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Two-dimensional (2D) thermoelectric (TE) materials have attracted much attention in recent years. One
major factor that limits the TE performance of 2D materials is their relatively high thermal conductivity.
Searching for 2D materials with low thermal conductivity is therefore one of the central goals in theore-
tical and computational studies of 2D TE materials. Here, we report a comprehensive first-principles study
of the TE properties of 2D graphitic metal carbides (g-MCs), recently proposed highly stable 2D crystals
made of carbon and metal. After theoretically examining the entire family of 2D g-MCs, we found that 2D
g-MCs (M = Sb, Bi, Al, Ga, Rh, Ir, and W) possess intrinsically low thermal conductivity and the two
members among them, 2D g-SbC and g-BiC, exhibit ultra-low lattice thermal conductivities of 0.78 and
0.90 Wm™ K™, respectively, at room temperature. Detailed analysis shows that the underlying ultra-low
thermal conductivities of 2D g-SbC and g-BiC are the significant anharmonic effects in acoustic phonon
modes originating from the extended metal—-carbon bonds in their unique structure, which lead to strong
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anharmonic phonon scattering and highly reduced phonon group velocities. With a combination of low
thermal conductivity and favorable electron conductivity, p-type Sb,C;, shows high TE figures-of-merit
of around 0.98 at 300 K and 2.55 at 900 K. These findings offer new opportunities for future applications

rsc.li/nanoscale of 2D TE materials.

to high electron conductivity due to the lack of impurity scat-
tering in the direction perpendicular to the 2D plane. Various

1 Introduction

Thermoelectric (TE) materials have the capability of generating
electricity directly from the temperature gradient, holding sig-
nificant promise for sustainable energy applications. In prin-
ciple, the high performance of a TE material requires a high
power factor (PF = $%¢, where S and o are the electrical conduc-
tivity and the Seebeck coefficient, respectively) and low
thermal conductivity (x).'> Due to the interdependence
between o, S, and k, it is challenging to improve these para-
meters simultaneously in a TE material.>” Two-dimensional
(2D) materials have been shown to have great potential for TE
applications because of their unique structures that often lead
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2D materials, including group IVA/VA-VIA heterostructures,
transition metal dichalcogenides (TMDCs), 2D carbon allo-
tropes and their derivatives (graphene and graphyne families),
have been intensively studied for TE applications in experi-
ments and theoretical predictions.®>° One of the main factors
that limits the TE efficiency of 2D materials has been reported
to be their high thermal conductivity.?’>* As a reference,
MoS,, which has been widely studied as a 2D TE material, pos-
sesses a thermal conductivity around of 34.5 W m™* K .*!
Finding 2D materials with ultra-low thermal conductivity is
therefore essential for future applications of 2D TE materials.
2D graphitic metal carbides (g-MCs) are a recently proposed
new family of atomically thin crystals with metal-C; (MC;) moi-
eties periodically distributed in a graphenic lattice.>*?
Although 2D g-MCs have not yet been synthesized experi-
mentally, several recent advances naturally suggest a plausible
realization route in which metal precursors are loaded and
trapped, rapidly reduced under confinement, and then driven
to undergo surface lattice reconstruction on y-graphyne
templates.”*° 2D g-MCs have a chemical formula of M,Cjs,.
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Because of the relatively strong long-distance metal-metal
interactions originating from their unique structures, 2D
g-MCs are extremely stable with highly tunable electronic and
magnetic properties.>> Consequently, 2D g-MCs have been con-
sidered in various applications including catalysis and elec-
tronic/spintronic devices.*#*>*'> The materials’ TE pro-
perties, however, have not been discussed so far. Using first-
principles methods based on density functional theory (DFT)
and the Boltzmann transport approach, we theoretically inves-
tigated the TE performance of this intriguing family of 2D
materials. We found that the highly tunable electronic pro-
perties of 2D g-MCs offer unique opportunities for greatly low-
ering the thermal conductivity and significantly improving the
figure-of-merit, the ZT value (ZT = S*6T/x) of the materials. In
particular, all semiconducting 2D g-MCs are found to have low
intrinsic thermal conductivities, with two members of the
family, 2D g-SbC and g-BiC, exhibiting ultra-low lattice thermal
conductivities of 0.78 and 0.90 W m™" K™, respectively, at
room temperature. Detailed analysis reveals that anharmonic
three-phonon and four-phonon scattering play a key role in the
calculated low thermal conductivity of 2D g-SbC and g-BiC.
Together with its favorable electron conductivity, p-type 2D
2-SbC is identified as the best TE material among all g-MCs
with ZT values of around 0.98 at 300 K and 2.55 at 900 K.

2 Computational methods

We performed first-principles calculations based on DFT using
the Quantum Espresso (QE) package.® Standard solid-state
pseudopotentials®” were employed to model the ion core
potentials and valence electrons. The Perdew-Burke-Ernzerhof
functional®® within the generalized gradient approximation
was used to describe the exchange-correlation energy. For
structural relaxation and electronic structure calculations, the
Kohn-Sham orbitals were expanded in a plane-wave basis with
kinetic energy cutoffs of 80 Ry for wavefunctions and 320 Ry
for charge density and the potential. A 12 x 12 x 1 Monkhorst-
Pack grid was used to sample the k-points across the entire
Brillouin zone. Convergence criteria for the total energy and
force were set to 107> Ry and 10™® Ry per Bohr, respectively.
Phonon dispersion, dynamical matrices, and harmonic intera-
tomic force constants (IFCs) were calculated using density
functional perturbation theory,® as implemented in the QE
package.

We adopted the Boltzmann transport theory with the relax-
ation time approximation (RTA) to predict the lattice thermal
conductivity of 2D g-MCs. Both three-phonon and four-
phonon interactions were considered as the primary scattering
processes in the linearized Boltzmann transport equation
(BTE). The corresponding third-order and fourth-order IFCs
were calculated using the finite displacement approach. A 3 X
3 x 1 supercell was used for the finite difference method with
the THIRDORDER*® and FOURTHORDER packages,*' incor-
porating interactions up to the sixth-nearest neighbors for the
third-order IFCs and the third-nearest neighbors for the
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fourth-order IFCs. In the RTA framework, the phonon relax-
ation time 7, for each phonon mode A was calculated as
follows:

1 1 1
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where I‘L{; denotes the three-phonon scattering rate for the
combination/splitting process and I’ /m/j/ ~ represents the
four-phonon scattering rate for the combination/redistribu-
tion/splitting process. Explicit expressions for I" are provided
in the SI. N is the total number of g points used to sample the
Brillouin zone, where a 15 x 15 x 1 grid was used for both
three-phonon and four-phonon processes. To solve the linear-
ized BTE, we employed the ShengBTE package,** which offers
both iterative solutions to the BTE and results in the RTA. In
our calculations, three-phonon and four-phonon processes
were all addressed using the iterative method. The lattice
thermal conductivity tensor x contributed by phonons was

calculated using the following expression:

. A fza);\(afx) VOFD (4)

NV,

where N is the total number of modes in the Brillouin zone
and V, represents the volume of the unit cell. F, denotes the
linear deviation of the non-equilibrium distribution function

fi=f -
Einstein d1str1but10n function f = (e ~'. Within the
RTA, F, was calculated simply as the phonon mean free path
F, = )»,; however, for the iterative method, a correction term
A, representing the error introduced by the RTA was added to
the phonon group velocity, such that F, = 7;(v, + 4,).

To predict electronic transport driven by a temperature gra-
dient and evaluate the associated thermoelectric properties,
we calculated the electron-phonon interaction (EPI) to accu-
rately determine the electron relaxation time (z.). Unlike tra-
ditional deformation potential theory,**** EPI calculations
yield 7% as a function of band index n and wave vector k,
rather than as a global constant. The EPW code®® was used to
compute the electron-phonon matrix elements g, .(k, ) and
the electron self-energy X,(w, T) with interpolation on a 72 x
72 x 1 dense k-point and a g-point mesh. The electron relax-
ation time 7 is given by the imaginary part of the electron
self-energy:

ﬁ VT F, +0o(VT?) from the equilibrium Bose-
hon T _ 1)
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Wwith %%, we calculated the electrical conductivity, Seebeck
coefficient, and electronic thermal conductivity by solving the
BTE using the BoltzTraP2 package:*®

o=1L0. (6)
£
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3 Results and discussion
3.1 Crystal structure and stability

After the first proposal of monolayer 2D g-MCs, Yam et al.*®
conducted a comprehensive study on the ground-state struc-
tures of g-MCs and demonstrated that 33 types of 2D g-MCs
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with different metal elements are thermally stable at room
temperature. In this work, we focused on the 7 types of stable
monolayer 2D g-MCs that exhibit semiconducting behavior (M
= Sb, Bi, Al, Ga, Rh, Ir, and W). As illustrated in Fig. 1(a), the
ground-state structure of selected g-MCs is a hexagonal lattice
with P3 group symmetry in the unit cell. In the main text, we
focus on the properties of monolayer Sb,C;, due to its superior
TE performance among monolayer 2D g-MCs. Detailed ana-
lysis of the other 6 types of 2D g-MCs are shown in Fig. S1-S9.
The optimized lattice constant of monolayer Sb,C;, is
6.74 A, and the average Sb-C bond length is 2.18 A. To verify
the dynamic stability of the crystal, we calculated the phonon
dispersion of monolayer Sb,C;,. As shown in Fig. 1(c), no ima-
ginary phonon modes are observed, indicating the dynamic
stability of the ground-state structure. Notably, a clear phonon
band gap exists between 85 em™" and 140 em™' (A-O band
gap), separating the acoustic and optical phonon modes. The
element-decomposed phonon density of states (PDOS) for
monolayer Sb,C;, is shown in Fig. 1(d), where collective
vibrations of Sb atoms dominate the acoustic and low-fre-
quency optical regions, indicating the importance of metal
atoms in phonon transport and scattering processes.
Furthermore, ab initio molecular dynamics (AIMD) calcu-
lations were conducted to assess the thermal stability of mono-
layer Sb,Cy, at elevated temperatures. As shown in Fig. 1(b)
and (e), the average Sb-C bond length oscillates around its
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Fig. 1 Top and side views of (a) monolayer Sb,C;, and (b) the structure during the AIMD process at 900 K and 12 ps, with the structural unit indi-
cated by the black dashed line. (c) Phonon dispersion of monolayer Sb,C;,. (d) Projected phonon density of states. (e) Variation in the Sb—C bond
length (red line) and free energy (blue line) of Sb,C;, during the AIMD simulation at 900 K.
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static value of 2.18 A throughout a 6000-step MD simulation
with a time step of 2 fs. Besides, the regular variation in free
energy further confirms the thermal stability of monolayer
Sb,C;, at 900 K.

3.2 Phonon transport

An accurate lattice thermal conductivity is crucial to evaluate
the TE performance of 2D g-MCs. For materials with strongly
anharmonic phonon interactions, high-order anharmonicities
should be considered to obtain a reliable x;, and its corres-
ponding temperature dependence. The harmonic approxi-
mation (HA)*"*® and self-consistent phonon (SCP) theory*®™"
are two approaches for quantifying anharmonic effects on
phonon transport. Based on the quasiparticle (QP) approxi-
mation, the state-of-the-art SCP theory effectively captures the
impact of anharmonic lattice dynamics on phonon dispersion
at high temperatures.’*>® However, its predictions for «, still
require further validation against the corresponding experi-
mental measurements. In contrast, the HA, which simply
employs 0 K harmonic phonon dispersion, neglects tempera-
ture-induced  renormalization of phonon  energies.
Nevertheless, HA has been shown to be a reasonable approxi-
mation for materials where high-order anharmonicity cannot
be overlooked.’*™® For instance, Ruan et al>® demonstrated
that HA, when considering 3-phonon (3-ph) and 4-phonon
(4-ph) scattering, slightly overestimates the «; value of III-V
semiconductors up to 900 K in contrast to the experimental
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results. In our study, monolayer Sb,C;, is a semiconductor
with a direct band gap of 1.17 eV and contains the group VA
element (Sb). Thus, we used the HA as an appropriate approxi-
mation to calculate the «;, value of monolayer Sb,C;,.

As shown in Fig. 2(a), the lattice thermal conductivity x;pp
(only with 3-ph scattering) and x3pp4pn (including both 3-ph
and 4-ph scattering) along the lattice a-axis was calculated over
a temperature range from 200 K to 900 K. At 300 K, the k3,
and Ksph 4pn values reach 1.23 Wm™' K ' and 0.78 Wm™" K™,
indicating a 36% reduction in thermal conductivity due to
4-ph scattering. Additionally, as the temperature increases, the
impact of quartic anharmonicity becomes more pronounced:
at 600 K and 900 K, the x3ph4pn values are 0.38 and 0.23 W
m~" K™', which are 48% and 56% lower than those of k3pp,
respectively. In contrast to other 2D materials, the lattice
thermal conductivity of monolayer Sb,C;, is exceptionally low
—around 0.15% of the value for silicon-supported monolayer
graphene (x, ~ 500 W m™" K ').>” To further investigate the
importance of quartic anharmonicity in 2D g-MCs, we fitted
the temperature dependence of lattice thermal conductivity
with 77 In general, the intrinsic «;, of semiconductors follows
Debye’s T° law in the low temperature limit, but as the temp-
erature is raised, it typically follows a 7" relationship due to
strong Umklapp scattering.’® As shown in Fig. 2(a), when only
cubic anharmonicity is considered, k;pp, exhibits an anomalous
temperature dependence with an « value of 0.72, deviating
from the universal 7~' law. However, the inclusion of 4-ph

0 500 1000 1500
(d) Frequency (cm™1)

Sb2C12, 900 K o 3-ph
o 4-ph

0 500 1000 1500
Frequency (cm™1)

Fig. 2 (a) Calculated temperature-dependent x_ values of Sb,C;, from 200 K to 900 K, with consideration of only 3-phonon scattering and
3-phonon plus 4-phonon scattering. The dashed lines represent the curve fitting of x| with T~ Frequency-dependent anharmonic scattering rates
(ASRs) of Sb,Cj, (b) at 300 K and (d) at 900 K, contributed by 3-phonon and 4-phonon processes, respectively. The purple solid line indicates the
intrinsic vibrational frequency of phonons. (c) Frequency cumulative x_and its 1°* derivative (inset) at 300 K. The shaded region between the gray

dashed lines represents the A—O band gap of Sb,Cj,.
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scattering improves the dependence and increases the a value
to 1.03, suggesting inevitable quartic anharmonicity in 2D
g-MCs.

A key reason for the ultra-low x, value of Sb,C;, is its high
phonon scattering rates (SRs) in the 3-ph and 4-ph scattering
processes. As shown in Fig. 2(b) and (d), the 4-ph SRs are large
enough that they cannot be neglected in the total SRs, with
their proportion increasing as the temperature increases. At
300 K, the 4-ph SRs are obviously lower than the 3-ph SRs
across the entire frequency range, but in the acoustic region,
the averaged 4-ph SR is almost in the same order of magnitude
as the averaged 3-ph SR, with a ratio of around 10.5. In con-
trast, when the temperature increases, the 4-ph SRs are signifi-
cantly enhanced and the same ratio decreases to around 3.5 at
900 K, demonstrating the effect of 4-ph scattering on the
phonon relaxation process. Additionally, to verify the validity
of the quasiparticle (QP) approximation, we compared the
intrinsic phonon vibrational frequencies with phonon SRs for
both 3-ph and 4-ph processes. As shown in Fig. 2(b), the domi-
nant SRs fall below the purple solid line, indicating that
phonon vibrational periods are much longer than the phonon
relaxation times. This ensures that phonons undergo several
full oscillations before scattering events occur, which is
required in the QP approximation. To illustrate the frequency-
dependent behavior of 3-ph and 4-ph SRs, it is essential to
consider the influence of selection rules on these scattering
processes.’*®! Due to the selection rules, the total number of
allowed 3-ph patterns in the phase space is considerably lower
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than that of the 4-ph processes, with a ratio of around 0.7% in
the Sb,C;, case. Among the allowed 3-ph processes, as the fre-
quency range of the acoustic phonon (Aw, ~85cm™") is slightly
larger than the A-O phonon band gap (Aws_ o ~55 em™ ),
acoustic-acoustic-optical (AAO) 3-ph patterns are greatly
reduced in the low-frequency region, resulting in a marked
decrease in the 3-ph SRs below 55 cm™". However, the restric-
tions imposed by the selection rules on the 4-ph processes are
much fewer, so the drop of 4-ph SRs is not as violated as that
of 3-ph SRs below 55 cm™'. Consequently, within the acoustic
region, the 4-ph SRs are comparable to the 3-ph SRs.
Furthermore, as shown in Fig. 2(c), the frequency cumulative
k, and its derivative indicate that the primary contribution to
the total «;, arises from acoustic phonons, where 4-ph scatter-
ing largely suppresses the increase of x;. From the analysis of
the phonon PDOS, we determined that the low-frequency
phonons mainly originate from the vibrations of metal atoms,
so the ‘rattling’ of metal atoms in the cage of surrounding
carbons becomes a direct incentive for the strong
anharmonicity.

To provide a deeper understanding of the mechanisms
underlying the 3-ph and 4-ph scattering, we analyzed the
decomposed phonon SRs for each type of process. Fig. 3 com-
prises the decomposed 3-ph and 4-ph SRs at 300 K. As illus-
trated in Fig. 3(a), the 3-ph SRs are mainly dominated by the
splitting process at high frequencies above 800 cm™" and the
combination process at low frequencies below 85 cm™, with a
relatively balanced contribution from both processes in the
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o  4-ph splitting
4-ph redistribution
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Fig. 3 (a) Decomposed 3-phonon scattering rate into the combination (1 + 2" — 1") and splitting (1 — A" + 1”) processes at 300 K. (b) Decomposed
4-phonon scattering rate into the combination (1 + A" —» 1"), splitting (1 - 2" + 2" + 2") and redistribution (1 + 1’ - 1" + 1) processes at 300 K. (c)
Decomposed 3-ph and (d) 4-ph scattering rate into the normal and Umklapp processes at 300 K. The inset shows the ASR ratio between the

Umklapp and normal processes.
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intermediate frequency range. Due to the presence of the A-O
band gap, the SRs from the combination process for low-
energy acoustic phonons remain relatively low. This limitation
arises because the excitation of an acoustic phonon into the
optical region requires at least one participant phonon with a
frequency exceeding 55 c¢cm™'. In contrast, as shown in
Fig. 3(b), the A-O band gap has minimal impact on the 4-ph
SRs in the predominant redistribution process. The AOAO
pairing mechanism is not restricted by the band gap, with the
SR values derived from the redistribution process being almost
an order of magnitude higher than those of the other pro-
cesses and comparable to those of the 3-ph SRs in the acoustic
region. Fig. 3(c) and (d) further illustrate the SRs associated
with normal and Umklapp processes in the 3-ph and 4-ph
interactions. As shown in the insets, the normal process is the
primary scattering mechanism in 3-ph scattering, while the
Umklapp process predominates in 4-ph scattering. This dis-
tinction aligns with the higher o factor in the temperature
dependence of x;, & T~ * when incorporating both 3-ph and
4-ph processes. Moreover, we also examined whether electron—
phonon scattering may become another potential source of
thermal resistance. Unfortunately, as shown in Fig. S10(b), the
EPI contribution to the phonon SRs is orders of magnitude
lower than that derived from phonon-phonon anharmonic
scattering,
calculations.
We also considered other key factors to illustrate the ultra-
low «;, value of monolayer Sb,C;,. As shown in Fig. 4(a) and

so we neglected this contribution in our
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(b), we calculated the Griineisen parameter (y) and phonon
group velocity (|Vg|). Compared to optical phonons, the signifi-
cantly higher |y| values of acoustic phonons indicate a stronger
anharmonic effect within the acoustic branches, which empha-
sizes the critical role of metal atoms in inducing lattice anhar-
monicity. Besides, in Table S1, we list the y values of 2D g-MCs
and other representative 2D materials. Compared with gra-
phene and MoS,, 2D g-MCs exhibit higher |7,| values and
much lower acoustic phonon group velocities and relaxation
times, leading to their characteristically low thermal conduc-
tivity. Meanwhile, the relatively low group velocities of
phonons directly contribute to the low «;, value, as shown in
eqn (4). We observed that the low-frequency optical branches
are almost dispersion-less and evaluated their impact on «y, by
using the corresponding group velocity |V,|. The average group
velocity of low-frequency optical modes |Vigy.o| = 0.66 km s
is less than one-third of the average acoustic phonon group
velocity |V,| = 2.05 km s, so its direct contribution to x, is
much smaller than that of the acoustic branches. As shown in
Fig. 2(c), the frequency-cumulative ;, further confirms its sup-
pressive role with a contribution of less than 0.1 W m™ K™ to
k1. Moreover, the vibrational eigenmodes of the lowest-fre-
quency optical branch are illustrated and discussed in
Fig. S11. Besides, the decomposed weighted phase space
(WPS) of 3-ph and 4-ph scattering processes is plotted in
Fig. 4(c) and (d), which shows the multi-phonon scattering
processes allowed by energy conservation. The WPS of allowed
4-ph scattering patterns is comparable to that of 3-ph scatter-

(b)
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Fig. 4 (a) Grlneisen parameter y and (b) phonon group velocity |V,| of Sb,Cj, at 300 K. (c) Decomposed weighted phase space for 3-ph scattering

processes and (d) 4-ph scattering processes.
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ing, indicating that 4-ph scattering significantly increases the
total scattering rate in the frequency domain. For both 3-ph
and 4-ph scattering, the substantial distribution of WPS in the
acoustic region aligns well with the Griineisen parameter—
acoustic phonons predominate in the allowed anharmonic
scattering patterns. Thus, with these favorable factors, mono-
layer Sb,C;, naturally exhibits a low lattice thermal conduc-
tivity. In real experimental settings, some other factors, such
as boundary scattering and the substrate effect, may further
reduce lattice thermal conductivity, potentially yielding a lower
ki, value than our theoretical predictions. As illustrated in
Fig. S12, we evaluated the lattice thermal conductivity of three
representative defect configurations in Sb,C;,, and all of them
exhibit similarly low x, values.

3.3 Electronic structure

Thermoelectric properties, such as the Seebeck coefficient and
electrical conductivity, are closely related to the electronic
structure of materials. The band structure of monolayer Sb,Cj,
is depicted in Fig. 5(a), where the valence band maximum
(VBM) and the conduction band minimum (CBM) are both
located at the M point in k-space, forming a direct band gap of
approximately 1.17 eV. Besides, at a point between I' and K,
another pair of direct VB and CB edges lies near the VBM and
CBM, with a difference of around 0.2 eV on both sides.
Extensive research has shown that multi-valley effects can sig-
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nificantly enhance the Seebeck effect.®> ** Therefore, the pres-
ence of multiple valleys in the band structure provides a prom-
ising direction for further improving the thermoelectric per-
formance of monolayer Sb,C;,. Techniques such as doping
and strain engineering, aimed at reducing the energy differ-
ence between the VB and CB edges, may further enhance the
Seebeck coefficient of this 2D g-MC. Furthermore, as plotted
in Fig. 5(b), the electron DOS possesses a steep slope at the
VBM and CBM, which is advantageous for achieving a high
Seebeck coefficient. The element-projected DOS reveals that
both the VBM and CBM are mainly contributed by light C
atoms, and this is consistent with the absence of notable
spin-orbital coupling splitting near the Fermi level. To visual-
ize the electronic structure around the band edges, we present
the band-decomposed charge densities of the VBM and CBM
in Fig. 5(c) and (f). With a greater contribution of metal atoms
in the PDOS, the VBM charge density is localized more around
the metal atoms, whereas the CBM charge density is more
extensive on the carbon skeleton. Consequently, metal-carbon
bonds easily form bridges in hole transport for p-type Sb,Cjs,,
while electronic transport is more efficient through the carbon
skeleton in the case of n-type doping. The electron localization
function (ELF) is also shown in Fig. 5(e) and its value at the
midpoint between Sb and C is around 0.77, indicating that the
covalent bond between the metal atom and carbon is not so
strong as to hinder the rattling of metal atoms and the corres-

(a) (b) (c)
?\)</ I i
] 1]
0.8 Sb (5p)
0 01 — cep
S A~ 0.6 — total
L -11 -1
w L 0.4 N
%-é/\ - -3
pd el
=4+ L - f . .
MoK Y50 15
(d) (e) DOS ()

Relaxation Time (ps)

0
E (eV)

0

Fig. 5 (a) Element-decomposed band structure and (b) projected density of states of Sb,C,,, with the color bar indicating the weight of Sb in the
band structure. The Fermi level was set to zero. Decomposed charge density of the (c) valence band maximum and (f) conduction band minimum at
the high-symmetry point, M. (d) Momentum-dependent electron relaxation times 72* of Sb,Cy, at 300 K, 600 K and 900 K. (e) 2D ELF at a plane per-
pendicular to the z-axis between the carbon skeleton and the protruding Sb atom in the positive z direction.
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ponding lattice anharmonicity. Additionally, the effective
masses of holes and electrons at the VBM and CBM are 1.07m,
and 1.01m,, where m, denotes the free electron mass. The
light carrier effective masses are also beneficial for achieving
high electrical conductivity and Seebeck coefficients.

Another vital factor to determine the TE performance is the
electron relaxation time 7.. Based on the electronic and
phonon structure, we calculated the electron-phonon matrix
and the electron self-energy in the EPI. To interpolate the elec-
tron-phonon matrix on a denser k-grid, maximum localized
Wannier functions (MLWFs) are employed as an intermediary
for transformation. As shown in Fig. S10(a), MLWFs accurately
reproduce the band structure in close agreement with the
plane-wave basis, validating the reliability of Wannierization in
our calculations. The momentum-dependent electron relax-
ation time 7 is plotted in Fig. 5(d), where the 7, value at the
VBM and CBM is on the order of 10" ps at 300 K. As the temp-
erature increases, the 7. value decreases significantly due to
enhanced electron-phonon scattering. In the following subsec-
tion, as shown in eqn (6)-(9), the momentum-dependent . is
utilized to solve the electron BTE and provide accurate predic-
tions for the electrical conductivity and Seebeck coefficient of
Sb,Ci,.

3.4 Thermoelectric performance

First, we examined the Seebeck coefficient (S) and electrical
conductivity (o) for both p-type and n-type monolayer Sb,Cy,.
The doping level or the carrier concentration is artificially
introduced by using the rigid band approximation, where the
additional carriers shift the Fermi level while keeping the
intrinsic band structure unchanged. In our analysis, we
focused on the scalar values of S and ¢ along two identical
lattice axes. The Seebeck coefficient is positive for p-type
doping and negative for n-type doping, and it is antisymmetric
across the band gap, with similar |S| values at the same elec-
tron or hole concentration, as shown in Fig. 6(a). At 300 K, the
|S| values are approximately 200 pV K~ when the doping level
approaches the VBM and CBM, but a slightly lower doping
level of 10'* cm™? increases the S values to around 375 uv K"
for both doping types. Besides, within the doping level range
of 5 x 10" to 10" cm™>, |S| exhibits an excellent linear
relationship with the logarithm of carrier concentration and a
positive correlation with the temperature, which is a general
feature of the Seebeck coefficient in semiconductors. As
another significant TE parameter, the electrical conductivity o
is plotted in Fig. 6(b). Due to the similar values of z. and DOS
at the VBM and CBM, the o values of p-type and n-type Sb,Cy,
are almost equivalent when the doping level approaches the
band edges. However, its dependence on the carrier concen-
tration and temperature is more sensitive and opposite to that
of |S|. At higher carrier concentrations, the increased number
of charge carriers enhances electrical transport, leading to a
higher ¢ value. Conversely, as the temperature increases, stron-
ger electron-phonon scattering significantly reduces the 7. and
o values. At 300 K, the ¢ values for both p-type and n-type
Sb,C,, are around 10° S m™' at a carrier concentration of
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Fig. 6 (a) Absolute Seebeck coefficient and (b) electrical conductivity
of p-type and n-type Sb,C;, at 300 K, 600 K and 900 K, respectively. (c)
and (d) Power factors of p-type and n-type Sb,C;».

about 10"® em™. Consequently, the high levels of S and & con-
tribute to the favorable TE performance of monolayer Sb,C;,.

In TE devices, the power factor (PF = S”0) is a key parameter
for assessing the energy conversion efficiency. Due to the
opposing dependence of S and ¢ on the carrier concentration,
a high PF results from a good balance between these factors.
As shown in Fig. 6(c) and (d), the PF peak for p-type doping
near the VBM reaches approximately 3.1 x 10> W m™" K2 at
300 K, while the n-type PF peak near the CBM is slightly lower,
with a value of 2.8 x 107> W m™" K. At higher temperatures,
the PF for both doping types decreases due to the stronger
temperature dependence of 6. The PF of monolayer Sb,C;, is
comparable to those of of other predicted 2D materials with
good TE performance, such as monolayer MoS, (around 2 x
107 W m~" K™ ?) and monolayer SnSe, (around 1 x 10> W m™*
K—z).ss,se

The electronic thermal conductivity (k.) is also an outcome
of solving the electron BTE, as shown in Fig. 7(a). In contrast
to the lattice thermal conductivity, k. makes a minor contri-
bution to the total thermal conductivity at low doping levels,
but its effect becomes significant when the carrier concen-
tration exceeds 1 x 10> em™, as plotted in Fig. 7(b). Using the
PF and total thermal conductivity, as shown in Fig. 7(c) and
(d), we evaluated the figure-of-merit, the ZT value, for mono-
layer Sb,C;, at various doping levels and temperatures. Given
that thermal conductivity is more sensitive to temperature
than the PF, the ZT value increases with increasing tempera-
ture. At 300 K, the p-type ZT peak reaches 0.98 at a hole con-
centration of 5.35 x 10" cm™?, while the n-type ZT peak is
approximately 0.86 at an electron concentration of 5.05 x 10'?
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ecm 2. At higher temperatures, the maximum ZT values for
p-type and n-type peaks reach 1.77 and 1.58 at 600 K, and 2.55
and 2.26 at 900 K, respectively. The ZT value of monolayer
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Sb,C;, at room temperature surpasses those of many other
predicted and measured 2D materials, such as graphyne and
few-layer TMDs.*”®® This exceptional TE performance is pri-
marily attributed to the ultralow lattice thermal conductivity
and high PF, stemming from the strong anharmonic effects of
metal atoms and the steep slope of the DOS near the band
edges.

To evaluate the general TE properties of g-MCs, we com-
pared the TE performance of monolayer Sb,C;, with those of
six other types of 2D monolayer g-MCs. As shown in Fig. 8(a),
the Seebeck coefficients of monolayer 2D g-MCs are mainly in
the range of 180-220 pV K™ at their optimal ZT values and
their electrical conductivities are within the 10*-10° S m™
range. Monolayer W,C,, is an exception with a very low ¢ value
due to its narrow band gap of less than 0.25 eV, which is com-
parable to the energy of high-frequency phonons. This leads to
strong EPI and a reduced electron relaxation time near the
band edges, whereas all other candidates have a band gap
larger than 0.40 eV. Consequently, as shown in Fig. 8(b), the
PF of monolayer g-MCs is generally on the order of 107> W
m~" K> and monolayer Rh,C;, exhibits the highest PF value
of around 3.7 x 107> W m™' K> among the 2D g-MCs.
Furthermore, all monolayer 2D g-MCs exhibit low lattice
thermal conductivity at 300 K, underscoring the universality of
the strong anharmonicity effects induced by the metal atoms.

To elucidate the ranking of x;, among monolayer 2D
g-MCs, we listed the averaged metal-carbon bond length and
ICOHP in Table 1. The g-MCs were divided into three groups
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Fig. 8 (a) Seebeck coefficient and electrical conductivity of 2D monolayer g-MCs at their optimal ZT values at 300 K. (b) Power factor and lattice
thermal conductivity of g-MCs. (c) and (d) Maximum ZT values for p-type and n-type g-MCs and the corresponding carrier concentrations (doping

levels) at 300 K.
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Table 1 The relationship between x_ at 300 K, metal-carbon bond
length and integrated crystal orbital Hamilton population (ICOHP) for
the metal—carbon bond of 2D g-MCs

Sb Bi Al Ga Rh Ir
dyic (A) 2.18 2.28 1.91 1.94 1.94 1.93
-ICOHP (eV) 417 3.67 4.04 3.15 3.51 4.21

Kk, (Wm™ K™ 0.78 0.62 2.86 0.83 6.48 14.32

according to the element group of the metal atoms: (1) Sb and
Bi, (2) Al and Ga, and (3) Rh and Ir. The «;, values of monolayer
Sb,C,, and Bi,C;, are lower than those of the others due to
their remarkably longer metal-carbon bond length. The
weaker bonds allow Sb and Bi atoms to vibrate more freely,
resulting in stronger lattice anharmonicity in these two g-MCs.
For 2D g-MCs with metal atoms from the same element group,
their «x;, values are positively correlated with the ICOHP. A
small absolute ICOHP signifies that the metal atom is weakly
bound to the nearby carbons, which induces anharmonicity
and leads to a low lattice thermal conductivity. Additional
details on the «x;, ordering of the studied 2D g-MCs are pro-
vided in Table S1. We found that the ordering also closely
tracks the corresponding acoustic phonon group velocities and
relaxation times. Besides, as shown in Fig. 8(c) and (d), even
though the ZT value of monolayer Sb,C;, is the highest among
all 2D g-MCs, some other 2D g-MCs also show competitive TE
performance. For example, both p-type and n-type Bi,C;,
achieve ZT values of above 0.85 at room temperature. At 600 K,
the ZT values of Bi,C,, increase to 1.24 for p-type and 1.25 for
n-type, which are comparable to that of the well-known 3D TE
material PbTe (around 1.30 at 600 K).*® Overall, 2D g-MCs rep-
resent promising candidates for TE applications and their
ultralow lattice thermal conductivity and high power factor are
key factors in achieving high ZT values.

4 Conclusions

In summary, using first-principles calculations based on DFT
and the semi-classical BTE, we theoretically investigated the
electrical and thermal transport properties of 2D g-MCs and
assessed their TE performance. We showed that the strong
anharmonic effects induced by metal atoms in their unique
structures lead to an ultra-low lattice thermal conductivity of
2D g-SbC and g-BiC. Further analysis of phonon scattering
rates, weighted phase space, and the Griineisen parameter
reveals that 4-ph scattering in g-MCs cannot be ignored for
phonon relaxation processes. The multi-valley electronic band
structure and the steep slope of the DOS near the band edges
contribute to a high Seebeck coefficient and power factor. Due
to its ultra-low thermal conductivity and favorable electrical
conductivity, the ZT values of p-type monolayer Sb,C;, reach
0.98 at 300 K and 2.55 at 900 K. The present work provides a
systematic understanding of the TE performance of 2D g-MCs,
highlighting the effectiveness of tuning the thermal conduc-
tivity of 2D materials with anharmonic multi-phonon scatter-
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ing and offering new opportunities for future design of high-
performance 2D TE materials.
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