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ABSTRACT: Nowadays, it is very important to study and propose new mechanisms for generating electricity that are
environmentally friendly, in addition to using renewable resources. Thermoelectric (TE) devices are fabricated with materials that
can convert a temperature difference into electricity, without the need for rotating parts. In this work, we report the TE properties of
rhenium carbonitride (ReCN) as an important feature of a hard and thermodynamically stable material of band gap Δg = 0.626 eV.
We use the electronic band structure behavior near the Fermi energy with the Seebeck coefficient to estimate the figure of merit ZT
based on Boltzmann transport theory to characterize this property. Our results show that this compound has interesting TE
properties among 300 and 1200 K for p- and n-type doping.

■ INTRODUCTION

Development and understanding of thermoelectric (TE)
materials has become an important topic for materials
chemistry, physics, and engineering,1 due to the large number
of applications and/or devices, that might be used in energy
and cooler generators, either to convert heat into electricity or
as heat pumps. In this sense, the TE conversion has received a
renewed interest due to the development of materials that
show high TE conversion factors and improving recovery
energy power from heat.2 Therefore, it is important to work
not only in the deep understanding of how materials are
combined but also in its equilibrium transport to finally
understand how the heat, charge transport, and scattering
occur, to propose clean devices, which mitigate environmental
changes.
The dimensionless figure of merit can be expressed in the

form ZT = σS2T/κ, where S is the Seebeck coefficient, σ is the
electrical conductivity, T is the absolute temperature, and κ is
the sum of κe and κl which are electronic and lattice thermal
conductivity, respectively. As the ZT quantifies the perform-
ance of a TE, it is necessary to maximize the power factor S2σ
and minimize thermal conductivity (κ = κe + κl), but all these
terms depend strongly on electronic structure, charge carrier
concentration, and crystalline structure, so that finding new

compounds with large values of ZT is a complex task.3,4 There
are two main approaches to consider: first, to search for
intrinsic materials and second, to improve the TE properties of
known materials by physically modifying them.5 Using the first
approach, Kagdada et al.6 studied the electronic and TE
properties for the stable phases of GeTe, obtaining ZT = 0.7 at
1300 K, making it a promising candidate. On the other hand,
Hong et al.7 maximized the TE behavior of GeTe by doping
with Sb and Sn obtaining a ZT = 2.2 at 780 K. These works,
among others, show that the properties of TE determine their
application. In this regard, an important application is for TE
generators (TEGs), which exploit the Seebeck effect to convert
heat directly into electrical energy. A TEG is composed of a
stack of p- and n-type TE semiconductors.8 These TEGs are
used in aerospace missions and, in conjunction with radio-
isotopes or heat generated by motors, become an electrical
source capable of operating for long periods of time. Also,
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using microelectronics, flexible TEGs have been incorporated
to supply power to electrocardiographic systems, but their
large-scale application remains limited due to their low
efficiency.9 In addition, many TEs, which are developing in
the process of achieving high ZT values for TE materials,
deteriorate at temperatures near peak ZT, which is a serious
challenge in making reliable TE devices,1 also when TE
materials could be exposed to thermal and mechanical stresses
which may cause reduction in device efficiency.4,10−13

Currently, it has been working on the search for new
materials that can be used as TE, able to compete against
current power generators. Since the semiconductor and
mechanical properties have been theoretically reported,14

where it is predicted that Vickers hardness of the ReCN for
two phases is found to be more than 40 GPa, it is suggested
that it could be a candidate for superhard materials. Also,
ReCN has been reported as a new 2D material with strong
structural rearrangement due to reducing dimension effects
and conductor character due to d orbitals of Re atoms.15 In the
present work, we have investigated the transport properties of
hexagonal ReCN in a bulk configuration and considering it as a
p- and n-type semiconductor, finding the highest intrinsic TE
behavior, with a symmetric character for p- and n-type doped
systems and ZT = 0.978 at 300 K among others.

■ RESULTS AND DISCUSSION
Structural Properties. The optimized stable structure of

the ReCN is shown in Figure 1. This hexagonal three-

dimensional configuration has calculated lattice parameters of
a = b = 2.892 Å and c = 7.843 Å, respectively. In Figure 1a, the
three-dimensional ReCN is represented,16 where it is easy to
see how the Re atoms are placed inside boxes formed by C and
N atoms located alternately in the z direction, separated by a
double layer also of C and N atoms, with a distance of 1.407 Å
approximately. Figure 1b,c shows top and side views
particularly noting the honeycomb configurations with Re
atoms placed in the center surrounded by C and N atoms.
Likewise, the existence of sublayers divided by C and N atoms,
in accordance with previous works,14,15 was also reported,
among other things, such as its semiconductor character,
excellent mechanical properties with the large volume
modulus, shear modulus, and ideal strength.
Figure 2a shows the phonon dispersion of ReCN along the

path shown in Figure 2b, from the spectrum obtained, it can be
noted that all bands start above 0 THz, showing dynamical
stability of the compound, with no negative frequency modes

and acoustic bands separated from the optical ones. Thus, from
our results, it is demonstrated that the hexagonal ReCN in the
bulk configuration is a TE material with excellent mechanical
properties. We hope that this will motivate, for example,
experimental researchers using the high-pressure and high-
temperature techniques in diamond anvil cells17 to attempt the
synthesis of ReCN since this technique has proven to be useful
to obtain new materials.18

Electronic Properties. Figure 3 shows the calculated band
structure of ReCN (in the same path shown in Figure 2b),
where we want to point out the flat region between K−Γ−M,
which has dispersion less than 0.1 eV. Degenerate states can be
seen in the lower part of the conduction band, around the Γ
point, especially at the level near 1 eV, where this heavy band
could give hints of p- or n-type TE behavior. As we will show
later, this symmetry breaking should generate a high Seebeck
coefficient, which in this case is disadvantaged by the shift of
the Fermi level toward the valence band.19

Since the TE effects can be predicted from the presence of
flat bands,20 they will gradually contribute to the charge carrier
transport increasing the Seebeck coefficient as the temperature
increases.21 In Figure 4, we show the total density of states
(DOS) and to understand which atomic species contributes
the most to this band, we plot the projections of the DOS per
atomic species, calculated for the system with the hexagonal
ReCN structure. In this sense, the projected DOS shows that
the peak of the band, which is present at 1 eV and is part of the
intense bands that are between 1 and 4 eV, is mainly composed
by the overlap of the degenerated Re dx2−y2 + dxy states, and the
electrons occupying this band will have the same energy. On
the other hand, the band gap of this system in the ground state
was calculated to be Δg = 0.626 eV, an important feature for a
semiconductor.
Thus, the band plane at ∼1 eV between K−Γ−M and band

gap less than 1 eV, obtained from the band structure, showed
that ReCN has important characteristics to be considered TE.

TE Properties. In a TE, there are free electrons and holes,
which carry charge or heat. The Seebeck effect is defined by
the electric potential (voltage) produced by a temperature
difference, and the link between the voltage developed and the
temperature gradient (ΔV/ΔT) is related to the thermopower
or Seebeck coefficient (S), which is positive or negative. The
Seebeck coefficient is lower for metals (μV/K) and higher for
semiconductors (102 μV/K).22,23

Based on the calculated band structure, the electric transport
properties can be calculated using Boltzmann transport theory.
If the relaxation time τ is taken to be a constant,4 the S can be
obtained independent of τ.
As mentioned in the models and computational methods,

the virtue of using BoltzTrap is that S can be calculated
without knowing the value of the relaxation time. In our case,
this is of vital importance due to the thermoelectricity in
ReCN is a new property and, since it remains to be
synthesized, it is not known experimentally.
Figure 5a shows the S for various temperatures, where the

dependence on doping can be seen. In the temperature range
selected, the maximum value is obtained for 300 K at 0.291 eV
with p-type doping; thus, at 0.379 eV, there is a transition to n-
type reaching a negative maximum at 0.407 eV, consistent with
other TE behaviors of GeSe, SnSe, PbSe,24 and α-Ag2S which
is an inorganic semiconductor,25 relativistic Na2AgSb semi-
metal,19 and hybrid perovskites CH3CH2NH3GeI3

26 among
others.

Figure 1. Bulk-optimized hexagonal structure of ReCN in a
configuration of two unitary formulas and space group P63cm
(186), (a) three-dimensional view, (b) top view, and (c) side view.
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The potential difference created by the Seebeck effect
between two conductors or semiconductors, when there is a
temperature gradient, is due to the movement of free electrons
from the high-temperature region to the low-temperature
region, causing a TE force which in our case is ∼mV per kelvin.

Therefore, the TE efficiency depends on the composite having
high S and this in turn depends on the shape of the DOS near
the band edges, as the electronic behavior is affected by
temperature variations. As can be seen in Figure 5a, S is
positive for holes and negative for electrons, showing that
ReCN can be good as p-type and n-type and operates with
good TE propertiesfor 300 K, between chemical potential
μ = 0.291 and 0.407 eV.
High-performance TEs, when ZT ∼ 1 or larger, are

considered as good candidates for devices.3 According to the
definition of ZT given above, a key prerequisite is that a good

Figure 2. (a) Phonon dispersion of ReCN in the bulk configuration along the (b) k-points path in the first Brillouin zone. From the phonon
spectrum, it can be seen that all bands start above 0 THz, showing dimensional stability of the network with no negative frequency modes and with
the acoustic bands separated from the optical bands.

Figure 3. Calculated band structure of hexagonal ReCN shows a flat
region between K−Γ−M, with no dispersion at 0.1 eV, extending
around the Γ point, which is key to determine ReCN as a TE.

Figure 4. DOS of hexagonal ReCN. The Fermi level is indicated with
broken line E = 0. The band extending from 0.5 to 4.0 eV above the
Fermi level is composed mainly of Re dx2−y2 + dxy states.

Figure 5. TE character of hexagonal ReCN. (a) Thermopower or
Seebeck coefficient, where the highest value at room temperature is
shown, p-type to n-type transition occurs between 0.325 and 0.379
eV. (b) Figure of merit, where the performance at various
temperatures is compared, and it can be seen that the compound
could work up to temperatures of the order of 1200 K.
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TE has high S in an interesting temperature range (generally
on the order of 200 μV/K or larger) with low thermal
conductivity and good charge mobility.
We calculated ZT of the ReCN, as a function of the

chemical potential μ for different temperatures (300, 400, 600,
900, and 1200 K), as shown in Figure 5b. In order to
understand the TE properties, the calculations were performed
keeping τ as an unknown property of this compound. For p-
type ReCN, the maximum ZT at 300 K is 0.978, while for n-
type ReCN, the maximum ZT is 0.973. Although these values
do not correspond to the maximum power factors, defined as
PF = S2σ/κ (see Figure 6a), it can be seen from Table 1 that
the maximum S corresponds to the lowest value of κe/τ ∼ 1010

and σ/τ ∼ 1014, corresponding with a low amount of charge
carriers (∼10−7) among all the temperatures we expose.
To better understand the TE performance of ReCN, Figure

7 shows the ZT for the p- and n-type doping shown in Table 1,
for the chemical potentials μ at which the values of 300 and
1200 K are reached. The light and dark blue lines for p-type
doping and the red and orange lines for n-type doping show
that at 1200 K, ReCN performs better as n-type, while near
300 K, as p- and n-type.
Table 1 summarizes the results at the temperatures selected

in this analysis, from which it can be seen that p- or n-type
doping has a better performance between 300 and 900 K,
appearing symmetrical between μ = 0 and 0.7 eV. This
symmetry can be seen in Figure 6b,c, since, for almost all
temperatures, the difference in the order of magnitude between
σ/τ and κe/τ is ∼104. Thus, the ZT values obtained for ReCN

indicate that it could be a good candidate, being a

thermodynamically stable material with exceptional mechanical

properties, to be considered as TE.

Figure 6. TE properties as a function of chemical potential (μ), to estimate the figure of merit ZT for ReCN at different temperatures. (a) Power
factor (PF = S2σ/τ), (b) electrical conductivity (σ/τ), and (c) electronic thermal conductivity (κe/τ).

Table 1. Summary of TE Properties of ReCN for Different Temperaturesa

T [K] μ [eV] N [e/u.c.] ZT PF × 109 [W/mK2 s] S [mV/K] σ/τ [1/Ω ms] κe/τ [W/mK s]

p-Type
300 0.237 3.200 × 10−7 0.978 0.289 0.993 2.923 × 1014 8.856 × 1010

400 0.209 1.002 × 10−5 0.960 5.089 0.731 9.523 × 1015 2.121 × 1012

600 0.166 3.014 × 10−4 0.911 68.645 0.493 2.828 × 1017 4.523 × 1013

900 0.114 3.255 × 10−3 0.828 358.819 0.349 2.936 × 1018 3.901 × 1014

1200 0.053 1.288 × 10−2 0.764 855.735 0.280 1.091 × 1019 1.344 × 1015

n-Type
300 0.461 −6.200 × 10−7 0.973 0.436 −0.982 4.522 × 1014 1.344 × 1011

400 0.489 −1.997 × 10−5 0.950 7.318 −0.716 1.427 × 1016 3.082 × 1012

600 0.529 −0.566 × 10−3 0.889 89.196 −0.472 4.003 × 1017 6.023 × 1013

900 0.597 −6.760 × 10−3 0.825 453.501 −0.318 4.486e × 1018 4.944 × 1014

1200 0.685 −3.04 × 10−2 0.836 1150.869 −0.253 1.800e × 1019 1.652 × 1015

aIt is noted that as temperature increases, PF, σ/τ, and κe/τ also increase. While the absolute value of N and S increases and decreases, respectively.

Figure 7. TE performance of ReCN, where the figure of merit ZT is
shown as a function of T for four chemical potentials μ, corresponding
to 300 and 1200 K, for both p- and n-type doping, as shown in Table
1. The light and dark blue lines represent p- and the red and orange
lines represent n-type doping.
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■ CONCLUSIONS

Currently, work has been carried out in the search for new
materials that can be used as TEs, capable of competing with
current power generators. In this work, we have studied the
intrinsic transport properties of bulk ReCN, to see if it can be
considered as TEs, showing comparable characteristics with
the stable phases of GeTe which has a ZT = 0.7 at 1300 K,
since our compound ReCN has ZT ∼ 0.8 at 1200 K.
Thus, we find a flat region between K−Γ−M, at about 1 eV,

with a low dispersion (∼0.1 eV) indicating that the ReCN
system could be a TE material. We conclude that this region is
mostly composed of dx2−y2 + dxy degenerate states and also that
the gap in the ground state is Δg = 0.626 eV.
To test the above mentioned prediction, a study of the TE

properties was performed, resulting in ReCN having high
Seebeck coefficients as a function of chemical potential in the
range between μ = 0.2 and 0.5 eV, with σ/τ and κe/τ increasing
with temperature, although κe/τ remains lower than σ/τ on the
order of ∼104. Consequently, ReCN has symmetry around the
p- and n-type transition points with ZT ∼ 1, for intrinsic TE
behavior at low temperature, which means that it can be
considered as a TE, serving almost equally as a donor or
acceptor.
Therefore, the ReCN compound could be considered as a

TE material with excellent mechanical properties, which
hopefully can be synthesized in the future.

■ MODELS AND COMPUTATIONAL METHODS

Our first-principles calculation were performed with the
WIEN2k package,27 which allow us to perform electronic
structure calculations using density functional theory. It is
based on the full-potential augmented plane-wave method. We
determined the values needed to check that our structure has
the correct symmetry, by first calculating the nearest-neighbor
distance taking into account the atomic radius to avoid
overlapping of atomic sites. The separation energy between the
core and valence states was set to −6.5 Ry, and the generalized
gradient approximation with Perdew−Burke−Ernzerhoff
(PBE) exchange−correlation functions28 was used. Our
calculations were performed in the Brillouin zone with 25 ×
25 × 7 uniform k-point mesh, due to a negligible difference in
the total energy, our calculations were performed without
taking into account spin−orbit coupling and a convergence
criterion of 10−4 Ry was used. In addition, to show the stability
of ReCN, the phonon dispersion was calculated using
phonopy,29 creating six supercells, with displacements of 4 ×
4 × 2 unit cells of 64 unit formulas. These calculations were
performed with the VASP code30,31 finding the force constants
from the forces on the atoms, with the finite-difference
method, using a kinetic energy cutoff of 520 eV and a
Monkhorst−Pack scheme32 in the Brillouin zone with 2 × 2 ×
2 uniform k-point mesh and 10−8 eV as the convergence
energy threshold.
In the present work, TE properties such as Seebeck

coefficients and electronic conductivity are calculated using
the BoltzTrap33 code. Next, we made a temperature sweep
from 1 to 2000 K, with different doping values, in order to
calculate the thermopower or Seebeck coefficient and estimate
the ZT behavior.
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