality [13], and other techniques [14-17].

On this basis, graphene has emerged as a promising material, due to
its truly 2D crystal structure and excellent transport properties [18,19].
In particular, electrons in graphene behave as massless Dirac fermions
near the K-points of its Brillouin zone, leading to the high Fermi
velocity (~10° cm s~1), and accordingly, to high carrier mobilities and
high electronic conductivity [19]. However, graphene still presents a
limitation when considering thermoelectric applications, basically due
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resulting in a relatively low Seebeck coefficient [20]. Therefore, notable
efforts have been invested in improving the thermoelectric properties
of graphene. First and foremost, published studies have focused on
the engineering of the Seebeck effect in graphene, particularly, by
opening a bandgap in order to separate the electron and hole contri-
butions [20]. Striking examples include graphene nanoribbons [1,2,
21-25], graphene antidot superlattices [26-28], and strain engineer-
ing [29]. Some of these studies have also proposed nanostructuring
techniques to improve the thermoelectric figure of merit ZT (see [20]
and references therein).

In the case of graphene 2D monolayer, the general strategy for
engineering the bandgap is basically to break its sublattice symmetry.
In particular, pristine graphene consists of two symmetrical-triangular
sublattices, A and B, which is the origin of its gapless character [19].
Therefore, a bandgap can open in graphene 2D monolayer when the
mentioned sublattice symmetry is broken as, for example, obtained by
the sublattice selective doping with boron and/or nitrogen atoms [30,
31]. Another method to engineer the properties of graphene is to use
borazine-like (B;N3) doping units [32,33]. By incorporating BN-rings
into graphene, boron and nitrogen atoms replace carbon atoms in two
different sublattices, thus creating an even larger sublattice asymmetry
than that obtained with single dopants. With this doping technique,
the electronic properties of graphene are also tunable by controlling
the orientation of BN rings [32]. This technique could therefore be
an alternative method to engineer the thermoelectric properties of
graphene, which will be examined in the current work.

Experimentally, significant efforts have been made to develop new
synthetic methods for producing periodic BN-doped covalent carbon
networks. Although there have been successful syntheses of BNC struc-
tures [34,35], their properties and applications are still not fully ex-
plored.

While extensive theoretical investigations of the effects of single
dopants [36-38] or h-BN domains [3,23,39-41] on graphene thermo-
electric properties have been reported, the impact of isolated borazine
rings remains, to the best of our knowledge, unexplored. In this con-
text, the current work presents multi-scale calculations of the ther-
moelectric properties of BN-ring doped graphene monolayers. These
calculations allow for comprehensively investigating the dependence
on the ring concentration, ring orientation as well as disorder effects.
In particular, ab initio calculations were first performed for systems
obtained when BN-rings are periodically inserted into graphene. Non-
periodic doped systems were then computed using a semi-empirical
tight-binding model to depict more realistic scenarios and highlight
the impact of the disorder on these properties. At last, to estimate
the thermoelectric efficiency of the considered BNC materials, the
lattice thermal conductivity (using atomistic force constant models) and
accordingly the thermoelectric figure of merit ZT were also computed.

2. Methologies

Transport calculations have been performed on a device, as schema-
tized in Fig. 1. In particular, the device channel is a BNC 2D monolayer
where charge carriers and heat transmit between left (hot) and right
(cold) contacts (reservoirs). This implies that the transport channel is
assumed to be very large in both in-plane directions, i.e., exceeding
hundreds of nm so as to avoid the finite-size confinement as well
as edge effects. Therefore, calculations can be performed using the
periodic boundary condition in the direction that is perpendicular to
the transport one.

As discussed, periodically doped BNC networks can be achieved
using bottom-up techniques [34]. Therefore, our study first focuses
on such cases and first-principles calculations are conducted to com-
pute thermoelectric properties of periodically doped systems. These
calculations are performed using the combination of Density Functional
Theory (DFT) framework and Green’s function (GF) approach in the
ballistic approximation, as implemented in OpenMX code [42-44]. The
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generalized-gradient approximation of Perdew Burke and Ernzherof
(PBE) [45] has been exploited for the exchange—correlation density
functional and the electron-ion interaction is described with norm-
conserving pseudopotentials as proposed by Morrison et al. [46]. Ab
initio calculations have been performed with the usage of a numerical
pseudo-atomic orbitals as basis set, decomposed in two s-orbitals, two p-
orbitals and one d-orbital for each of the atom types. The energy cutoff
for real-space mesh has been chosen to be 300Ry while a k-point grid
of 33 x 33 x 1 for the graphene unit cell has been employed. Moreover,
an interlayer vacuum distance of 20 A has been employed to avoid
spurious interaction along the non-periodic z direction. To investigate
different BN doping scenarios, a 5 x 5 supercell was built from the
orthorhombic unit cell of graphene and consequently doped with BN
rings to create models with varying concentrations. Each atomistic
model underwent full relaxation of in-plane cell parameters and atomic
positions. Note that as this work investigates 2D graphene sheets, the
dependence on the transport direction is not very significant at low en-
ergies (i.e., near the gap region as illustrated in Fig. S1). Moreover, our
study focuses on the BN-ring doping effects and therefore the transport
along the armchair direction (as illustrated in Fig. 1) was computed and
discussed. In addition, when incorporating a BN-ring into graphene,
boron and nitrogen atoms replace C atoms in two different (A and
B) sublattices of graphene, respectively. However, this doping config-
uration is reversed when the ring is rotated by 60°. Therefore, two
distinct scenarios arise: parallel orientation (i.e., all rings are in the
same orientation) and anti-parallel orientation (i.e., there is a mixture
of opposite-oriented rings) cases. Both these cases were investigated by
our DFT calculations and the concentration of anti-parallel rings was
also taken into account.

The thermoelectric quantities were computed in terms of the elec-
tronic transmission (7,) using the Landauer-Biittiker formalism. In par-
ticular, this involves computing the auxiliary function L, as
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where y is the electron chemical potential and f,(E, u, T) is the Fermi-
Dirac distribution function. The electronic conductance G, the See-
beck coefficient S and the electronic thermal conductance K, were
calculated as
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The thermoelectric properties of aperiodic (i.e., disordered) sys-
tems are also investigated. In this case, as the periodic boundary
conditions can no longer be applied to a relatively small unit cell,
the number of atoms to compute is huge (i.e., a few hundred thou-
sand), making DFT calculations unfeasible. Therefore, a first principles-
enriched tight-binding (TB) Hamiltonian [32] was used (see section 4
of Supplementary Material). In addition, the recursive Green’s function
techniques [47] were also applied to solve the corresponding heavy
calculations of these disordered systems.

At last, to compute the lattice thermal conductance, the dynamical
properties were modeled using the fourth nearest-neighbor force con-
stant (4NN FC) model. In particular, the FC parameters in Ref. [48] for
C-C bonds and in Ref. [49] for B-N bonds were used. For the coupling of
C atoms with B and N atoms, the average values of the FC parameters
of graphene and h-BN were considered [23,40]. The recursive Green’s
function method [47] was again used to solve the mentioned FC model
and to compute the phonon transmission 7,(w). The lattice thermal
conductivity was then calculated as
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Fig. 1. Schematic model of a typical thermoelectric device built with a BNC material. The transport direction is defined from the hot (red) to the cold (blue) reservoir. The central
region is formed by a periodically boron and nitrogen co-doped graphene layer. The model is periodic in the in-plane direction perpendicular to the transport, denoted with dashed
black lines. Brown, green and gray spheres represent carbon, boron and nitrogen atoms, respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

where n(w, T) is the Bose-Einstein distribution function. The thermo-
electric figure of merit was evaluated using the standard formula:

_ S
T K, +K,
Here, the total thermal conductance is a sum of electron (X,) and lattice
(K,) thermal parts.

In addition, note that the electron-phonon interactions have been
shown to be notably weak in monolayer graphene [50], as indeed, high
carrier mobilities > 10° cm? V s~! can be obtained either in suspended
graphene or in graphene/h-BN [51,52]. Consequently, the ballistic elec-
tron transport model can compute well micrometer scale devices [53].
Moreover, the ballistic transport calculations have been also demon-
strated to be a good approximation for phonons in monolayer graphene
at room temperature [54]. Interestingly, similar to pristine graphene,
boron-nitride embedded graphene has also exhibited high carrier mo-
bilities [55,56]. Therefore, ballistic transport calculations is assumed as
a good approximation for the BNC devices considered herewith. Note
that the ballistic approximation in the current work implies that many-
body interactions are neglected but scatterings with BN rings are still
present in our calculations. Finally, calculations were performed at
room temperature throughout the work.

ZT (6)

3. Discussion
3.1. Improved thermoelectric effects

Firstly, the effect of BN concentration in monolayer graphene is
considered by DFT calculations. In particular, six distinct percentage
concentrations (Model 1 — 6%, Model 2 — 12%, Model 3 — 18%, Model
4 - 24% and Model 5 - 36%) with an increase of the number of
borazine rings (two, three, four and six rings, respectively, see Fig. 2a)
in the graphene supercell were examined. To focus on the effects when
varying the ring concentration, all BN-rings are in the same orientation,
i.e., parallel configurations. The computed electronic conductances (G),
Seebeck coefficients (.5), Power Factors (PF = S2G) and electronic
thermal conductances (K,) are presented in Fig. 2. As mentioned,
pristine graphene exhibits ambipolar characteristics (i.e., semi-metallic
behavior) and therefore both electrons and holes can present significant

contributions to its thermoelectric properties when the charge-carrier
concentration is low. Therefore, the opposite contributions of these
two carrier types lead to a small Seebeck effect. In particular, a See-
beck coefficient smaller than 1004V K~! at room temperature has
been experimentally reported [57]. Indeed, this aligns closely with our
calculations, as presented in Fig. 2d.

When BN-ring doping is introduced, the Seebeck coefficient and the
PF significantly increase with increasing the doping concentration (see
Figs. 2c and 2d). In particular, their obtained values can be an order of
magnitude higher than that of pristine graphene (i.e., see the results of
models 4 and 5). In addition, a nearly linear increase of these quantities
with the BN concentration is found. Additionally, it is worth noting that
besides the applications as in devices with large Seebeck effects, a large
PF is also beneficial for thermoelectric generators as it corresponds to a
large output power density. However, these results are obtained at the
cost of the reduction of electronic conductance, as a bandgap opens and
the doping induces scatterings in graphene.

For more details, note that the sublattice symmetry of graphene
is most strongly broken for a given concentration of BN rings when
they present the same orientation, i.e. parallel case. This is because
all nitrogen (boron, respectively) atoms selectively replace C atoms in
the single A (B, respectively) sublattice of graphene. This sublattice
symmetry breaking leads to a bandgap opening in graphene [32] and
consequently, a transport gap as illustrated by the computed con-
ductance in Fig. 2b. Even though the conductance is reduced, the
presence of these gaps separates electron and hole contributions, which
is essentially the reason for the increase of the Seebeck coefficients with
increasing the doping concentration, seen in Fig. 2d. Even though these
two quantities present opposite trends with the doping effects, the PF
(=S%G) still increases (Fig. 2c), similar to the property of S. Note that
at room temperature, the width of thermal broadening is effectively
about 0.2 eV. Therefore, a band gap ~0.2 eV could present the best
compromise for a large Seebeck coefficient while the conductance is
still high at room temperature. In particular, the best compromise could
be obtained with the BN concentration of ~12% (Model 2) as presented
in Fig. 2.

The electronic contribution to the thermal conductance K, is pre-
sented in Fig. 2e. Actually, the effects of BN-ring doping on this quantity
are similar to those obtained for the electronic conductance in Fig. 2b.
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Fig. 2. (a) Atomistic models of graphene doped with various BN-ring concentrations in the parallel orientation and their corresponding (b) electronic conductance (G), (c) power
factor (PF), (d) Seebeck coefficient (S), (e) electronic thermal conductance (K,) as a function of the Fermi level. Pristine graphene (0% BN-concentration) is reported with a black

dashed line as a reference.

Interestingly, while a large electronic conductance is beneficial for
achieving large value of PF and, accordingly, of ZT, reducing the
thermal conductance is another strategy to enhance the thermoelectric
efficiency. Therefore, the increase of PF and the reduction of electronic
thermal conductance can contribute to the increase of ZT, which will
be detailed below in Section 3.3.

As suggested by the study in Ref. [32], another important doping
parameter that can be used to tune the thermoelectric properties of
the BNC systems above is the orientation of BN-rings. In particular,
when certain BN rings in the supercell of these systems (see Fig. 2a)
are rotated by 60°, a mixture of BN rings in two opposite orientations
are obtained as illustrated in Figs. 3a and 4a. We refer to these cases
as anti-parallel orientation structures herewith. In the cases studied in
Figs. 3 and 4 (other systems also presented in section 3 of Supple-
mentary Material), the anti-parallel configurations are characterized
by the percentage of rotated rings with respect to the total number
of rings within the supercell. Indeed, when the number of rotated (or
anti-parallel) rings increases, the transport properties and, accordingly,
the thermoelectric properties substantially change. In particular, the
transport gap is narrowed, consequently the electronic conductance
(Figs. 3a and 4a) and electronic thermal conductance (Figs. 3e and 4e)

increase with increasing the percentage of anti-parallel rings. However,
the Seebeck coefficient (Figs. 3d and 4d) and PF (Figs. 3c and 4c) are
generally reduced. These results can be essentially explained by the
dependence of graphene’s sublattice asymmetry induced by this doping
technique on the rotation of BN rings [32]. In particular, when certain
rings are in the anti-parallel orientation, there are both boron and nitro-
gen atoms replacing C atoms in each of the two sublattices of graphene.
This diminishes its sublattice asymmetry, compared to the fully parallel
case, thus reducing the obtained bandgap and explaining the presented
results. It is suggested that the discussed orientation dependence can
be exploited to obtain the best compromise between high electronic
conductance and low thermal conductance. In particular, a large doping
concentration can result in a strong reduction of both these quantities
but rotating a certain number of BN rings can increase the electronic
conductance again.

At last, the dependence on the distribution of BN-rings within the
DFT supercell (see an example, Model 2, presented in section 2 of
Supplementary Material) was also examined. However, the transport
properties around the band gap, and consequently, the thermoelectric
effects are weakly affected by the change in the position of BN rings.
This could be considered a beneficial point of this doping technique as
it can make experiments more feasible.
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Fig. 3. (a) Atomic structures of Model 4 with 25% and 50% anti-parallel rings and their corresponding (b) electronic conductance, (c) power factor, (d) Seebeck coefficient and
(e) electronic thermal conductance. The same Model 4 with all parallel orientation (0% anti-parallel rings) of the BN-rings pointing in the same direction is reported as a black

dashed line.
3.2. Disorder effects

Even though periodically doped systems can be expectedly obtained
by bottom-up techniques, doping disorders are, in principle, a practical
issue [58,59] and must still be consider. The current work focuses on
two important disorders related to the distribution and orientation of
BN rings. To compute the effects of these disorders, devices consisting
of a large BN-ring doped graphene (particularly, ~154 nm x 37 nm)
domain, connected to two pristine graphene leads, are considered. Such
large BN-doped domain is periodic in the perpendicular direction and
was formed by repeating periodically 4 x 3 orthorhombic supercell
containing a single BN ring. Disorders were then obtained by changing
the position (distribution disorder) or by rotating (rotational disorder)
certain BN rings in the doped region. In the first case, certain BN-
rings are randomly displaced to neighboring positions relative to their
locations in the ordered (i.e., perfectly periodic) system, while in the
second case, a certain number of rings are randomly rotated. Similarly,
the details of these disorder models can be found in Ref. [32]. Consider-
ation of these small displacements is actually based on the assumption
that, as mentioned, bottom-up techniques are expected to control the
periodicity of BN rings, and therefore, only weak disorders are likely to
appear. To compute these large disordered systems, DFT calculations

are unfeasible and therefore tight-binding models were employed. The
effects of both disorder types were computed and presented in Fig. 5,
where the results for the perfectly periodic system (dashed black line)
were also added for comparison.

Consistently with our previous study [32], the distribution disorder
presents negligible effects on the bandgap and accordingly, on the
transport gap (see the top panel of Fig. 5a). However, these gaps are
significantly reduced with increasing the rotational disorder (see the
top panel of Fig. 5b), similar to the DFT results in the anti-parallel
cases. Even though weakly affecting the transport gap, the distribution
disorder still presents significant effects on electronic conductance and
electronic thermal conductance. Consequently, the PF can be substan-
tially affected (i.e., reduced), although the Seebeck coefficient is not.
On the other hand, the rotational disorder clearly exhibits different
effects. First, the bandgap and transport gap are reduced, leading to
the enhancement of the electronic conductance and electronic thermal
conductance at low energies. However, the scatterings induced by such
disorder still reduce these two conductances at large energies. Finally,
both the Seebeck coefficient and the PF are affected (i.e., reduced) by
increasing the rotational disorder. Our presented results suggest that a
good control of the doping configuration, with only a small amount of
disorder (e.g, a few to ten percent), could be beneficial for practical
applications.
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Fig. 4. (a) Atomic structures of Model 5 with 17%, 33% and 50% anti-parallel rings and their corresponding (b) electronic conductance, (c) power factor, (d) Seebeck coefficient,
(e) electronic thermal conductance. The same Model 5 with all parallel orientation (0% anti-parallel rings) of the BN-rings pointing in the same direction is reported as a black

dashed line.

3.3. Thermoelectric efficiency

As earlier mentioned, pristine graphene exhibits an exceptionally
high thermal conductivity [60] and accordingly, its thermoelectric fig-
ure of merit is extremely low, i.e., below 0.01 [20]. Therefore, reducing
the lattice thermal conductance is also necessary for improving the
thermoelectric efficiency of this material.

With the presented enhancement of thermoelectric properties, the
thermoelectric efficiency of the considered BN-ring doped graphene is
now estimated. For this estimation, the lattice thermal conductance
was computed by the force constant model described in Section 2. In
Table 1, the lattice thermal conductance K, is presented for differ-
ent doping configurations considered in Section 3.1. Obviously, this
conductance is substantially reduced by increasing the doping concen-
tration. Indeed, a large reduction of about 40% is obtained for Model
5 with all parallel rings. However, the rotation of BN rings presents
negligible effects on the lattice thermal conductance. These results
could be explained by the fact that the sublattice asymmetry strongly
affects the electronic transport but not the thermal one.

Combining the electronic transport quantities in Section 3.1 and the
lattice thermal conductance here, the figure of merit ZT is estimated.
In Fig. 6, ZT values for the five doping Models with all parallel rings, as
depicted in Fig. 2, are presented. The results obtained for different anti-
parallel configurations of these models are also discussed in Section 5

Table 1

Lattice thermal conductance (in W K-'m™) calculated with the 4NN FC model for
pristine graphene and BN-ring doped systems with Models 1, 2, 3, 4 and 5 (see
Fig. 2). For each BN-ring doped system, possible anti-parallel (0%, 17%, 33% or 50%)
configurations are considered.

K, W m~! K1) 0% 17% 33% 50%
Graphene 1.31

Model 1 1.08 - - -
Model 2 0.96 - - 0.98
Model 3 0.88 - 0.88 -
Model 4 0.86 - 0.86 0.86
Model 5 0.80 0.80 0.79 0.81

of Supplementary Material. As the PF increases and K| is reduced, the
ZT increases with increasing the doping concentration. The largest ZT,
~0.1, is achieved here for the Model 5. Even though not too large, these
results are still a significant improvement, i.e., more than ten times
larger than the value in pristine graphene. Actually, since the phonon
properties of h-BN are not very different from those of graphene, the
presented doping technique cannot reduce more strongly the lattice
thermal conductance. However, a combination of this technique with
other nanostructuring ones (for example, cross-plane and other het-
erostructures [15,61-64]) could be a good suggestion for more efficient
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Fig. 5. Electronic conductance, Seebeck coefficient, Power Factor and electronic thermal conductance for (a) distribution disorder and (b) rotational disorder computed within a
tight-binding approach. Different disorder strengths, 10%, 25% and 50% are investigated while the perfectly periodic case (0% disorder strength) is also reported in dashed black
line. The BN-ring concentration is 12.5% in all cases.
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Fig. 6. Thermoelectric figure of merit ZT computed for BN-ring doped graphene
systems with all parallel rings as considered in Fig. 2. ZT of pristine graphene (0%
BN-concentration) is reported in dashed black line.

thermoelectric devices. In fact, the cross-plane heterostructures pro-
posed in Ref. [61,62] can exhibit a very strong reduction of thermal
conductance but engineering the bandgap is still needed.

4. Conclusions

Using multiscale atomistic calculations, this work explores how the
thermoelectric properties of graphene can be improved by BN ring
doping. Indeed, the presence of BN rings in the graphene lattice induces
the breaking of its sublattice symmetry, thus leading to the opening of
bandgap and, accordingly, of transport gap in the considered devices.
Thereby, opposite electron and hole contributions can be efficiently
separated, leading to the significant enhancement of thermoelectronic
properties of graphene. In particular, an increase by one order of
magnitude in Seebeck coefficient, Power Factor, and ZT can be ob-
tained. The study also shows that the results are strongly dependent
on the ring orientation but weakly sensitive to the ring distribution.
In particular, the transport gap is largest if all rings are parallel and
is reduced by controlling the rotation of the rings. The effects of
disorder were also estimated, suggesting that a good control of doping
configurations (i.e., about < 10% distribution and rotational disorders)
can be promising for practical applications. Overall, the enhanced
thermoelectric effects can largely extend the practical applications of
graphene. Moreover, even though it cannot reduce very strongly the
thermal conductance (only about 40% reduction is reported here),
the considered doping technique can be combined with other nanos-
tructuring techniques for designing more efficient thermoelectronic
devices.
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