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ABSTRACT: Conventionally, graphene is a poor thermo-
electric material with a low figure of merit (ZT) of 107*—
1073, Although nanostructuring was proposed to improve the
thermoelectric performance of graphene, little experimental
progress has been accomplished. Here, we carefully fabricated
as-grown suspended graphene nanoribbons with quarter-
micron length and ~40 nm width. The ratio of electrical to
thermal conductivity was enhanced by 1-2 orders of
magnitude, and the Seebeck coefficient was several times larger
than bulk graphene, which yielded record-high ZT values up to
~0.1. Moreover, we observed a record-high electronic
contribution of ~20% to the total thermal conductivity in the
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nanoribbon. Concurrent phonon Boltzmann transport simulations reveal that the reduction of lattice thermal
conductivity is mainly attributed to quasi-ballistic phonon transport. The record-high ratio of electrical to thermal
conductivity was enabled by the disparate electron and phonon mean free paths as well as the clean samples, and the
enhanced Seebeck coefficient was attributed to the band gap opening. Our work not only demonstrates that electron and

phonon transport can be fundamentally tuned and decoupl

ed in graphene but also indicates that graphene with

appropriate nanostructures can be very promising thermoelectric materials.
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T hermoelectric materials can directly convert waste heat
into electricity, and have attracted intense research
efforts due to the huge demand of energy harvesting
and power generation.' ® The efficiency of thermoelectric
energy conversion is measured by the dimensionless figure of
merit ZT that depends on the electrical conductivity o, thermal
conductivity k, Seebeck coefficient S ,and the absolute
temperature T, defined by ZT = S?6T/k. Thus, the
enhancement of ZT can be achieved by increasing o/k and
S. However, since the parameters of ZT are generally coupled
and difficult to manipulate, it has been very challenging to
achieve ZT > 1 over the past half century.'”> Since the
pioneering works of Hicks and Dresselhaus in 199378
researchers have adopted the nanostructuring strategies to
tune and decouple the parameters in ZT. An experimental
breakthrough came out in 2008" where rough Si nanowires
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held the same high electrical conductivity as the bulk, but 100-
fold reduced thermal conductivity, leading to 1 order of
magnitude enhancement of ZT (= 0.6). To date, nano-
structured semiconductor compounds involving Bi, Te, Pb, Sb,
and Ag deliver the highest ZT of 1.0—2.2," 7 but none of these
compounds have been widely used in applications due to the
high cost of these relatively rare or toxic elements.

Recently, researchers have witnessed rapidly growing
interest in low-cost, nontoxic, light, and flexible thermoelectric
materials’™'® that are based on organic or nanocarbon
materials, which is mainly driven by the emerging demand of
powering small wireless devices like wearable electronics and
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Figure 1. (a) Concept of how to enhance thermoelectric performance of graphene and (b) the as-grown test structure for the comprehensive
thermoelectric measurements using an eight-terminal device. (b.1) thermal and electrical conductivity measurements illustrated in the SEM
image; (b.2) thermopower measurement illustrated in the SEM image. Scale bars in (b.1) and (b.2) represent 200 nm.

remote sensors. For example, Avery and co-workers® doped
semiconducting carbon nanotubes and enhanced their ZT
from the order of 107*'"'* to 0.01—0.05. As for graphene,
despite its many attractive properties including lightness and
softness, pristine graphene is a disappointingly poor thermo-
electric material with ZT values as low as 107*—1073,"* because
(1) its gapless band structure leads to a small Seebeck
coefficient less than 100 xV/K’ and (2) its superior electrical
conductivity goes together with very high thermal conductivity,
which leads to a very small 6/k ratio."*™'® However, some
theoretical studies”'’~>° have demonstrated that appropriate
nanostructuring of graphene can enhance the Seebeck
coeficient via band gap opening and reduce the lattice thermal
conductivity while preserving high electrical conductivity,
which can yield ZT > 1 that is comparable to the best
thermoelectric materials. However, little experimental progress
has been made to effectively enhance ZT of graphene. Practical
decoupling of electrical and thermal transport is extremely
challenging, and suppression of thermal conductivity can easily
lead to even greater reduction of electrical conductivity. Oh
and co-workers'’ successfully fabricated nanostructured
graphene meshes with largely reduced thermal conductivity
and enhanced Seebeck coefficient, but the electrical con-
ductivity was also significantly reduced. Eventually, the ZT of
graphene nanomeshes'® was even decreased by 1—2 orders of
magnitude as compared to bulk graphene. In the present paper,
we carefully fabricated as-grown free-standing graphene
nanoribbons (GNRs) with quarter-micron lengths and low
defects. We discovered record-high ratio of o/k that is 1-2
orders of magnitude higher than those of previous graphene
samples, and enhanced Seebeck coefficient as compared to
bulk graphene. Thus, the ZT reached record-high values up to
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~0.1, which can qualify properly nanostructured graphene as
very promising thermoelectric materials.

RESULTS AND DISCUSSION

As-Grown Test Structure and Measurements. Sus-
pended GNRs along with eight-terminal Ni films were
synthesized by a recently developed rapid-heating plasma
CVD method,*""** as shown in Figure 1b. The eight-terminal
test structure allows measurements of the electrical and
thermal conductivities (Figure 1b.1) and the Seebeck
coefficient (Figure 1b.2) using the same device just by
changing the outer circuit. In total, three GNR samples were
fabricated on the same Si wafer in the same synthesis round.
One of the samples was damaged during the wiring process,
and the other two samples, i.e, sample-1 and sample-2, were
successfully measured for the electrical/thermal conductivities
and the Seebeck coefficients, respectively. The details of the
sample fabrication and measurement methods are provided in
the Methods. Before the precise eight-terminal measurements,
we conducted two-probe measurements of the source—drain
current as a function of the back-gate voltage for all the three
samples and proved that these high-quality samples on the
same Si wafer should possess equivalent properties (Supple-
mentary Note S9). There is no post process after GNR
synthesis, so the as-grown suspended samples are free of
polymer residue that is usually inevitable in other experiments
involving graphene transfer, lithographical patterning, or post-
electrode fabrication.””** In addition, these plasma-CVD-
grown GNRs should have low-disorder edges 2 prev10usly
demonstrated by polarized Raman spectroscopy,”"*> while the
other §ra£hene nanostructures fabricated by top-down
etching'”*>*° had very rough edges that can strongly scatter
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Figure 2. Record-high 6/k ratio of the GNR sample-1. (a) Electrical resistance and conductivity versus temperature; (b) thermal conductivity
versus temperature (inset: change of resistance versus electrical power that was used to extract k); (c) the room-temperature 6/k ratio and k,/
k ratio compared with the reference data as a function of the (characteristic) width; (d) phonon Boltzmann transport simulation results that
indicate quasi-ballistic phonon transport in the GNR, which explains the reduction of the thermal conductivity. In the figure legend of (c),
SGNM and BGNM denote single-layer and bilayer graphene nanomeshes, respectively, and 12, 14, and 8 denote the neck width of the mesh

in nm.

both phonons and electrons. Moreover, during the synthesis,
the melted Ni thin film wrapped the GNR ends, which can
ensure good electrical and thermal contacts.

Record-High Ratio of Electrical to Thermal Con-
ductivity of GNR. The electrical and thermal conductivities
of GNR sample-1 were measured in vacuum at 20 K steps
between 120 and 360 K using a four-terminal electrical self-
heating method (Figure 1b.1). This sample was 43.3 nm wide
and 237.0 nm long, as measured in the SEM images
(Supplementary Note SS). Although there is no simple way
to determine the thickness of the suspended GNR, we have
previously confirmed by cross-section TEM and Raman
scattering spectra that the same plasma CVD process can
produce both single- and few-layer GNRs.”' We measured the
electrical resistance as a function of temperature (Figure 2a)
from the zero-power intercepts of the resistance-power (R—P)
curves (Supplemental Note S1). The electrical resistance
linearly deceases with increasing temperature, which indicates
semiconductor behavior of this GNR. The electrical con-
ductivity is defined by 6 = L/(RA) = L/(RWNt,), where L and
A are the sample length and cross sectional area, respectively,
W the sample width, N the number of layers, and t, the
thickness of single graphene layer (0.335 nm). Since we do not
know the exact thickness of the sample (we will later
demonstrate that sample-1 is probably single layer), we present
the electrical conductivity multiplied by the layer number, i.e.
,the No product, in Figure 2a. Given that the thickness of the
sample is less than five layers, its electrical conductivity is on
the order of 10° S/m, among the highest values reported for
graphene in the literature,'”>’~* which confirms that the as-
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grown sample is free of defects or impurities. The electrical
current was elevated to provide Joule self-heating in the
suspended GNR, and the average temperature rise of the GNR
is determined by measuring the change of its electrical
resistance. The electrical resistance displays a linear decreasing
trend with increasing Joule power due to the negative dR/dT,
and the linearity is better at lower temperatures (inset of
Figure 2b and Supplementary Note S1).

According to Fourier’s law, the temperature profile in the
suspended GNR with uniform internal heat generation is
parabolic with the two contacts kept at the heat sink
temperature. The apparent thermal conductivity, k, is
calculated from the measured average temperature rise under
Joule heating, using the following formula:****

L AP L dRdP
12WNt, AT ~ 12WNt, dT dR (1)
The measured thermal conductivity multiplied by the layer

number is plotted versus temperature in Figure 2b. The thermal

conductivity increases with temperature until 320 K followed
by a flattening trend, and this temperature dependence implies
deviation from diffusive phonon transport™*® (Supplemen-
tary Note S4). Given that the sample is single layer (i.e, N =

1), the thermal conductivity is (224 + 16) W/mK at 300 K,

only about 1/10 of that of large pristine graphene. Thus, the

thermal conductivity is significantly reduced while the
electrical conductivity is maintained at a high level. The ratio
of electrical to thermal conductivity reached record-high values

of (227 x 109)—(729 x 10*) K/V* at 120-360 K

(Supplementary Note S3). Note that the assumption of the
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thickness does not affect the value of o/k since the layer
number is canceled out in this ratio. As shown in Figure 2c,
this o/k ratio of the GNR is 1—2 orders of magnitude higher
than those of both micrometer-sized graphene'**'™** with
very high thermal conductivity of 2000 W/mK and graphene
nanomeshes with very low thermal conductivity of ~78 W/
mK."°

Furthermore, the electrical conductivity can be converted to
the electronic thermal conductivity, k., using the Wiedemann—
Franz law, ie, k, = 6TL,, where L, = 2.44 X 107 WQ/K? is
the standard Lorenz number that has been demonstrated to be
applicable to graphene.”> Then the lattice thermal con-
ductivity, kp, is calculated by ky, = k — k. (Supplementary
Note S3), which equals (182 + 16) W/mK at 300 K given that
the sample is single layer. Conventionally, research in thermal
transport in graphene has focused on the phononic (lattice)
part, while the electronic contribution to thermal transport has
been generally regarded as negligible. However, while the k./k
ratio of previous graphene samples was measured to be less
than 2% (Figure 2c), we observed that the as-grown ~40 nm-
wide GNR exhibited record-high electronic contribution of
~20% to the total thermal conductivity at 120—360 K (Figure
2¢ and Supplementary Note S3), enhanced by a factor of 10—
200 due to the large reduction of lattice thermal conductivity.

The reduction of the lattice thermal conductivity of this
GNR as compared to bulk graphene may come from two
possible effects: (1) narrow width induced reduction of
phonon mean free path (mfp) due to boundary (edge)
scattering and (2) short length induced quasi-ballistic effect. In
the following, we will discuss which one dominates. The
fraction of elastically scattered phonons at the edges can be
characterized by the specularity parameter p that is determined
by the edge roughness.'®*' This specularity parameter is in the
range of 0 (totally diffuse rough edge) to 1 (totally specular
smooth edge). The phonon-boundary scattering induced mfp,
Ahby is related to the specularity parameter by 4,4, = w(l +
PS /(1 = p),"**" where W is the ribbon width and the phonon
mfp in the GNR, A,, can be approximated by the
Matthiessen’s rule'® using lph_l R e+ ﬂph_b_l, where
Apy is the intrinsic phonon mfp in large pristine graphene.

The ballistic effect will result in temperature jumps at the
ideal contacts due to the mixing of the ballistic cold phonons
from heat sink and the ballistic hot phonons from heat source,
which has been commonly observed in many physically
detailed modeling no matter whether there is internal heat
generation or not.”* *" As part of the quasi-ballistic thermal
transport that depends on the sample size, this temperature
jump is an intrinsic phenomenon at nanoscale and is different
from Kapitza resistance. It should not be removed from the
measurements using either the self-heating approach or
temperature-difference approach with no internal heat
generation, like the k measurement of supported GNRs by
Bae et al.;*® otherwise, the measured thermal conductivity will
be the bulk value. At nanoscale, different measurement
methods including the contact and noncontact ones™** can
yield essentially different apparent thermal conductivity based
on the Fourier’s law. In practical applications, we can use the
Fourier’s law by adopting a size-dependent apparent thermal
conductivity, but we need to identify the appropriate k
measurement method for specific applications. Graphene is
driven with current in most applications including thermo-
electrics; thus our electrical self-heating measurement of k is
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indispensable and the extracted apparent thermal conductivity
can be well-defined using the Fourier’s law.

To capture the details of phonon transport in the suspended
GNR, we did finite volume method (FVM) simulations for the
phonon Boltzmann transport equation (BTE) for the 43.3 nm
wide, 237 nm long sample with uniform internal heat
generation.”>*” We obtained the temperature profile along
the GNR, ie, T(x), from which the apparent thermal
conggg(t)ivity, kypp is calculated using the following defini-
tion™

ql*
12((T(x) — T;))

kopp =

2)

where q is the volumetric heat generation rate, L is the sample
length, T, is the heat sink temperature, and (T(x) — T,) is the
volumetric average temperature rise. The details of the BTE
simulations along with the input parameters are elaborated in
the Methods and Supplementary Note S7.

We considered two extreme cases for the edge scattering, i.e.,
the diffuse edges where all phonons are diffusely scattered, and
the specular edges where all phonons are elastically scattered.
With the internal heat power P = 1 yW at 300 K, the
temperature profiles are plotted along the normalized length in
Figure 2d. The temperature profiles for both cases are
parabolic curves that peak at the middle of the sample,
which agrees with the Fourier’s law prediction. The temper-
ature jumps at the contacts are originated from quasi-ballistic
phonon transport. The temperature jump is 5.05 K for the
diffuse edge and 5.44 K for the specular edge, and the average
temperature rise is 10.22 K for the diffuse edge and 7.30 K for
the specular case. Using eq 2, we calculate the apparent
thermal conductivity to be 133 W/mK for the diffuse edge and
186 W/mK for the specular case. This BTE-calculated k for the
specular case is very close to our measured lattice thermal
conductivity [(182 + 16) W/mK at 300 K] given our sample is
single-layer, which indicates very weak phonon-edge scattering
in our as-grown GNR.

Next, we examine the possibility of multilayer thickness. If
the sample is multilayer, the measured lattice thermal
conductivity should be 60.7 + 5.3 W/mK for the trilayer
case and 36.4 + 3.2 W/mK for the five-layer case at 300 K. To
have these low thermal conductivities, BTE simulations show
that the corresponding bulk value of phonon mfp should be
14.4 nm for the trilayer case and 5.4 nm for the five-layer case
even for totally diffuse edges (Supplementary Note S7). These
bulk phonon mfps are 1 to 2 orders of magnitude lower than
that of pristine graphene (282 nm, see Supplementary Note
S7), indicating high density of bulk defects if we assume the
sample is multilayer. This is contradictory to the high sample
quality that is guaranteed by the as-grown process and proved
by the high electrical conductivity which is on the order of 10°
S/m. Therefore, our measured sample is very possibly single
layer according to the phonon BTE calculations, and the quasi-
ballistic phonon transport instead of phonon-edge scattering is
the main reason for the reduction of lattice thermal
conductivity.

Now we discuss on why the ratio of electrical to thermal
conductivity of our quarter-micron long GNR is orders of
magnitude higher than those of previous samples, which
significantly contributes to the record-high thermoelectric
performance. Since many factors can suppress both ¢ and k,
the enhancement of the o/k ratio can only be achieved by
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Figure 3. Thermopower measurements of GNR sample-2. (a) Seebeck voltages as a function of the temperature difference between the Ni
heater and sensor (inset: schematic illustration of the measurement method). (b) Seebeck coefficients of this GNR and bulk single-layer
graphene (SLG)"’ below 300 K, plotted in the reversed coordinate. The inset in (b) includes the Seebeck coefficients of graphene

nanomeshes above 300 K."°

properly decoupling the influencing factors on both phonon
and electron transports. The first reason for the record-high o/
k ratio of our GNR is the low level of bulk defects or impurities
that is enabled by the as-grown synthesis, which leads to a very
high electrical conductivity. Theoretical studies have predicted
that bulk defects and impurities will suppress electron
transport more significantly than phonon transport,m’19 while
these defects and impurities are inevitable and relatively high in
the reference samples that are not as grown, which explains the
reduced ¢/k ratio of the reference samples. Given our sample is
monolayer, its electrical conductivity is up to 5.66 X 10° S/m
at 300 K and among the highest values reported for graphene
and GNRs,”” "> and the electron mobility would be 6 x 10*
cm? V7! 57! if we assume a carrier concentration of 2 X 10!
cm™2">*” The high electron mobility is mainly attributed to
the weak electron scattering with defects, impurities or edge
disorder of the high-quality as-grown samples and also enabled
by the suspension geometry that eliminated the substrate
suppression on electron transport.'”?” The second reason for
the record-high o/k is the disparate phonon and electron mean
free paths (mfps) that lead to different effects of the short
length on electron and phonon transport. The quarter-micron
length of our sample strongly reduced the lattice thermal
conductivity due to the quasi-ballistic phonon transport, while
the electrical conductivity was much less affected by the sample
length because the phonon m%) (282 nm) is much longer than
the electron mfp (~50 nm).”**” The relatively smooth edges
may have also contributed to the enhancement of 6/k, since
the low level of edge disorder can still scatter phonons but have
a negligible effect on electrons in GNRs, as predicted by the
theoretical work of Haskins and co-workers.”” In addition,
both electron and phonon transport can be suppressed by the
substrate,"**”*® but for GNRs, it is still unclear whether the
substrate effect is more pronounced on phonons than electrons
or otherwise. Thus, whether the free-standing structure in this
work is favorable or not for the enhancement of /k remains
an open question for future research.

Enhanced Seebeck Coefficient and Record-High
Figure of Merit. The Seebeck coefficients of GNR sample-2
(Figure 1b.2, 37.8 nm wide and 278.0 nm long) were measured
using an eight-terminal method (see Methods and Supple-
mentary Note S8). The GNR bridges a Ni heater and sensor,
and Figure 3a plots the measured Seebeck voltages, V,, as a
function of the temperature difference between the two ends of
the GNR, ie., Theaer — 1. The error bars indicate the

sensor*
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random uncertainties based on six measurements. The Seebeck
coefficient S was obtained by linear fitting of the V, — (Tjeater —
Tsensor) data} ie, S = st/d(Theater - Tsensor)' Figure 3b
compares our measured Seebeck coeflicients of the GNR at
80—220 K with those of supported bulk graphene'’ and
graphene nanomeshes.'” The Seebeck coefficient of our GNR
changes from (—87.7 £ 5.2)—(—125.7 £ 7.1) uV/K as the
temperature increases from 80 to 220 K, which are enhanced
by a factor of 2—6 as compared to bulk graphene at the
corresponding temperatures. The enhanced thermopower in
nanostructured graphene is mainly attributed to the opening of
the band gap.”'® Compared with the reported graphene
nanomeshes, only the bilayer graphene nanomesh with a neck
width of 8 nm (BGNMS) tends to exhibit a much larger
thermopower than our sample, but its ¢/k ratio is 2 orders of
magnitude lower than that of our GNR (Figure 2c); thus, the
overall ZT value of the reported graphene nanostructures
should be much lower than that of our as-grown samples.
We combined the measured electrical and thermal
conductivities of sample-1 and the Seebeck coeflicients of
sample-2 to estimate the figure of merit of the as-grown 40 nm
wide GNRs to be about 0.12 at 120—220 K. The room-
temperature (rt) ZT of our GNR samples should also be no
less than 0.1 if we reasonably assume the rt Seebeck coeflicient
to be no less than —120 yV/K. As shown in Figure 4, this ZT
value is 2—4 orders of magnitude higher than all the reported
ZT values of graphene-based materials including bulk
graphene,'® nanomeshed,'’ and doped graphene.* In addition,
the ZT value of the as-grown GNRs is also orders of magnitude
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Figure 4. Record-high ZT of the suspended GNR.
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higher than the reported values of undoped single- and
multiwalled CNTs, which range from 1077 to 107*'"'? Until
now, the highest ZT value for nanocarbon-based materials has
been reported to be 0.157 in n-type-doped CNTs,”*° while
most other doped CNTs exhibited a ZT value around 0.01.%°
Therefore, the ZT value of the as-grown quarter-micron long
GNRs is not only record high for graphene based materials, but
also among the highest of all the nanocarbon-based materials.

CONCLUSIONS

In summary, we have carefully fabricated as-grown suspended
GNRs with 40 nm width and quarter-micron length and
comprehensively measured the electrical conductivity, thermal
conductivity, and Seebeck coeflicient. We observed record-
high ratio of electrical to thermal conductivity or equivalently
record-high electronic contribution of ~20% to the total
thermal conductivity, which is 1—-2 orders of magnitude higher
than the reported values of graphene and related nanostruc-
tures. Phonon Boltzmann transport simulations reveal that the
enhancement of 6/k is mainly attributed to disparate electron
and phonon mean free paths as well as the defect-free samples.
The Seebeck coeficient of the GNR was also several times
larger than that of bulk graphene. As a result, the as-grown
GNRs exhibited a record-high ZT value of ~0.1, which is 2—4
orders of magnitude higher than that of other graphene based
materials. Our work demonstrates that the electron and
phonon transports can be fundamentally tuned and decoupled
by size and defect control and highlights defect-free graphene
with appropriate nanostructures as very promising thermo-
electric materials.

METHODS

Sample Fabrication. Some details of the plasma CVD process
were explained as follows. First, using the electron-beam lithography
followed by Ni deposition, we fabricated a ~50 nm wide, ~70 nm
thick Ni nanobar catalyst along with Ni heater, sensor, and electrodes
on a SiO,/Si wafer. Then the substrate was put in the electric furnace
for the rapid-heating plasma CVD, during which the Ni nanobar
catalyst melted and dewetted to the electrodes, leaving the above
GNR free-standing, ready for thermal conductivity and thermopower
measurements. More details of the plasma CVD synthesis can be
found in refs.”"**

Thermal Conductivity and Thermopower Measurements.
The samples were loaded into a liquid-nitrogen cooled cryostat for
thermal and thermopower measurements under high vacuum (<3 X
107* Pa). The electrical resistance of the GNR was measured at
varying electrical power using the four-terminal scheme (Figure 1b),
and the thermal conductivity was extracted from the Joule-heating
induced temperature rise that is determined from the resistance—
temperature relationship. The instrumentation and details are
elaborated in Supplementary Note S1.

The Seebeck coeflicient was measured using an eight-terminal
method. As illustrated in Figure 1b and the inset of Figure 3a, the
GNR bridges two long Ni films, one of which acts as the heater while
the other acts as the sensor. The Ni heater was driven with high DC
current to establish a temperature difference across the GNR, and the
temperatures of both the heater and sensor were measured from their
resistance using the four-terminal scheme. At the same time, the
Seebeck voltage was measured across the GNR after canceling out the
voltage drop in the Ni heater. More details of the thermopower
measurements are provided in Supplementary Note S8.

Phonon BTE Simulations. The phonon BTE was solved for the
43.3 nm wide and 237 nm long suspended GNR using the finite
volume method. The input parameters in the BTE simulation code
include the sample sizes, internal heat generation rate, specific heat,
phonon group velocity, and bulk mean free path (mfp). The specific
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heat was calculated from the phonon density of states. The phonon
group velocity was calculated from the phonon dispersion relation of
graphene. The intrinsic bulk phonon mfp was calculated to be Ay =
282 nm from the bulk thermal conductivity of graphene, which is
taken as kpy = 2000 W/mK.>' More details of the phonon BTE
simulations are provided in Supplementary Note S7.
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