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a. Research content

Background

With the advances in the field of electronics, it has become relevant to reflect on the ever-growing
problem of management of waste heat and probe further into nanoscale heat transport as the devices
are being vigorously scaled down to tens of nanometers. The physical entity that can help create
thermal blockade is now defined as phononic crystals (PnCs) in the community- the terminology
rooted into the word ‘phonon’ which represents the quanta of atomic vibration in materials.
RFabrication of PnCs has become a subject of interest for the potential it offers for heat propagation
control. Fabrication of intricate nanopatterns on materials like silicon and steel has long since been
realized with the optimization of various focused ion beam (FIB) techniques. However, it has been
reported that, with superior physical and mechanical properties i.e. Young’s modulus (~1 TPa) and
Debye temperature (~1900 K) graphene offers better flexibility and control of phonon contributions.
In this work, we have reflected on the asymmetry in thermal transport in graphene phononic crystals

as an initial study to understand thermal rectification characteristics in nanoscale devices.
Summary of results

First, the dispersion curves and transmission probability of graphene based phononic crystals by
configuring different periodicity, porosity and pore shape were studied by Finite Element Method
simulations. From the dispersion relations, obvious band flattening or distinct frequency regions
were observed where phonon transmission was completely blocked. The analysis showed strong
evidence of porosity and pore shape dependency on phononic band gap (PnBG) generation. For
circular shaped nanopores, a very small PnBG opens at ~0.4 THz only at a high porosity over 0.73
which is extremely difficult to achieve using the current experimental facilities. To address this
limitation, cross shaped nanopore pattern was introduced where PnBG opened at a porosity ~0.28.
The PnBG was most obvious at ~0.9 THz for single nanometer neck length and completely
disappeared when it increased to 10 nm indicating that the constrictions due to the narrow neck
structure induced phonon modes confinement contributing to the suppression or flattening of the
dispersion relation. At similar porosity and unit cell size, snowflake shaped pores exhibited phononic

bandgap (PnBG) in gradually higher THz (~1.5 THZ) regime as the symmetric placement of the neck



length along all the supercell edges reinforced the phonon confinement. Also, the snowflake shaped

nanopattern gives the advantage of having larger neck lengths of ~10 nm (fig. 1).
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Figure 1: Calculated dispersion relation for cross-shaped and snowflake-shaped nanopores
with 28% porosity maintained for both cases.

Next, a reproducible hybrid method was developed and demonstrated to successfully fabricate large
area (in pm? dimensions) suspended graphene nanomesh (GNM). The GNR are patterned into
required dimensions using EBL and later suspended by buffered hydrofluoric acid (BHF) release with
gold electrodes acting as a heater. The GNM is fabricated by milling periodic nanopores with as small
as ~6 nm diameter on the suspended GNR by direct focused helium ion beam milling (HIBM). Taking
advantage of the fidelity of HIBM, symmetric and asymmetric graphene nanomesh (GNM) samples
were fabricated. As asymmetric GNM with nanopores patterned on half of the total area of the GNR
is shown fig. 2(a). The concept of resistive thermometry was used to develop a 4-probe measurement
method for thermal characterization of the prepared GNM devices which had 20 nm, 25 nm and 30
nm pitch and ~6nm diameter nanopores. With the base temperature maintained at 150K in a
cryogenic vacuum probe station, joule heating was used to generate temperature at the metal
electrode. With the measurement setup, resistance at the electrode was measured accurately and the
corresponding temperature was calculated. By observing the change in temperature at the heater
when there is GNM present, it was confirmed that some of the heat is dissipated through the GNM.

The measurement was adopted to observe the trend of thermal dissipation through asymmetric and



symmetric GNM by maintaining similar experimental conditions and most interestingly,
characteristics of thermal rectification by introducing asymmetry in the GNM was observed when the
heater position was changed. It was observed that the heat transport through the non-meshed area
of the patterend GNR to the meshed area is larger compared to when the heater position is swapped
and heat transport direction is from the meshed area to the non-meshed area (fig. 2(b))

Gold electrode
as heater

low High
150K 240K

Thermal conductivity of »
pristine graphene Thermal conductivity of

., Pristine graphene

The arrow indicates the

Thermal conductivity

correspondingto AT
Thermal conductivity
correspondingto AT

Thermal conductivity of graphene nanomesh = O | _ _ _ _ _ b
> Thermal conductivity of graphene nanomesh

direction of temperature flow

Temperature (K)

low High Temperature (K)

low High

Figure 2: (a) Suspended asymmetric GNM device with nanopores patterned on half of the entire GNR
area. (b) Qualitative analysis of asymmetry of thermal transport for the fabricated device.

b. Research objective

Controlling the thermal conductivity of a material independently of its electrical conductivity has
always been an intriguing aspect for practical applications of thermoelectric materials. Research on
thermal rectification is very important to establish the idea of controlling current induced heat
transfer. Numerical simulations performed using continuum models of graphene PnCs in the
COMSOL multiphysics platform provided the initial ideas and information to fabricate the GPnC
device. A hybrid method by incorporating electron beam lithography (EBL) and helium ion beam
milling (HIBM) was developed to fabricate graphene nanomesh (GNM) devices to study their thermal
transport characteristics. A 4-terminal thermoelectric measurement method was established to
detect the thermal transport through the fabricated GNM. This work provides the initial knowledge
and ideas that could provide important information to the community to fabricate graphene based

devices for thermal rectification applications.
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