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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Improve thermoelectric properties of graphene nanoribbons based on
resonant structure engineering

Yu-Xuan Kang(FEF24T)!2, Shi-Yun Xiong(8& 1 z)> T, and Hong-Liang Yi(%4L5%)" %%

1 School of Energy Science and Engineering, Harbin Institute of Technology, Harbin 150001, China

2Key Laboratory of Aerospace Thermophysics, Ministry of Industry and Information Technology, Harbin 150001, China

3 Guangzhou Key Laboratory of Low-Dimensional Materials and Energy Storage Devices, School of Materials and Energy,
Guangdong University of Technology, Guangzhou 510006, China

(Received 14 August 2025; revised manuscript received 23 October 2025; accepted manuscript online 30 October 2025)

Resonant graphene nanoribbons (GNRs), consisting of GNRs with engineered resonant side structures, offer a promis-
ing route to suppress low-frequency phonon transport and significantly reduce lattice thermal conductivity, thereby enhanc-
ing thermoelectric performance. In this work, we investigate the thermoelectric properties of resonant GNRs using molec-
ular dynamics simulations combined with the linear-scaling quantum transport (LSQT) method, explicitly accounting for
electron—phonon coupling. Our results indicate that while resonance structures moderately degrade the electrical conduc-
tivity and Seebeck coefficient, they dramatically reduce the lattice thermal conductivity, which far outweighs the electronic
transport losses and leads to an overall improvement in thermoelectric performance. By optimizing the key geometric pa-
rameters of the resonant structures — height (Hg.) and period (L,) — we achieve a peak ZT of 0.135 at Hge = 1.5 nm
and Ly = 7 nm, representing a threefold enhancement over pristine GNRs. This improvement stems from the decoupling
of phonon and electron transport, enabled by resonant phonon localization. Our findings not only elucidate the role of
resonant structures in tuning thermoelectric properties but also provide a general strategy for designing high-performance
low-dimensional thermoelectric materials through targeted phonon engineering.

Keywords: thermoelectric properties, graphene nanoribbons, resonant structure, thermal conductivity
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1. Introduction

Since its discovery in 2004, graphene has attracted exten-
sive interest due to its distinctive geometric structure, excel-
lent mechanical properties, !l remarkable thermal stability, !

(341 and ultra-high carrier

exceptional optical characteristics,
mobility.’] Graphene nanoribbons (GNRs), which are quasi-
one-dimensional derivatives of graphene, exhibit a tunable
bandgap, excellent electrical properties, and adjustable ther-
mal conductivity, making them promising candidates for ther-
moelectric applications. >~ The thermoelectric efficiency of a
material is quantified by the dimensionless figure of merit, 3]
ZT = ToS8%/k, where S is the Seebeck coefficient, o is the
electrical conductivity, and « is the total thermal conductivity
(comprising electron K| and phonon &, contributions), and T
is the absolute temperature. Despite GNRs exhibiting lower
thermal conductivity than pristine graphene, their ZT values
remain modest (typically < 0.01) due to the still-high thermal
conductivity.''”! Therefore, optimizing the thermoelectric per-
formance of GNRs — by enhancing S and ¢ while suppressing
K — is a crucial challenge.

The thermoelectric properties of GNRs can be effec-
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tively modulated through structural modifications, including
width,[11-12] edge roughness,! 131 defects,!1* 131 doping!16-17]
and resonant structures.!'8] Among these, resonant structures
(e.g., side branches) are particularly promising because they
are capable of suppressing low-frequency phonon transport,
allowing synergistic engineering with other scattering mech-
anisms (e.g., point defects) to reduce Ky, across the en-

18,191 Such resonant phonon localiza-

tire phonon spectrum. !
tion has been demonstrated to drastically reduce x in silicon
nanowires,[lg‘zz] silicon thin films?3-2%! and GNRs,[26’27] pri-
marily attributed to hybrid coupling between resonant phonons
and low-frequency propagating modes. For instance, in MoS,
nanoribbons with side branches, the phonon thermal con-
ductance of the nanoribbon is reduced from 0.51 nW/K to
0.09 nW/K, elevating ZT from 0.72 to 1.93.128]1 The ZT value
of graphenylene nanoribbons is improved from 0.5 to 1.8

s.1291 Resonant side branches in

by introducing side branche
poly-butadiene-cyclooctatetraene-framework carbon allotrope
(PBCF-graphene) GNRs (A-PBCF-GNRs) significantly im-
prove ZT, attributed to the remarkable reduction in ther-
mal conductivity of branched A-PBCF-GNRs caused by the

localized electronic and phonon states.”) Experimentally,
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Spann et al. demonstrated decoupled control of lattice ther-
mal conductivity from the Seebeck coefficient and electri-
cal conductivity in GaN-nanopillar-decorated silicon mem-
branes, highlighting the potential of resonant structures for ZT
enhancement. 31!

While the impact of resonant structures on phonon trans-
port has been studied systematically, covering size effects, "]
distribution patterns,3? resonant coupling mechanisms,?7-33
and synergistic effects with other scattering sources, 3]
their impact on electron transport remains less explored. The
understanding of electron transport in resonant structures is
still incomplete. Prior theoretical studies often relied on ballis-
tic transport models (e.g., non-equilibrium Green’s function,
NEGF) that neglect electron—phonon coupling, limiting their
applicability to short-channel systems.

In this work, we combine molecular dynamics sim-
ulations with the linear-scaling quantum transport (LSQT)
method®! to investigate the thermoelectric properties of
GNRs with resonant side branches, explicitly accounting for
electron—phonon interactions through molecular dynamics tra-
jectories. By regulating the height and periodicity of the res-
onant structures, we demonstrate precise control over thermo-
electric transport and achieve a significant enhancement in Z7.

2. Model and method
2.1. Model

The resonant GNRs consist of a pristine GNR decorated
with resonant structures on both edges, as illustrated in Fig. 1.
In our simulations, the width of the resonant branches Wge and
the width of the main GNR were fixed at 3 nm and 5 nm, re-
spectively, while the period of the whole structure L, and the
height of the side branches Hr. were systematically varied to
investigate their influence on thermoelectric transport. Such
resonant GNR structures have been experimentally fabricated
with atomic precision via bottom-up synthesis.[>”) We keep
HRg, smaller than Wy, to ensure stable dynamics of the whole
structure.
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Fig. 1. (a) Schematic illustration of the resonant GNR structure. (b) Min-
imal repeating unit showing the key geometric parameters: nanoribbon
width WnR, resonator period Ly, height Hge, and width Wge.

2.2. Method

The total thermal conductivity comprises contributions
from both electrons and phonons. Here, K, is calculated
using the homogeneous non-equilibrium molecular dynamics
(HNEMD) method.*8! This approach is physically equivalent

1391 but is compu-

to equilibrium molecular dynamics (EMD)
tationally more efficient. In this method, an external driving
force is applied to each atom to induce heat flow and is given

by

F =EF.+F.- W, M
where Wi; is the per-atom virial tensor for atom i
aU;
w,=Y 87/ @rij. @)
i2: OTij
J#i

Here, U is the potential energy of particle j, and r;; = r; — 7},
with r; and 7 being the positions of particles i and j, respec-
tively. The lattice thermal conductivity tensor is then calcu-
lated as

<Ja> Z ap -
—— =) K. F, 3)
TV B P

where T is the system temperature, V is the system volume,
and (-) denotes the ensemble average of the heat current. )
To model electron transport properties, we integrate
molecular dynamics (MD) simulations with the linear-scaling
quantum transport (LSQT) method.*!) The MD simulation
treats the motion of atomic nuclei classically using Newton’s
equations. For each ionic snapshot generated by MD, we
perform a fully quantum mechanical calculation using the
LSQT method. Unlike conventional NEGF methods, this
framework explicitly incorporates electron—phonon coupling
by leveraging MD trajectories, while its linear scalability with
system size enables efficient simulations of large-scale, struc-
turally complex systems.*?! Within the LSQT framework, the
electronic Hamiltonian is constructed using a bond-length-
dependent tight-binding (TB) model, where bond parameters
are dynamically updated based on MD-derived atomic con-
figurations. This method captures electron—phonon coupling
effects by concurrently simulating electronic and ionic time
evolution, allowing quantitative evaluation of the impact of
phonon scattering and structural disorder on charge trans-
port. It has been demonstrated that this method can repro-
duce the experimentally measured electrical conductivity of

36431 demonstrating the accuracy of the approach.

graphene,|

The LSQT method computes the time-dependent elec-
trical conductivity, X(E,r), via two methodologies: the ve-
locity autocorrelation (VAC) function and the mean squared
displacement (MSD) approach. In this work, we adopt the
VAC formalism, where the energy E- and correlation time ¢-

dependent electrical conductivity X(E,t) is obtained**]

2e% [t N
z(E,r):E/O Tr (8 (E—H)Re (V0 (1)))de,  (4)

where e is the elementary charge, 2 is the system volume,
o (E -H ) is the energy resolution operator, V is the velocity
operator, and V (1) = i) ¢ ~1A7 i5 the time-evolution ve-
locity operator, with A being the electron Hamiltonian.
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The semi-classical conductivity X(E) is obtained by
time-averaging X (E,t) after convergence

1
h—n

S(E) = /tz I(E,1)dr. )
|

This quantity represents the transport distribution function

(TDF), which serves as the foundation for thermoelectric prop-

erty calculations.*4*91 The electron transport properties as a

function of chemical potential at temperature 7 are defined

based on the following functional integrals (n = 0,1,2)

" Of(E,u,T)

o) = [~ e Ey e, ©

where f(E,u,T) is the Fermi—Dirac distribution.

The electrical conductivity o (i, T), Seebeck coefficient
S(u,T), and electronic thermal conductivity x(u,7T) are
then obtained as

G(‘LI,,T) :XO (,U.,T), (7)
__ L (xwT)
S(“aT) - eT <XO (‘U,,T) l'L ) (8)
1 X{ (1,7)
il t) = o (e - L) o

Finally, the dimensionless thermoelectric figure of merit ZT is
calculated by combining these results with the phonon thermal
conductivity obtained from HNEMD
2y < S ow), (10)
Kph + Ket (1, )

All computational workflows for electronic and ther-
mal transport properties in this work were performed using
the GPUMD (Graphics Processing Unit Molecular Dynam-
ics) package.°! In MD simulations, all interatomic interac-
tions were modeled using a neuroevolution potential (NEP) P!l
specifically developed for carbon systems.!*3] The NEP pro-
vides accurate interatomic forces at the quantum mechanical
level while remaining computationally efficient enough for
large-scale molecular dynamics simulations. As a result, it
can correctly describe atomic trajectories, which are essen-
tial for modeling subtle electronic redistribution in resonant
structures. For lattice thermal conductivity calculations using
the HNEMD method, systems were first equilibrated under the
NVT ensemble for 100 ps to achieve full structural relaxation.
The time step was chosen to be 1 fs, which is sufficiently small
to ensure energy conservation during simulations. A carefully
calibrated dimensionless driving force of 0.0001 was applied
to each atom, ensuring operation within the linear response
regime while maintaining an optimal signal-to-noise ratio. We
employed a simulation cell of 50 nm length with periodic
boundary conditions in the transport direction and aperiodic
boundaries in the other directions. Each simulation ran for

4 ns to guarantee proper convergence of the thermal conduc-
tivity values. To ensure statistical reliability, lattice thermal
conductivity was obtained by averaging results from three in-
dependent simulations.

In the electron transport calculations using the LSQT
method, atomic trajectories were obtained from MD simula-
tions for structures 5000 nm long, with periodic boundary con-
ditions applied along the transport axis. The electronic Hamil-
tonian was constructed at each time step based on instanta-
neous atomic configurations. The electron transport properties
were calculated over 1000 steps to ensure convergence, with
final values averaged across three independent calculations to
minimize statistical fluctuations.

3. Results and discussion
3.1. Pristine graphene nanoribbons with varying widths

We first investigated the electronic transport properties of
pristine graphene nanoribbons with varying widths. Armchair-
edged graphene nanoribbons (AGNRs) were selected to sys-
tematically study the width-dependent thermoelectric perfor-
mance, with a system length of 5000 nm to eliminate size
effects. Figure 2(a) presents the density of states (DOS) for
AGNRs of varying widths (Wnr = 2 nm, 5 nm, and 10 nm).
Narrow AGNRs (Wnr = 2 nm) exhibit prominent van Hove
singularities in their DOS, characteristic of one-dimensional
quantum confinement. As the width increases to 10 nm, these
singularities progressively diminish, with the DOS converging
toward the characteristic profile of two-dimensional graphene.
This evolution reflects a dimensional crossover from one-
dimensional to quasi-two-dimensional electronic behavior as
the system width increases. According to the DOS, a signif-
icant bandgap of 0.7 eV is observed for 2 nm-wide AGNRs,
which is in good agreement with literature values.’?! This
bandgap decreases dramatically to 0.26 eV at Wyr = 5 nm
and ultimately vanishes at Wyr = 10 nm. This systematic re-
duction in bandgap with increasing width has important impli-
cations for thermoelectric transport properties.

We next examined the width dependence of key ther-
moelectric transport parameters, i.e., the electrical conduc-
tivity (o), electronic thermal conductivity (kg]), and Seebeck
coefficient (S).
level (1 = 0) shows a progressive increase with AGNR width

The electrical conductivity near the Fermi

(Fig. 2(b)). This trend directly results from the narrowing
bandgap, which significantly reduces the energy barrier for
electron excitation from the valence to the conduction band.
The electronic thermal conductivity (Fig. 2(c)) exhibits a sim-
ilar energy dependence to &, obeying the Wiedemann—Franz
relation as expected for electronic transport. The Seebeck co-
efficient demonstrates an inverse correlation with ¢ across all
widths (Fig. 2(d)). This relation arises because while ¢ de-
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pends strongly on carrier concentration, increasing carrier con-
centration leads to a corresponding decrease in S. Therefore,
the maximum § values observed near the Fermi level in AG-
NRs decrease with increasing ribbon width. This fundamen-
tal trade-off between ¢ and S presents an important challenge
for optimizing thermoelectric performance in nanoribbon sys-
tems.

Our investigation of phonon transport reveals significant
width-dependent behavior in the thermal conductivity of AG-
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tivity (Kpn) decreases systematically from 797.3 W-m~1-K™!
for 10 nm-wide ribbons to 572.3 W-m~!-K~! for 2 nm-wide

This substantial reduction arises primarily from

As shown in Fig. 3(a), the phonon thermal conduc-

ribbons.
enhanced phonon—-boundary scattering in narrower ribbons,
where the increased proportion of edge atoms introduces ad-

ditional scattering centers that effectively suppress phonon

tranSpOrt.
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Fig. 2. Width-dependent electronic and thermoelectric properties of armchair GNRs. (a) DOS, (b) electrical conductivity (o), (c) electronic
thermal conductivity (ke;), and (d) Seebeck coefficient (S) for AGNRs with widths of 2 nm, 5 nm, and 10 nm.
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Fig. 3. (a) Variation of lattice thermal conductivity with the width of AGNRs. (b) Thermoelectric figure of merit ZT of AGNRs with different widths.

By combining these phonon transport results with our
electronic transport properties, we calculated the thermoelec-
tric figure of merit (Z7) using Eq. (10). Figure 3(b) shows that
ZT exhibits characteristic peaks with varying chemical poten-
tial, representing the optimal ZT values achievable through ei-

ther p-type or n-type doping. Notably, we observe a strong
correlation between ribbon width and thermoelectric perfor-
mance: the maximum ZT value increases gradually as the
width decreases, from 0.005 for 10 nm-wide ribbons to 0.063
and 0.095 for 5 nm-wide and 2 nm-wide ribbons, respectively.
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The chemical potentials corresponding to these maximum ZT
For the 10 nm-wide rib-
bons, peak ZT occurs at a relatively low chemical potential
of 0.055 eV, while the 2 nm-wide ribbons require a signifi-
cantly higher 0.41 eV to reach their maximum ZT. This shift
indicates that achieving optimal thermoelectric performance

values are also width dependent.

in narrower ribbons demands substantially higher doping con-
centrations. The width-dependent behavior of both ZT' mag-
nitude and optimal doping level provides crucial insights for
designing graphene nanoribbon-based thermoelectric devices,
particularly in balancing the trade-offs between dimensional-
ity effects and doping requirements.

3.2. Graphene nanoribbons with resonant structures

Having established the baseline properties of pristine
GNRs, we systematically investigated the effects of resonant

3r(a) Pristine GNR ]
Resonant GNR
T 2 - -
g
n
I~
o
Z
A I
—0.5 0 0
E (eV)
700 T
(c)
G50 Fm-mTm oo mmmmmmsmoooeos g
F‘/‘-\ Pristine-Kq) Resonant-K)
‘_’% — —Pristine-,‘{,ph — —Resonant-/ﬂph
|
g 150
E
~ 100
2
50
0
—0.5 0 0.
w(eV)
(e) Pristine GNR
0.15F Resonant GNR 4
i
X
¥ 0.10f |
g
z
o 005} 1
’ A
0
—0.5 0 0.5
p (eV)

structures by introducing side branches with Wgre = 3 nm,
Hre = 1.5 nm, and L, = 6 nm on 5 nm-wide GNRs. Fig-
ure 4 presents a comprehensive comparison of thermoelectric
properties between pristine and resonant-modified structures
at 300 K, revealing several key phenomena.

The introduction of resonant structures produces signifi-
cant modifications to the electronic transport characteristics.
As shown in Fig. 4(a), the TDF experiences notable sup-
pression, leading to reduced o compared to pristine GNRs
(Fig. 4(b)). This effect stems from two primary mechanisms:
the hybridization of resonant phonon modes with the host
nanoribbon creates additional electron scattering channels,
disrupting charge transport; and the electronic structure un-
dergoes modification, exhibiting both bandgap widening and
the emergence of impurity-like states within the band gap, as
evidenced by small peaks in the TDF of resonant GNRs.

(b) Pristine GNR
———— Resonant GNR
~—~~ 2 K )
T
£
w0
-
(=)
= 1t 1
b
—00.5 0 0.5
e (eV)
0.4 _(d) Pristine GNR |
——— Resonant GNR

T
<
|
>
B
™0

—0.5 0 0.5
w(eV)
0.15 -(f) Pristine GNR i

Resonant GNR

9% 0 0.5
u (eV)

Fig. 4. Comparison of transport properties of pristine and resonant GNRs at 300 K. (a) transport distribution function (TDF), (b) electrical
conductivity (o), (c) electronic thermal conductivity (k1) and lattice thermal conductivity (kpn), (d) Seebeck coefficient (S), (e) power factor

(820), and (f) thermoelectric figure of merit (Z7T).
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The thermal transport properties reveal particularly strik-
ing behavior.  The electronic thermal conductivity de-
creases proportionally with electrical conductivity, consistent
with the Wiedemann—Franz law.!>3! More remarkably, the
phonon thermal conductivity shows a six-fold reduction from
655.3 W-m~1.K~! in pristine GNRs to 115 W-m~1.K~! in
resonant GNRs (Fig. 4(c)), which is in good agreement with
literature values,>*! far exceeding the decrease in electrical
conductivity. The introduction of resonant structures brings
numerous flat bands in phonon dispersion. These flat reso-
nant modes not only reduce the group velocity of the prop-
agating modes inside the main GNR, but also decrease their
relaxation time. This disproportionate suppression of phonon
transport relative to electron transport proves crucial for ther-
moelectric enhancement. The Seebeck coefficient S exhibits
more complex behavior: while generally reduced by the res-
onant structures, the degradation becomes less pronounced at
higher chemical potentials. Notably, we observe an anoma-
lous abrupt change in S at 4 = —0.1 eV (Fig. 4(d)), which is
mainly related to the impurity-like states introduced within the
bandgap.

The peak power factor (PF) shows the expected reduction
from 0.135 W-m~'-K~! in pristine GNRs to approximately
0.05 W-m~!.K~! in resonant GNRs (Fig. 4(e)). However,
despite this decrease, the peak thermoelectric figure of merit
ZT demonstrates significant improvement — increasing from
0.065 in pristine GNRs to 0.12 (n-type) and 0.135 (p-type) in
resonant GNRs (Fig. 4(f)). This counterintuitive result high-
lights the dominant role of phonon suppression in enhancing
ZT, even when electronic transport properties are somewhat
compromised.

To optimize these effects, we performed systematic varia-
tion of resonant structure dimensions Hg. and L, while main-
taining constant main ribbon width (Wyr = 5 nm) and side
chain widths (Wgre = 3 nm). This analysis elucidates the im-
pact of resonant structure parameters on thermoelectric prop-
erties, showcasing extremities in power factor and thermoelec-
tric figure of merit.

Notably, the lattice thermal conductivity exhibits a strong

dependence on resonant structure geometry, decreasing with
increasing Hg. and decreasing L, (Fig. 5(a)). For instance, at
Hre = 1 nm and L, = 10 nm, the thermal conductivity mea-
sures 175 W-m LK1,
80 W-m~!-K~! as Hg. increases to 3 nm and L, decreases

which is reduced to approximately

to 6 nm. This trend reflects enhanced hybridizations between
resonant and propagating phonons. Increasing the height and
decreasing the period of the resonant structure increases the
density of resonant phonons, thereby enhancing the coupling
between resonant and propagating modes and decreasing the

37491 In addition, larger Hg, reduces the

thermal conductivity.!
frequency of resonance modes, thus it is able to hinder phonon
transport at much lower frequencies,!!”] which exhibit large
phonon mean free paths and contribute significantly to ther-
mal conductivity. The PF exhibits a non-monotonic depen-
dence on geometric parameters (Fig. 5(b)), reaching a global
maximum at Hge = 1.5 nm across all L, values. The combined
effects yield maximum ZT values when both phonon suppres-
sion and electronic transport are optimized. In general, ZT
increases with decreasing L, due to suppressed lattice thermal
conductivity. Through careful resonant structure engineering,
we achieve a peak ZT of 0.137, representing an order of mag-
nitude enhancement over pristine GNRs and demonstrating
the significant potential of this approach for thermoelectric ap-
plications. These results establish clear design principles for
optimizing GNR-based thermoelectric materials through res-
onant structure engineering, where careful balancing of geo-
metric parameters can selectively suppress phonon transport
while maintaining reasonable electronic performance.

To systematically elucidate the structural parameter de-
pendence of thermoelectric properties, we analyze the evo-
Iution of key transport coefficients with resonant structure
periodicity (Lp) at the chemical potential corresponding to
maximum ZT for resonant GNRs. Both electrical conductiv-
ity o and electronic thermal conductivity k. decrease with
increasing L, (Figs. 6(a) and 6(b)). Notably, the Seebeck
coefficient remains relatively unchanged across the tested
periodicities. The combined periodicity-dependent ¢ and S
drives a progressive decline in peak power factor (PF .y ) With

(a) K, (Wm K1) (b) S?c (W-m~LK™?) (c) ZT

175 0.062 0.1370

3.0{85.3 93.2 941 985 102.9 3.040.023 0.022 0.025 0.034 0.027 3.0 40.078 0.067 0.074 0.06 0.074
157 0.054 0.1180

_2.5493.2 101.5 109.8 108.1 113.5 _ 2.540.028 0.026 0.024 0.022 0.029 _2.540.082 0.075 0.065 0.061 0.055
E E- 0.045 £ 0.0986

= 2041021 1127 115 120.9 126.3 = 2.0{0.031 0.033 0.026 0.023 0.02 ~ 2.00.082 0.082 0.064 0.054 0.046
f 121 f 0.037 f 0.0794

IR 0.057 0.062 0.054 0.049 0.05 SR 0.137 0.137 0.119 0.102

103 0.028 0.0602
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6 7 8 9 10 6 7 8 9 10 6 7 8 9 10

L, (nm)

L, (nm)

L, (nm)

Fig. 5. Variation of thermoelectric properties with resonant structure height Hg. and period L, at 300 K. (a) phonon thermal conductivity (kpp),

(b) power factor (S2G), (c) thermoelectric figure of merit (ZT).
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increasing L, (Fig. 6(c)). Despite these electronic transport  nitude. Consequently, ZT' decreases with larger periods due

changes, phonon thermal conductivity remains dominant, ex-  to both reduced power factor and increased phonon thermal
ceeding electronic thermal conductivity by one order of mag-  conductivity.
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Fig. 6. Periodicity-dependent thermoelectric properties for resonant GNRs (Hre = 1.5 nm). (a) lattice thermal conductivity (k,p) and electronic
thermal conductivity (k) (b) electrical conductivity (o) and Seebeck coefficient (S), (c) power factor (§2), and (d) thermoelectric figure of
merit (ZT). All values are at the chemical potential corresponding to the peak ZT max.
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Fig. 7. Temperature evolution of thermoelectric properties for optimized resonant GNRs (Wnr = 5 nm, Hre = 1.5 nm, L, = 6 nm). (a) lattice
thermal conductivity (k) and electronic thermal conductivity (kei), (b) electrical conductivity (o) and Seebeck coefficient (S), (c) power factor
(8%26), and (d) thermoelectric figure of merit (Z7). All values are at the chemical potential corresponding to the peak Z7 max.
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The thermoelectric properties of resonant GNRs (Wnr =
5 nm, Hre = 1.5 nm, and L, = 6 nm) show strong temperature
sensitivity between 300 K and 600 K (Fig. 7). &,n decreases
monotonically with temperature (Fig. 7(a)) due to intensified
phonon-phonon umklapp scattering. The elevated tempera-
ture also reduces o due to enhanced electron—phonon scatter-
ing from amplified lattice vibrations (Fig. 7(b)). In contrast,
K1 exhibits non-monotonic behavior: it decreases until 400 K
and then increases (Fig. 7(a)). This inconsistent variation
of electrical conductivity and electronic thermal conductivity
with temperature signifies the breakdown of the Wiedemann—
Franz law, which will be analyzed later. The Seebeck coeffi-
cient undergoes an abrupt 21% reduction between 400-500 K
(Fig. 7(b)), which may be attributed to the smearing effect of
the Fermi—Dirac distribution. The PF declines progressively
with temperature (Fig. 7(c)) due to simultaneous degradation
of ¢ and S, indicating thermally degraded electronic transport
properties. The competing effects between electronic and ther-
mal transport properties produce distinct variations of ZT with
temperature: it decreases below 500 K (electron-dominated),
then increases above 500 K (phonon-dominated) (Fig. 7(d)).

3.3. The violation of Wiedemann—Franz law

The contrasting temperature trends of k (Fig. 7(a)) and
o (Fig. 7(b)) in resonant GNRs reveal a fundamental vi-
olation of the Wiedemann—Franz (W-F) law, which relates
O, K, and T through k., = LoT. Here, the Lorenz num-
ber L is theoretically constant for degenerate electron gases,

212
Ly = T8 —2.44 % 1078 W-Q - K2. To illustrate the degree of

B =
deviatiaoen from the theoretical value, we calculated the actual
Lorenz number L = k.;/(oT) and further evaluated L/Ly at
different temperatures. The corresponding results are shown
in Fig. 8. Tt is observed that L/Ly increases from 0.55 at
300 K to 0.92 at 600 K, indicating gradual restoration of W—
F compliance at higher temperatures in resonant GNRs. The
violation of the W-F law stems from peaked features in the
TDF (Fig. 4(a))*1%] and the limited number of excited elec-
trons at low temperatures in resonant GNRs. As temperature
increases, more electrons become excited, driving L/Ly to-
ward unity,>>! as the W=F law is derived from the one-electron
approximation and applies to Fermi liquid systems.!>®! Addi-
tionally, as reported in previous studies, *!! asymmetric prob-
ability density distributions and larger bandgap formation also
contribute to violations of the W-F law. This strong violation
at low temperatures enables independent optimization of elec-
tronic and thermal transport, representing a key mechanism for
achieving high ZT values in these nanostructured materials.

A comprehensive understanding of these geometric and
thermal effects provides critical design principles for resonant-
structure-based thermoelectric devices, particularly for bal-
ancing structural parameters with operational temperature

ranges while exploiting unique electron—phonon decoupling
opportunities.

1.0 T

0.8r 0.75 1

0.6

L/Lg

0.4

0.2

300 400 500 600
T (K)

Fig. 8. Ratio of the calculated to theoretical Lorenz number L/Lj as a
function of temperature.

4. Conclusion and perspectives

In summary, we have systematically investigated the ther-
moelectric properties of GNRs with resonant structures using
molecular dynamics simulations combined with LSQT meth-
ods, explicitly accounting for electron—phonon coupling ef-
fects. Our key findings demonstrate that while the introduc-
tion of resonant structures moderately reduces both electrical
conductivity and Seebeck coefficient, it achieves dramatic sup-
pression of phonon transport, leading to a substantial decrease
in phonon thermal conductivity. This phonon suppression ef-
fect not only compensates for the degradation in electronic
transport properties but ultimately enhances the thermoelectric
figure of merit. Through optimized resonant structure design,
we achieved a significant improvement in Z7 from 0.065 in
pristine GNRs to approximately 0.135 in resonant structures.

Temperature-dependent studies revealed important devi-
ations from conventional transport behavior in these nanos-
tructures. At lower temperatures, we observed significant vi-
olation of the W-F law between ¢ and kg, originating from
pronounced peaks in the transport distribution function. This
decoupling of electronic and thermal transport presents unique
opportunities for thermoelectric optimization in nanoscale sys-
tems. Our results demonstrate that resonant GNRs offer a
promising pathway for enhancing thermoelectric performance
through selective phonon suppression while maintaining rea-
sonable electronic transport properties. The ability to tune ZT
via controlled geometric modifications suggests strong poten-
tial for practical applications in thermoelectric energy conver-
sion. These findings provide fundamental insights for design-
ing high-performance graphene-based thermoelectric materi-
als through nanostructure engineering.
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