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Throughout this project, we developed high-resolution thermal property
measurement methods based on Raman spectroscopy and scanning electron microscopy. We improved the
temperature resolution of Raman-based thermal measurements. We also developed a method to
simultaneously measure the thermal conductivity and observe the internal structure of 1D materials
and introduced electron-beam heating for high-resolution thermal resistance mapping. In addition, we

successfully fabricated ultrafine nanostructures in graphene to study phonons’ wave behaviors.
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1. WFERMAL IO &

In recent years, due to the miniaturization and high-speed performance of electronic devices,
thermal issues such as ultra-high heat flux, hotspots, and interfacial thermal resistance in the
micro- and nanoscale have been predicted to become a bottleneck for the sustainable development
in the super-smart society (Waldrop M. Nature, 2016). With the development of nanomaterials
and nanostructures for advanced heat control underway, there still lacks a universal and highly
precise thermophysical measurement platform for the nanoscale thermal property evaluation. In
addition, although there has been growing attention to the wave nature of phonons (i.e. quasi-
particles of heat conduction) in nanostructures, the experimental elucidation of the wave-like

behaviors of heat is still very limited.
2. WrEEOH/

This research project aims to develop a high-resolution thermal property measurement platform,

and experimentally elucidate the wave-like behaviors of heat.
3. WDk
We utilized Raman spectroscopy and scanning electron microscopy to develop high-resolution

thermal measurement techniques and fabricated graphene nanostructures for the study of wave-
like heat conduction.
4. BFFERCR

First, we have established the lock-in Raman technique to greatly improve the temperature
resolution of Raman thermometry. One of the biggest challenges of Raman thermometry is the
relatively low temperature resolution, which is usually larger than 5 K. Here, we use modulated
electrical current at a low frequency to heat the sample and simultaneously collect the Raman
shifts that are linearly related to temperature. Then, we treat the Raman shifts data with fast
Fourier transform and pick out the Raman shift with the same frequency as the heating current,
so that the noises at other frequencies can be readily rooted out. Using this lock-in Raman
thermography technique, we have successfully measured the thermal contact resistance between
individual carbon fibers with high accuracy. We have also combined the MEMS sensor with the

lock-in Raman technique for thermal resistance mapping along an individual nanotube.

Second, we have established an experimental method that allows concurrently the in-situ
thermal conductivity measurement and the real-time internal structure observation of a single one-
dimensional (1D) material using scanning transmission electron microscopy in a scanning
electron microscope (STEM-in-SEM) (Fig. 1). Using this method, we in-situ measured the
thermal conductivities of individual cup-stacked carbon nanotubes and concurrently observed the
internal hollow structures. We found that the sample with more structural disorders had a lower
thermal conductivity. Our measurement method can pave the way to the sample-by-sample
elucidation of the structure-property relationship for 1D materials. This achievement has been
published in Appl. Phys. Lett. 2022, 120(4), 043104.

Third, we combined the electron beam (EB) heating with two suspended line-shaped heat flux



sensors and achieved the in-sifu thermal resistance mapping along a single carbon nanotube (CNT)

in a scanning electron microscope with a nanometer-range spatial resolution (Fig. 2). The CNT is

anchored between the two suspended metal lines, and the focused electron beam heats the CNT

locally with an ultrahigh spatial resolution, while the two metal lines simultaneously measure the

heat fluxes induced by the EB heating. We can obtain the spatially resolved thermal resistance by

sweeping the focused EB along the CNT. Utilizing this technique, we extracted the thermal

conductivity of the CNT without the errors from the thermal contact resistance between the

sample and the sensors. This achievement has been published in Int. J. Heat Mass Transf. 2022,

198, 123418, and paved the way for the experimental elucidation of various localized heat

conduction phenomena, including the wave effect.
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Fig. 1 Experimental system for the concurrent
thermal conductivity measurement and internal
structure observation of 1D materials. (a) SEM
images of the suspended Pt sensor on the wafer
edge; (b) photos of the experimental setup for the

in-situ STEM-in-SEM measurements.

Fig. 2 (a) Schematic diagram and the
corresponding equivalent thermal circuit of the
thermal resistance mapping measurement using
the focused electron beam as a localized heat
source; (b) SEM images of the two suspended Pt

heat flux sensors.

Last but not least, we have tried two approaches to

fabricate ultrafine nanostructures

graphene for the study of wave-like behaviors of heat.
We first tested how to introduce nanoscale defects in

graphene with a nano-probe and measured the

temperature distribution with

microscopy (SThM) at the same time. We adjusted the
optimal parameters of the probe scanning for the
scratching on graphene and introduced nano-to-

micro-sized holes on graphene, which exhibited

on monolayer

scanning thermal

Fig. 3 A hole with a diameter of about

10 nm drilled by focused electron beam

hotspots in the SThM-based temperature mapping.



Then, we tested how to drill ultrafine holes in graphene with a focused electron beam. As shown
in Fig. 3, with optimized electron beam parameters in a transmission electron microscope, we
have fabricated nanoholes with diameters of about 10 nm, which could be hardly realized by other
fabrication techniques like the focused ion beam. This kind of ultrafine graphene nanostructures

can be utilized to study the wave-like behaviors of heat.

In summary, throughout this project, we have developed high-resolution thermal property
measurement methods based on both Raman spectroscopy and scanning electron microscopy. We
have also fabricated ultrafine nanostructures in graphene for the study of wave behaviors of

phonons.
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