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Graphene nanowiggles (GNWs) are periodic repetitions of graphene nanoribbon (GNR) junctions resulting
in quasi-one-dimensional wiggle-edged structures. They are synthesized using a surface-assisted bottom-up
chemical approach and have been predicted to possess unusual electromagnetic properties. Here we show that
GNWs also possess superior thermoelectric properties compared to their straight GNR counterparts. We employ
a combination of density-functional theory and semiempirical approaches to demonstrate that the presence of
wigglelike edges dramatically degrades thermal conductance due to phonons but preserves excellent electronic
conduction, resulting in significant enhancement of the thermoelectric figure of merit ZT. We show that the
resonant tunneling effect between alternate parallel and oblique sectors contributes to maintaining GNR electronic
transport properties. We also present a systematic study for a large set of nanowiggle structures to establish how
geometry and spin states influence Z7 at room temperature, thereby providing a road map for guiding the design
and synthesis of specific GNWs for targeted thermoelectric applications.

DOI: 10.1103/PhysRevB.86.115438

I. INTRODUCTION

The thermoelectric effect is the direct transformation of
temperature gradients into electric voltage and vice versa.
This energy conversion mechanism can be used for power
generation and refrigeration applications.'-? Ideal thermoelec-
tric materials are required to have good electrical conduction
to allow facile transport of electrons. At the same time,
to avoid the temperature gradient being degraded by heat
dissipation, good thermoelectric materials also need to be poor
heat conductors. Quantitatively, the thermoelectric conversion
efficiency is thus expressed by the dimensionless figure of
merit ZT = S?°G,T/k, where S is the thermal power (or
Seebeck coefficient), T is the average temperature, G, is the
electrical conductance, and k = kej + kpp, is the total thermal
conductance, including contributions from electrons k. and
phonons kp,. Much attention has been devoted to finding means
to enhance ZT . For example, the Seebeck coefficient can be
improved by reducing the dimensionality of the system.>* ZT
can also be boosted by degrading the thermal conductance due
to phonons ky, and the presence of sharp resonances in the
electronic conductance G,.>°

Among new materials under intense scrutiny, graphene
has attracted immense interest due to its outstanding thermal
properties. For example, a giant Seebeck coefficient (30 mV/K)
has been predicted for graphene gated by a sequence of metal
electrodes.” Further, its superior thermal conductivity has been
measured to values as high as 5 kW/mK.» However, just as
pristine graphene is not directly well suited for electronic de-
vice applications due to the absence of an electronic band gap,
its extremely high thermal conductivity indicates that graphene
is not intrinsically a good candidate for thermoelectric devices
without tailored modifications. One such modification consists
in reducing graphene dimensionality. To that respect, one-
dimensional (1D) graphene nanoribbons (GNRs) stand out
as better candidates for thermoelectric applications due to
their semiconducting behaviors and reduced edge-dependent
thermal conductivities.!” Unfortunately, reported peak ZT
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values for pristine GNRs at room temperature remain inferior
to 0.4,'' a value shy of what other competing technologies
can offer.> Clearly, materials science strategies are needed
to further degrade thermal conductance while preserving
high electronic conductance and thermopower to eventually
improve ZT . Several approaches have already been examined,
such as the use of carbon isotopes,'? mechanical strain,'® edge
passivation,'*!> random hydrogen vacancies,'® atomic vacan-
cies and defects,*'7'® molecular junctions,S multijunctions
GNRs and superlattices,!%!!% and edge disorder."”

Theoretical predictions confirm the great potential of
these approaches for enhancing Z7. However, most of those
modifications also require high experimental control and
therefore remain extremely challenging to be realized in
the laboratory. In that respect, recent advances in controlled
synthesis fuel the hope that some highly tailored modifica-
tions of GNR structures can be realized during growth. For
example, the synthesis and observation of 1D wigglelike
GNRs, called graphene nanowiggles (GNWs), have been
achieved with an atomically precise bottom-up approach using
surface-assisted coupling of molecular precursors into linear
polyphenylenes and their subsequent cyclodehydrogenation.?
These structures were predicted to possess atypical electronic
and magnetic properties, showing a large variation of the
band-gap values and the existence of many possible spin
distributions, depending on the edge structures.’!*> Because
of the experimental feasibility to synthesize pure GNWs in
a controlled way, and thanks to their remarkable electronic
properties, it seems now increasingly possible to realize the
promises of graphene-based nanostructures for thermoelectric
applications.

In this paper, we present a comprehensive study of the
thermoelectric properties of a number of GNW structures
(Fig. 1). We find that the presence of wiggly edges significantly
reduces phonon thermal conductance without appreciably
altering electrical transport. The geometrical effects on ther-
moelectric properties are systematically investigated, offering
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a guideline for the design of specific GNWs with high ZT.
The influence of unique magnetic properties of GNWs on ZT
is also thoroughly studied.

II. STRUCTURE AND NOTATION

We adopt the notations introduced in the general framework
recently developed to classify nanowiggles according to their
geometries, as presented in Ref. 21. Achiral GNWs can
be regarded as periodic repetitions of nonaligned armchair-
or zigzag-edged GNR sectors seamlessly stitched together
without structural defects [Fig. 1(a)]. Parallel and oblique
sectors can be either armchair or zigzag edged, leading to four
types of GNWs: armchair-armchair (AA), armchair-zigzag
(AZ), zigzag-armchair (ZA), and zigzag-zigzag (ZZ). It is
convenient to define the width of the parallel (P, ) and oblique
(Oy) sectors by the number of C-C dimer lines (¢ = A) or
zigzag strips (¢ = Z) along their width, depending on whether
these are armchair or zigzag sectors. Therefore, each structure
can be uniquely identified by a (P,,04)= aB-PO notation.
For instance, the nanowiggles reported experimentally>’
made of armchair parallel and armchair oblique sectors (type
AA) with widths corresponding to (94,64 ), hence denoted as
AA-96 [Fig. 1(b)]. Examples of AZ-74,ZA-49, and ZZ-64 are
also presented in Fig. 1.

(a) (Parallel,Oblique)=(P,.Op), a.=A.Z
« g A,

FIG. 1. (Color online) (a) Geometry and identifying notation of
a hydrogen-passivated GNW made up of successive parallel and
oblique sectors of armchair (A) or zigzag (Z) edge geometries. Here, a
specific GNW made up of armchair-edged parallel sectors and zigzag-
edged oblique sectors is shown. Using the conventional notation for
straight nanoribbons,?! the width of the armchair-edged parallel sector
is identified as P» = 7 and the width of the zigzag-edged oblique
sector is Oz = 5, resulting in a AZ-75 notation. (b)—(e) Examples
of AA-96, AZ-74, ZA-49, and ZZ-64 GNWs, respectively. All the
GNWs are periodic in the horizontal direction.
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III. METHODOLOGY

Thermoelectric properties are obtained after the compu-
tation of the ballistic transport properties of electrons and
phonons.>?} The ballistic phonon thermal conductance k,y, is
evaluated using the following Landauer-type formula:>* o

h2 o0 5 ehw/kBT
kph = W/(; dow Tph(w)m, (1)

where the phonon transmission function Tp,(w) is obtained
using density-functional theory (DFT) combined with the
nonequilibrium Green’s function (NEGF) formalism.> In the
specific case of 1D systems, T,n(w) is simply given by the
number of phonon modes at frequency w. It can be seen from
Eq. (1) that, at low temperatures, low-frequency modes have
dominating contributions to the thermal conductance.

Similarly, the electron transmission function 7 (E) leads
to the computation of the following integral:>

2 (> o f Of(E,w)
I_z/_oodETel(E)(E — ) <_T> (2

where f(E,u) = 1/(1 4 eE=W/ksTy i the Fermi-Dirac dis-
tribution function evaluated at chemical potential . Similar
to the phonon transmission, T, (E) is defined as the number
of electronic bands crossing energy E for 1D systems. The
integrals in the above equations are very sensitive to the
electronic bands around the Fermi energy and provide all
the quantities needed to evaluate ZT: G, = eKo(n), S =
Ki()/TeT Ko(w)1, and ke = {K>(1) — [K1 )12/ Ko(w)}/ T -
Finally, the thermoelectric figure of merit ZT can be obtained
by

Kn(/J’) =

S*G,T
ZT = ——. 3)
kel + kph

The formalism to compute Z7 has been implemented using
the electron and phonon transmission functions 7¢(E) and
Tpn(w), which are obtained by counting the number of bands
at a given electronic energy or phonon frequency from the full
electron and phonon band structures of the system, respec-
tively. For example, to obtain accurate full electron and phonon
band structures for the systems depicted in Fig. 1, plane-wave
DFT calculations were performed using the VASP package?®?’
within the generalized gradient approximation (GGA) using
the Perdew-Burke-Enzerhof (PBE) exchange-correlation
functional.”® The electronic band structures are computed
after full atomic relaxation until the residual forces are below
0.01 eV/A, using a fine k-point Brillouin-zone sampling
and projector augmented wave (PAW) pseudopotentials,
with a cutoff energy of 400 eV for the plane-wave basis set.
For phonon calculations, a supercell constructed from the
optimized unit cell is used by VASP to generate the force
constant matrix in the finite displacement scheme. Then the
PHONOPY code was utilized to obtain the phonon dispersion
over the whole Brillouin zone.?

We have used this DFT-based approach to evaluate the ther-
moelectric properties of a number of GNW systems (Figs. 2
and 3). However, DFT is too computationally demanding to
perform a systematic study of the relationship between the
details of the geometry and the thermoelectric properties of
GNWs of any size. Therefore a less expensive self-consistent

115438-2



ENHANCED THERMOELECTRIC FIGURE OF MERIT IN ...

(a)

Frequency (THz)
Frequency (THz)

J | 0 T T

[ | L1 1
r X0 246 810 r X024 6 810

q Transmission q Transmission
(b) AA-96 (©)
—-——-- AGNR-9
25 .
[ Pk [ T=300K n
2 st 7 = 2 N
= e N I
= 1= pid N I
\-:: B // ; 1
=05 7 G} N |
* s 0.5 ANy
0 Ll 0 RV
0 100 200 300 400 500 600 -2 -1 0 1 2
(d) Temperature (K) (e) Chemical Potential (¢V)
3000
— T=300 K
2000 T=300K | o6l
~~ -
% 1000 04
=varE
z O S
o 1000 = 02
-2000 - U
B000b— L 11 0 HAPIWA | N7
-2 -1 0 1 2 -2 -1 0 1 2

Chemical Potential (eV) Chemical Potential (eV)

FIG. 2. (a) Phonon dispersions and transmission functions of
AGNR-9 (left) and AA-96 (right) with their structures schematically
provided on the top. AGNR-9 is the straight counterpart to AA-96
sharing the same width. (b) Thermal conductance ky;, vs temperature
of AA-96 (solid line) and AGNR-9 (dashed line). (c) Electrical con-
ductance G,. (d) Thermal power S. (e) Thermoelectric figure of merit
ZT vs chemical potential . at room temperature (7 = 300 K) of AA-
96 (solid line) and AGNR-9 (dashed line). The zero in the chemical
potential is chosen at the Fermi level. All calculations here are done
within DFT and both structures are in their paramagnetic (PM) state.

band tight-binding +U (TBU) model has been used to perform
a systematic description of electronic and magnetic properties
of GNWs and GNRs systems.?' First-, second-, and third-
nearest-neighbor hopping integrals are given by #; = 3.2 eV,
t, = 0.0 eV, and 3 = 0.3 eV, respectively. The different
coordination number at the edges is accounted for by
including a Af; = 0.2 eV correction to the #; parameter for
the frontier atoms.’® The U parameter is parameterized on
DFT-PBE calculations as 0.92¢; to describe the magnetic
interaction.?! Furthermore, compared to DFT, a less expensive
density-functional based tight-binding method (DFTB+)?! is
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FIG. 3. (a) Phonon dispersions and transmissions functions of
ZGNR-6 (left) and ZZ-64 (right) with their structures schematically
shown on the top. ZGNR-6 is the straight counterpart to ZZ-64.
(b) Thermal conductance ky, vs temperature of ZZ-64 (solid line)
and ZGNR-6 (dashed line). (c) Electrical conductance G,.. (d)
Thermopower S. (e) Thermoelectric figure of merit ZT vs chemical
potential x at room temperature (7 = 300 K) of ZZ-64 (solid line)
and ZGNR-6 (dashed line). The zero in the chemical potential is
chosen at the Fermi level. All calculations here are done by DFT and
both structures are in an antiferromagnetic (AFM) state.

used to build force constant matrices and compute phonon
transmission functions. This combination of TBU and
DFTB+ (referred to TB below) yields ZT values in excellent
agreement with DFT calculations, as exemplified by the case
study shown in Fig. 4.

IV. RESULTS AND DISCUSSION
A. AA GNWs

Figure 2(a) shows DFT-calculated phonon dispersions and
corresponding transmission functions of AA-96 and its straight
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FIG. 4. (Color online) ZT vs u at T = 300 K obtained both by
DFT (black) and TB (red) for AA-96, AZ-74, ZA-49, and ZZ-64
GNWs depicted in Fig. 1. Except AA-96 in the PM state, others are
all in the AFM state.

counterpart AGNR-9 in their paramagnetic (PM) state. We do
not have to worry about other possible magnetic states since,
like armchair GNRs (AGNRs), AA GNWs only exist in a
PM configuration.”! Note that phonon modes at ~94 THz
(~3140 cm™") corresponding to C-H modes>? are not shown
and they make little contribution to thermal conductance.
Note also that the lowest phonon modes in both nanoribbon
and nanowiggle are found to show slightly negative (imag-
inary) frequencies, indicating instability from inherent edge
stresses.'” These small numerical issues at extremely low-
frequency modes can be eliminated for the most part by using
alarger supercell with extremely high precision (but at tremen-
dous computational costs). They are found not to be detrimen-
tal to the accuracy of thermal conductance calculations. It can
be readily seen that the nanoribbon exhibits more dispersive
phonon branches than the nanowiggle, generally resulting in
larger values of Tp,(w). The existence of a large number of flat
phonon bands in AA-96 gives its T, (w) more frequencies that
do not contribute to thermal transport compared to AGNR-9.
Therefore, the thermal conductance of the nanowiggle is
substantially lower than that of the nanoribbon as clearly seen
in Fig. 2(b). As a result, at room temperature, the straight
AGNR-9 has a thermal conductance of 1.22 nW/K while the
nanowiggle’s thermal conductance is decreased to 0.54 nW /K.
Such spectacular suppression of phonon transmission and
corresponding reduction of thermal conductance arise from
the wigglelike edges acting as scattering centers and the
mismatch of phonon modes in the parallel and oblique sectors.®
Conversely, the wigglelike edges do not significantly disrupt
electrical conduction [Figs. 2(c) and 2(d)]. Consequently, in
the chemical potential region (—1.20 eV, 1.20 eV) where
peak ZT values are produced, peak G, values of AA-96
are larger than those of AGNR-9. Figure 2(c) also shows
that a larger electronic band gap (1.48 eV) develops in
the electrical conductance of AA-96, compared to the band
gap (0.58 eV) of AGNR-9. Since a large electronic band
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gap can yield high thermopower values,® AA-96 exhibits
higher S than AGNR-9 [Fig. 2(d)]. This, combined with the
preserved electrical conductance G, and degraded phonon
thermal conductance, leads to a high peak with ZT value 0.66
at u = —1.08 eV [to be compared to 0.13 in Fig. 2(e) for cor-
responding AGNR-9], in excellent agreement with the study of
Chen et al."!

B. ZZ GNWs

In contrast to AGNRs, it is established that straight
zigzag GNRs (ZGNRs) in the PM configuration have a zero
electronic band gap. The metallic behavior results in the
mutual cancellation of electron and hole contributions to S,
leading to very small values of S and subsequently almost
zero ZT values for all widths.'®!” Our calculations show
that ZGNR-6 [Fig. 3(a)] in the PM state has a peak ZT
value of only 0.08 at room temperature (not shown). Clearly,
opening a band gap is necessary to enhance Z7 in ZGNRs.
ZGNRs’ electronic ground state is antiferromagnetic (AFM).
The presence of an AFM spin ordering breaks the symmetry
of the spin distribution and opens a band gap of 0.40 eV for
ZGNR-6 [Fig. 3(c)] and gives a corresponding ZT peak of
0.12 [shown as a dashed line in Fig. 3(e)]. To further increase
ZT, thermal conductance needs to be reduced. Similar to
AA nanowiggles, the wigglelike edges in ZZ systems also
cause much less dispersive phonon branches compared to
their straight GNR counterparts and thus generally smaller
values of transmission functions [Fig. 3(a)]. As a result, kpy
of ZZ-64 is dramatically reduced, as shown in Fig. 3(b). At
room temperature, ZZ-64 in the AFM spin ordering has a
thermal conductance of 0.54 nW /K while ZGNR-6 shows kpj,
as high as 1.95 nW/K. Similar reduction of kp, is observed
for ZZ-64 in the PM state as well (not shown). In addition,
the particular edge structure opens up a band gap of 0.12 eV
for the nanowiggle even in the PM state, indicative to a larger
thermopower S. Indeed, at room temperature, the peak S of
PM ZGNR-6is only 97.06 £ V/K but PM ZZ-64 has a S peak of
477.94 uV/K. The substantial reduction of k,, with enhanced
power factor S?G, enables the peak ZT of ZZ-64 in the PM
configuration reaching 0.36 (not shown), more than four times
that (0.08) of PM ZGNR-6. AFM spin ordering, the most stable
magnetic state according to our previous calculations,’' opens
the band gap to 0.26 eV for ZZ-64 [Fig. 3(c)], resulting in the
peak ZT of 0.38 at room temperature [solid line in Fig. 3(e)].

C. Electronic resonant tunneling

Turning to the two other types of nanowiggles AZ and
ZA, DFT calculations also show flat phonon branches and
reduced thermal conductance. For example, at room temper-
ature, AZ-74 and ZA-49 have kp, as 0.66 and 0.62 nW/K,
respectively. It is important to note that many strategies,
such as the introduction of atomic vacancies and Stone-Wales
defects, have been proposed to degrade phonon thermal
conductance but failed to enhance ZT significantly because
electrical conductance and thermopower are suppressed as
well, as reported by Mazzamuto et al.'® Here, nanowiggles
are able to have phonon thermal conductance suppressed
while essentially preserving electronic conduction [Figs. 2(c),

115438-4



ENHANCED THERMOELECTRIC FIGURE OF MERIT IN ...

2(d), 3(c), and 3(d)], due to electronic resonant tunneling.
In a nanowiggle composed of alternate parallel and oblique
sectors, the parallel sectors act as barriers between oblique
sectors, and vice versa. In other words, a GNW can be seen as
a multibarrier system, where a resonant tunneling transport
may occur and induce strong oscillations of the electrical
conductance and thermopower.6’33 From Figs. 2(c) and 2(d),
in comparison to AGNR-9, oscillations (multiple peaks) of
the electrical conductance and thermopower of AA-96 (solid
line) are clearly present, indicating the existence of resonant
tunneling. Those peaks are directly responsible for multiple
ZT peaks in Fig. 2(e). Similar oscillations of the electrical
conductance and thermopower can be seen in Figs. 3(c) and
3(d) as well for ZZ-64, resulting in multiple peaks of ZT
close to the Fermi level in Fig. 3(e). Such resonant tunneling
effect not only preserves electrical conduction, but also leads
to multiple ZT peaks so that good thermoelectric performance
can occur at many chemical potential values. In contrast,
straight GNRs show few significant ZT peaks close to Fermi
level [see dashed line plots in Figs. 2(e) and 3(e)].

D. Systematic study: establishing a road map to optimal Z7T in
GNWs

The DFT calculations above clearly demonstrate that
nanowiggles have superior thermoelectric performance com-
pared to conventional nanoribbons. It is known that geometry
has a great influence on electronic properties of nanowiggles?!
and the results shown above indicate that thermal conduc-
tance is sensitive to geometry as well. It is therefore of
great importance to systematically study geometry effects
on thermoelectric properties of nanowiggles. However, as
pointed out earlier, DFT is too computationally expensive for a
comprehensive study and a less expensive TB approximation
has been adopted to provide a systematic way to compute
ZT for alarge range of structures. Four particular nanowiggle
structures [see Figs. 1(b)-1(e)] have been chosen for both
DFT and TB calculations for benchmarking purposes and a
remarkable agreement between their results is found (Fig. 4),
indicating that TB can be used for the systematic study we will
present now.

The charts shown in Fig. 5 describe how peak ZT values
vary with respect to the widths of parallel (P) and oblique (O)
sectors for AA nanowiggles in the PM state, and for AZ, ZA,
and ZZ nanowiggles in the AFM state. We chose those spin
configurations since only the PM spin ordering exists for AA
GNWs and the AFM state is the most stable spin configuration
for nanowiggles containing zigzag edges.”'> Each square
represents the highest ZT peak value for a specific GNW
structure, with the chemical potential ranging from —2 to 2 eV
at room temperature. Due to the dependence of ZT on both
electric and thermal conduction, it exhibits complex relations
to geometrical parameters P and O. In general, our calculations
predict that ky, gradually increases with the increase of P and
O while electronic band gap decreases when the size of a
structure gets larger. Therefore, small ZT values are usually
found in the upper-right portion of each graph where P and
O are the largest, while Z7 values exceeding a half of unity
appear mainly in the lower-left area of each graph. In addition
to this general rule, for AA GNWs in Fig. 5(a), our recent work
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FIG. 5. (Color online) Peak ZT (room temperature) as a function
of the widths of parallel (P) and oblique sectors (O) for (a) AA
GNWs in the PM state and for (b) AZ, (c) ZA, and (d) ZZ GNWs
in the AFM state. The points absent mainly on the upper-left corner
of each graph correspond to geometries not allowed by the particular
choice for P and O. In (a), the column on the right side of the frame
represents peak Z7 values of AA GNWSs’ straight counterparts in the
PM state. Similarly in (d), the column next to the frame shows peak
ZT of ZZ GNWs’ straight counterparts in the AFM state. In these
charts, minima and maxima of peak ZT values are (a) Z T, = 0.04,
ZTmax = 0.79; (b) ZTin = 0.12, ZTux = 0.65; (¢) ZTyin = 0.07,
ZTnax = 0.56; and (d) Z Ty, = 0.04, ZTax = 0.57.

Width-Oblique Sector

shows’! that electronic band gaps can be classified according
multiple-of-three rules like straight AGNRs. The band gap
Ay for AGNRs with N = (3i + j) C-C lines follows the
relation As; ) > Aj; > Ajz;40, indicating that structures with
mod(Pa,3) = mod(Ox,3) = 2 possess the smallest band gaps.
Generally, in these structures, small band gaps lead to small
values of thermopower and therefore small ZT values [shown
in Fig. 5(a) evenly spaced in units of 3]. For many other
systems, the existence of large band gaps (up to 1.7 eV) results
in large thermopower values and ZT values usually higher
than 0.5, indicating that AA GNWs are the best candidates as
thermoelectrics among all four types of nanowiggle systems.
Although straight AGNRs possess similarly large band gaps,
the considerably higher thermal conductance renders their
peak ZT values significantly smaller, as demonstrated in
the column of data shown on the right side of the frame in
Fig. 5(a). With the notable exception of very narrow AGNRs
(P < 8), the peak ZT value quickly decreases as P increases.
Similar results can be observed in Fig. 5(d) where peak ZT
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FIG. 6. (Color online) Peak ZT (room temperature) as a function of P and O for (a) AZ GNWs in the PM, FM, LAFM, TAFM, and AFM
state, respectively, for (b) ZA GNWs in the PM, FM, and AFM state, respectively, and for (¢) ZZ GNWs in the PM and AFM state, respectively.
Conventional FM spin ordering cannot be found for most ZZ GNWs?! and hence ZT corresponding to the FM state is not shown here. A
system that does not possess a particular magnetic state is marked by a cross. In these charts, minima and maxima of peak ZT values are
(@) ZTmin = 0.02, ZTax = 0.65; (b) ZTin = 0.02, ZTn0x = 0.57; and (¢) ZTin = 0.03, ZTax = 0.65.

values of straight ZGNRs (shown as a column of data next to
the frame) are much smaller than those of their nanowiggle
counterparts.

The presence of domains with varying chirality leads to the
emergence of a rich variety of spin-dependent properties in
GNWs with at least one zigzag type of edge. For instance, in
addition to conventional paramagnetic (PM), ferromagnetic
(FM), and antiferromagnetic (AFM) spin configurations,
AZ systems exhibit two more metastable states: longitu-
dinal antiferromagnetic (LAFM) and transantiferromagnetic
(TAFM).?!2 We examine the influence of the magnetic states
on ZT in Fig. 6. Unlike straight ZGNRs for which peak ZT
values in the PM state are nearly zero for all widths due
to the absence of band gap, unique wigglelike edges help
to open a band gap (up to 1.5 eV) for many nanowiggle
structures in the PM state, especially for those with small
P and O. Combined with reduced kpp, they usually possess
peak ZT values exceeding 0.5 in the PM state at room
temperature, as shown in the lower-left corners of the charts
corresponding to the PM state in Fig. 6. However, when P
and O are large enough, the band gap progressively vanishes,
leading to small ZT values. Conversely, the introduction of
spin ordering, particularly AFM, opens a band gap around

0.3 eV and generally increases ZT again, as presented in
the upper-right areas of the charts shown in Fig. 6. On the
other hand, the FM magnetic configuration usually leads to
symmetric electronic transmission around the Fermi level and
the mutual cancellation of electron and hole contributions to
S, subsequently decreasing peak ZT values, as shown in the
upper-right areas of FM charts in Figs. 6(a) and 6(b).

Because thermoelectric devices usually operate at room
or higher temperature, it is important to note that the AFM
spin ordering, where the highest ZT usually occurs among all
magnetic states, remains intact at room temperature for most
nanowiggle systems, since DFT calculations reveal that the
AFM state is generally more stable than the PM state by more
than 50 meV,?! indicating the barrier energy for the transition
from AFM to PM is higher than the room-temperature thermal
energy. Conversely, other spin states, especially FM, are likely
to be destroyed at room temperature.

V. CONCLUSION

In summary, because of the particular periodic arrangement
of oblique and parallel graphene patches, GNWs are found
to possess significantly enhanced thermoelectric performance
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compared to their straight GNRs counterparts. Such improve-
ment originates from the combination of (i) reduced phonon
thermal conductance due to phonon scattering by wigglelike
edges and the mismatch of phonon modes in the parallel
and oblique sectors and (ii) the electron resonant tunneling
effect between these sectors which guarantee good electronic
conduction. In general, the peak ZT value of AA GNWs is
more than triple that of straight AGNRs of the same width.
For many GNWs with at least one zigzag sector, the interplay
between the effects of parallel and oblique sectors opens a
band gap, leading to larger thermopower and consequently to
higher ZT while peak ZT values of straight ZGNRs are almost
zero due to their metallicity. Among all nanowiggle structures
studied here, AA-65 has the maximum Z7 = 0.79 at room
temperature. A large proportion of AA systems possess ZT
higher than 0.5 in comparison to the other three types of achiral
GNWs, leading to the conclusion that the experimentally
available AA GNWs are the most promising candidates for
thermoelectric applications. Finally, our systematic study of
the effects of geometry and spin distribution on ZT provides a
guideline for the experimental design and synthesis of specific
GNWs for thermoelectric applications.

We note that nonlocal hybrid and screened hybrid
exchange-correlation functionals are expected to provide a
better description of the electronic properties of graphene-
based materials compared to the semilocal PBE functional
used here.** However, our findings based on the PBE about
superior ZT values of wigglelike GNWs compared to straight
GNRs should remain qualitatively or even semiquantitatively
correct. The conclusions about the geometrical influence and
magnetic effects on ZT are not expected to be altered either.

Note also that all the systems investigated here were
considered as free-standing, and no substrate effects were
included. To make a practical thermoelectric device, a GNW
would need to be deposited on a substrate and coupled with
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heat and electron reservoirs, which may influence significantly
the electronic and phonon behaviors. In that respect, our recent
calculations show that the gold substrate on which GNWs are
assembled does have a considerable effect on their electronic
properties. In addition, it is known that a substrate may act as
a phonon-scattering center that can further reduce the phonon
thermal conductance of the adsorbate.* It will be a valuable
objective of future works to study how the environment affects
the thermoelectric performance of a GNW, especially with ever
increasing computational resources available in the future.
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