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Eerrimental tuning of 2D heat conduction and thermoelectric conversion based on
shape control
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In this ﬁroject, we designed a one-process aﬁproach for fabricating
shape-tunable, high-quality graphene along with a new test device, which allows for simultaneous
precise measurements of the thermal conductivity, electrical conductivity, and Seebeck coefficient.
By adjusting the sample length and width, we measured largely reduced thermal conductivity and
enhanced Seebeck coefficient while keeping high electrical conductivity. As a result, we obtained
record-high thermoelectric figure of merit of graphene that is 2-4 orders of magnitude higher as
compared to literature reports. The mechanisms behind the shape-tunable properties were clearly
revealed by our physical simulations of quasi-particles.
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2D materials represented by graphene possess unique thermal and thermoelectric properties that
are totally different from the bulk counterpart. Especially, it has been predicted that the thermal and
thermoelectric properties of graphene are dependent on the lateral sizes and nanostructures. For
example, because of phonon-edge scattering or ballistic effects, the thermal conductivity of a graphene
nanoribbon is expected to be significantly suppressed if the characteristic in-plane sizes are
comparable to the phonon mean free path. Further, because of the disparate phonon and electron mean
free paths, the effects of the nanostructure can be remarkably different on electrical and thermal
conductivities, and thus we could independently tune electrical and thermal properties by controlling
nanoscale sample shapes. Moreover, the Seebeck coefficient can also be tuned by controlling the
nanostructure to adjust the band gap. Despite many theoretical studies on the tunable properties of
graphene via nanostructuring, very few experiments had been carried out at the beginning of the
project, mainly due to the challenges of reliable thermal and thermoelectric measurements for the

fragile, nanoscale materials, and also due to the lack of high-quality nanostructured samples.
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Based on the above background, the project aims to realize simultaneous measurements of
thermal and electrical conductivies and Seebeck coefficient of defect-free, shape-tunable graphene
samples, to manipulate phonon and electron transports by controlling the sample shapes and to reveal
the physical mechanisms. By comprehensively manipulating the thermal and electrical properties, we
can hopefully enhance the thermoelectric performance of graphene and thus contribute to the
development of energy harvesting technologies.

3. WHRDTIE

(1) Sample fabrication. We designed a one-process
approach to fabricate suspended defect-free and shape-
tunable graphene nanostructures along with the test
device (Fig. 1) by collaborating with the chemical
synthesis scientists at Tohoku University. Firstly, using
the electron-beam lithography followed by Ni
deposition, we patterned Ni nanobar catalyst along
with Ni heater, sensor and electrodes on a SiO2/Si

wafer. Then the wafer was put in the electric furnace

As-grown device

for the rapid-heating plasma CVD synthesis that was
developed at Tohoku, during which the Ni nanobar Fig. 1 The as-grown test structure for the
catalyst melted and dewetted to the electrodes, leaving thermal and thermoelectric measurements

the above graphene sheet free-standing and ready for using an 8-terminal device.
GNR  SiO: heater

/

the measurements. There is no post process after the

CVD, so the as-grown suspended samples are free of
polymer residue that is usually inevitable in other
experiments involving graphene transfer and post
electrode fabrication.

(2) Measurement methods. We developed two I ‘ - ‘ l

methods to measure the thermal and thermoelectric Fig. 2 The optimized 10-terminal device.




properties of graphene nanostructures. One is the 8-terminal method as illustrated in Fig. 1, where the
graphene nanoribbon (GNR) bridges two long Ni films that act as both electrical leads and the resistive
heater or sensor. The electrical resistance of the GNR was measured at varying electrical power using
the four-probe scheme, and the thermal conductivity was extracted from the Joule-heating induced
temperature rise that is determined from the resistance-temperature relationship. During the
thermopower measurement, one of the long Ni films serves as the heater and a temperature gradient
is established along the GNR. The temperatures of both the heater and sensor were measured from
their resistance using the four-terminal scheme, while the Seebeck voltage was measured across the
GNR after cancelling out the voltage drop in the Ni heater. In FY2019 we improved the measurement
accuracy and established an optimized 10-terminal approach as illustrated in Fig. 2. Here, a separate
heater is patterned beside the 8-terminal device so that we can avoid the uncertainty from the
cancelling out of the voltage drop in the heater. The 10-terminal structure was optimized by 3D finite-
element heat conduction simulations. The measurements were carried out in a liquid-nitrogen cooled
cryostat under high vacuum.

(3) Theoretical simulations. To reveal the physical mechanisms of phonon transport in the graphene
nanostructures, we collaborated with Purdue University for the phonon Boltzmann tranport
simulations. 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 heat
was calculated from the phonon density of states. The phonon group velocity was calculated from the
phonon dispersion relation of graphene.

4. WFIERCR

(1) The as-grown test device

(b)

Sus. GNR

and graphene samples. We
successfully fabricated as-
grown graphene samples
along with the test devices.
Several suspended GNR
samples with ~40 nm width

and ~250 nm length were

repeatedly fabricated with the Fig. 3 SEM images of the as-grown test device and graphene samples.
8-terminal device, and some (a) An 8-terminal device that is burnout during the measurement. (b)
~25 nm-wide GNR samples A suspended GNR with ~40 nm width and ~250 nm length. (c) A
were fabricated with the 10-  suspended GNR with ~25 nm width.

terminal device. Not all the samples were successfully measured for the thermal and thermoelectric
properties, because the fragile suspended samples as well as the Ni nanofilms can be easily burnout
during the measurements (Fig. 3(a)). Besides, there was too much Ni residue on the ~25 nm-wide
GNR samples because of the sensitive synthesis conditions as we changed the device structure, and
thus it was quite difficult to extract reliable property data for the ~25 nm-wide samples. Finally, we
collected repeatable data for the ~40 nm-wide samples, from which we achieved record-high

thermoelectric performance of graphene.
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Fig. 4 Thermal and thermoelectric measurement results for the ~40 nm-wide and ~250 nm-long
suspended GNRs. (a) Record-high ratio of electrical to thermal conductivities. (b) Phonon Boltzmann
transport simulation results that reveal the mechanisms of the largely reduced thermal conductivity.
(¢) Seebeck voltages versus the temperature difference, from which the enhanced Seebeck coefficients
were measured. (d) Record-high dimensionless thermoelectric figure of merit for graphene based

materials.

(2) Record-high thermoelectric performance of graphene. The -electrical and thermal
conductivities of the ~40 nm-wide and ~250 nm-long sample were measured at 20 K steps between
120 K and 360 K. The electrical conductivity (o) is on the order of 10® S/m, among the highest values
reported for graphene in the literature. The thermal conductivity (k) 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 (o/k) reached record-high values of 2.27x10* K/V? to 7.29x10* K/V? at 120-360 K (Fig.
4(a)). Phonon Boltzmann transport simulations (Fig. 4(b)) reveal that the enhancement of o/k is mainly

attributed to disparate electron and phonon mean free paths as well as the defect-free samples.

The Seebeck coefficient (S) was obtained by linear fitting of the Vs versus (Theater-Tsensor) data in
Fig. 4(c), which changes from (-87.7+£5.2) uV/K to (-125.7+£7.1) uV/K as the temperature increases
from 80 K to 220 K, 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 band gap. Finally, the figure of merit (ZT = S?cT/k) of the as-grown 40 nm-wide GNRs
reached 0.12 at 120-220 K. ZT of our samples should also be no less than 0.1 if we reasonably assume
the room-temperature Seebeck coefficient to be no less than -120 uV/K. This ZT value is 2-4 orders
of magnitude higher than all the reported ZT values of graphene-based materials (Fig. 4(d)).
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Thermoelectric performance of graphene gets a boost (https://ww.kyushu-u.ac.jp/en/researches/view/137)
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