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ABSTRACT

Nanoscale heat transfer between two nanostructured surfaces holds paramount significance in the realms of extreme manufacturing and
high-density data storage. However, experimental probing of heat transfer encounters significant challenges, primarily due to limitations in
current instrumentation. Here, we report a method based on Raman spectroscopy to directly probe the temperature difference between a Si
nanotip and SiC substrate. Results indicate a decrease in substrate temperature, while the temperature of the nanotip remains relatively stable
as the nanotip moves away from the substrate from approximately 82.5 to 1320 nm. We trace this enhanced heat transfer to a significant aug-
mentation, by one order of magnitude, in air conduction and thermal radiation energy exchange theoretically, with air conduction being the
dominant mode over thermal radiation. This work advances the direct observation of surface temperatures with gaps smaller than 1 lm, uti-
lizing a noncontact and nondestructive Raman technique, which can be extended to studying near-field heat transfer across various Raman-
active surfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0222178

Heat transfer between surfaces separated by sub-micro distances
has triggered broad interest due to the fast development in the fields of
thermal management,1 energy conversion,2 and data storage.3 At such
small scales, air conduction and radiation heat transfer exhibit behav-
iors distinct from macro-scale processes. Air conduction shows diffu-
sive, transition, and ballistic regime characteristics as the distance
decreases from the microscale to the nanoscale.4 Moreover, radiation
heat transfer can increase by orders of magnitude and greatly surpass
Planck’s blackbody limit in the near field (sub-wavelength gap dis-
tance) due to the tunneling of evanescent modes.5 Despite the fast the-
oretical development of these intriguing phenomena,6 experimental
studies at such small scales have persistently posed challenges due to
the constraints associated with prevailing measurement methods on
accurate control of distance and precise measurement of temperature
and power.

Nevertheless, numerous endeavors have been undertaken to
quantify near-field heat transfer, with a particular emphasis on radia-
tion heat transfer, where temperature determination plays a pivotal
role. Scanning thermal microscopy (SThM) probe, functioning both as
a heater and a thermistor, enables the measurement of thermal con-
ductivity in thin films.7,8 And Reddy’s group successfully measured the
near-field radiation by integrating an SThM probe with an embedded
thermocouple to probe temperature.9 In addition, radiation enhance-
ment in the near-field regime between two parallel plates has been
studied with embedded temperature sensors on/near surfaces.10–12

These methodologies push forward the near-field heat transfer studies,
while it is a struggle to directly measure the temperatures of both heat
exchange surfaces. The techniques predominantly rely on single-sided
measurements or derive temperatures from thermal resistance and
near-surface measurements. To date, there has been an absence of
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efforts toward establishing a direct, double-sided temperature mea-
surement approach, which is crucial for a comprehensive understand-
ing of near-field heat transfer in practice.

Raman spectroscopy as a noncontact measurement provides easy
access to micro/nanoscale environments.13–15 It has been used to
investigate the thermal transport in suspended single-layer graphene
in early studies.16,17 Recently, Shi et al. distinguished the effects of hot
phonons and thermal stress in micro-Raman spectra of MoS2.

18

Moreover, tip-enhanced Raman spectroscopy enabled temperature
measurement within a sub-10nm laser-induced hot spot in GaN, facil-
itating experimental analysis of associated ballistic thermal transport
processes.19 Therefore, Raman spectroscopy measurement emerges as
a promising method for non-invasively directly measuring the temper-
atures of two heat exchange surfaces without causing structural dam-
age. Here, we focus on the heat transfer between a nanotip and
substrate, which is crucial for extreme manufacturing20 and high-
density data storage21 realms. Raman thermal measurement system
and atomic force microscopy (AFM) are combined, which facilitates
precise control over the nanotip–substrate gap size and simultaneous
characterization of their temperatures. Significantly enhanced heat
transfer is observed as the gap size decreases from approximately
1.32lm to about 82.5 nm, which is further corroborated by theoretical
calculations.

A key challenge in conducting near-field heat transfer experi-
ments lies in the stable control of the gap between two surfaces at a
sub-wavelength scale. We employ AFM and Raman spectrometer to
study the near-field heat transfer between two surfaces with gap distan-
ces as small as tens of nanometers [see Fig. 1(a)]. Our designed setup
utilizes a small-angle aligned laser with the substrate to heat the nano-
tip and excite the Raman signal of the substrate, rather than generating
a tip-enhanced optical field. Optical lever detection is used to

accurately determine the position of the nanotip by analyzing the
reflected laser beam off the back of the cantilever. Thereafter, a piezo-
electric actuator is used to generate precise nanoscale motion of a Si
nanotip (BudgetSensors, Tap190Al-G) in response to an applied volt-
age. The Si nanotip, with a length of 17lm, features a curvature radius
of 10 nm at the apex and a half cone angle of 10� [see Fig. 1(b)].
Regarding the substrate, a bulk 4H-SiC wafer, with dimensions of
10� 10� 0.5mm3, is grown by the seed crystal method and has a
roughness of less than 0.9 nm after polishing [see Fig. 1(c)].
Simultaneously, the Raman thermal measurement technique is applied
to capture Raman scattering from both the tip and the substrate.

A 532 nm continuous wave laser (5.1mW) is focused onto the
nanotip using a 50� objective and high precision 3D displacement
stage. The laser power is selected to ensure sufficient heat transfer
between the tip and the substrate. Reducing the laser power leads to a
lower temperature rise at the nanotip and the substrate, resulting in
weaker heat exchange between the two surfaces. And lower laser
energy yields a weaker Raman signal from the surfaces, which introdu-
ces additional challenges in spectroscopy measurement and increases
the complexity of data processing. The radius of the laser spot at the
focal level is around 17.5lm. Through the same objective, the Raman
scattering signal is collected and directed to a spectrometer for subse-
quent translation of the Raman spectrum, with the gratings of 1800
grooves/mm to enhance Raman resolution. A typical Raman spectrum
in this configuration is depicted in Fig. 1(d), exhibiting robust Raman
peaks stemming from the E2(TO), E1(TO), and A1(LO) active phonon
modes within the SiC substrate,22 alongside the first-order optical
characteristic mode in the Si nanotip.23 This setup facilitates the simul-
taneous in situ detection of their respective temperatures. The typical
peaks from Si and the A1(LO) mode from SiC, centered around 520.7
and 964.0 cm�1 at room temperature, are chosen to quantify

FIG. 1. (a) Schematic illustration of the experimental setup. A focused 532 nm laser beam serves to excite Raman scattering signals concurrently from both the nanotip and the
substrate. (b) Scanning electron microscopy (SEM) image of the nanotip. (c) Atomic force microscopy (AFM) image of SiC substrate. (d) Raman spectrum of Si nanotip and
SiC substrate. (e) Raman shift-temperature calibration results of SiC.
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temperature changes due to their distinct peaks and high intensities.
The Raman shift of each peak is obtained by fitting the peak using the
Lorentz function. Three spectra are collected at each measurement and
averaged to reduce measurement uncertainty. An operating period of
approximate 30min is maintained before spectra collection to ensure
the attainment of a steady-state thermal transport condition within the
tip–substrate system. Our calibration experiments show a good linear
relationship between Raman shift and temperature in Si and SiC, dem-
onstrating slopes of �0.022 and �0.023 cm�1K�1, respectively [see
supplementary material Note 1 and Fig. 1(e)].

The experiments are carried out under ambient air conditions at
room temperature. Initially, the nanotip approaches the substrate until
they reach a nearly contacted state. Subsequently, the objective is care-
fully adjusted to focus the laser spot onto the tip apex. In detail, the
objective is adjusted in the plane normal to the tip axis to maximize
the intensity of the Si Raman peak, ensuring the laser spot is focused
on the tip center. Then, the objective is moved along the tip axis to
focus the laser spot on the tip apex through making sure the Raman
signal can just be detected. During experiments, the tip is moved away
from the substrate in nanoscale steps from the near contact mode
along the vertical direction (nanotip axis) using a piezoelectric actua-
tor, with the distance ranging from 82.5 to 1320.0 nm. The nanotip
moves around 1lm during our measurements, which is much smaller
than the laser spot. Thus, the radius of the laser spot ensures good
coverage of both the nanotip apex and the substrate surface beneath
the tip.

During movement of the nanotip away from the substrate, as
illustrated in Figs. 2(a) and 2(b), the Raman shift of the tip exhibits
only marginal variations, whereas the substrate’s Raman shift under-
goes a significant increase, as depicted in Figs. 2(c)–2(f). Based on the
linear relationship between the Raman shift and temperature, when
the nanotip moves backward, its temperature remains steady at
approximately 200 �C, while the temperature of the substrate decreases
from about 32.6 to 22.4 �C [Fig. 2(g)]. Notably, the incident laser is
sharply focused by the nanotip onto the SiC substrate, and the excited
Raman scattering of SiC originates from the confined region beneath
the tip. This scattering is then reflected by the tip, eventually being col-
lected by the objectives and the CCD. This process is consistent with
the observed increase in intensity of Si and SiC peaks as the gap size
between the tip and substrate decreases [Figs. 2(c) and 2(d)].
Consequently, the Raman signal represents the localized temperature
of the confined region. The observed decrease in temperature indicates
reduced energy absorption by the substrate as the tip moves away,
highlighting a significant enhancement in heat transfer when their dis-
tance is reduced to the nanoscale. In addition, the error of temperature
measurement in our experiments is determined by the error associated
with the Raman shift. The maximum Raman shift errors from fitting
for the nanotip and the substrate are 60.026 and 60.010 cm�1,
respectively. Thus, their corresponding temperature uncertainties are
61.2 and60.4 �C, respectively.

Various factors may contribute to the temperature change in sub-
strate, including laser irradiation, electromagnetic field enhancement
due to the tip-enhanced effect, and heat transfer from the hot nanotip.
To gain a more comprehensive understanding, additional optical
experiments and electromagnetic simulations are conducted. A direct
irradiation experiment using a 532nm laser (5.1mW), focused by a
50� objective, shows no temperature rise in the substrate, attributed to

the low absorptivity of SiC at 532 nm wavelength.24 Furthermore, finite
element simulations (supplementary material Note 2) based on three-
dimensional Maxwell governing equations demonstrated no signifi-
cant electromagnetic field enhancement in the substrate, even at the
minimal gap size of 82.5nm under experimental conditions (see Fig.
S2). Therefore, the temperature elevation detected in the substrate dur-
ing experiments is primarily due to heat transfer between the tip and
the substrate, dependent on their respective temperatures and proxim-
ity. This high temperature facilitates heat transfer between the nanotip
and the substrate, thereby underscoring a significant enhancement in
heat transfer at nanoscale distances. The observation is thought to be
linked to intensified air conduction and radiation as validated by previ-
ous theoretical studies.8,25 Our research introduces a novel non-contact

FIG. 2. The Si nanotip moving away from SiC substrate from (a) near contact mode
to (b) a distance of about 1320.0 nm. Raman scattering intensities of (c) Si nanotip
and (d) SiC substrate at various clearances. Raman shifts of (e) Si nanotip and (f)
SiC substrate as a function of gap size. (g) Temperatures of Si nanotip and SiC sub-
strate at different gap sizes.
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technique for directly measuring temperatures on each side. This
approach, compared to thermal resistivity-based methods, which
involve inaccurate thermal resistance between the hot/cold surface and
the measuring spot, significantly reduces measurement uncertainty.

Given the non-flat nature of the nanotip apex, the substrate
surface directly beneath the nanotip experiences the highest level of
heating. Due to the nanoscale size of the tip apex, with a radius of
approximately 10 nm, it is inferred that thermal transport in the
heated SiC substrate area is limited by ballistic heat transfer, lead-
ing to a smaller thermal conductivity.26,27 This limitation results in
a temperature change as the nanotip moves away. Previous study
has shown that the thermal conductivity of Si and GaN can be
reduced to about 10% of their bulk values when the heater size is
less than 50 and 100 nm, respectively.26 Note that the total heating
radius could be larger than the tip apex since it accounts for all the
heat transfer phenomena happening at the vicinity of the tip, which
is very complicated.28 In addition, the probe can suffer from ther-
mal drift and small variations that could affect the accuracy of that
distance. In our experiments, the drift of the nanotip attributable to
thermal and vibrational fluctuations is within several nano-
meters,29,30 which does not show a significant effect on the control
of the gap size. It is also the reason we choose a minimum gap size
of 82.5 nm, as controlling the gap size at much smaller distances
proves challenging. To minimize the effect, we maintain the probe
in a steady state during the measurement. Furthermore, the probe’s
temperature remains nearly constant during the measurement, sig-
nificantly reducing thermal drift.

The heat transfer mechanisms associated with the nanotip are
depicted in Figs. 3(a)–3(c). These involve heat absorption by the nano-
tip (Qlaser), heat dissipation to the upper part (Qup) through thermal
conduction to the cantilever and thermal convection to the surround-
ings, and heat dissipation to the substrate (Qgap) through both radia-
tion and air conduction. As the nanotip moves away, its temperature

remains relatively stable despite these intricate surrounding conditions,
leading to a diminished heating effect on the substrate. To deepen our
understanding of the thermal transport process, theoretical calcula-
tions are performed focusing on air conduction and radiation between
the nanotip and substrate.

Given the sub-wavelength scale distance between the tip and
substrate, heat transfer across the air gap is critically affected, espe-
cially when the clearance nears the mean free path of ambient air,
resulting in a transition regime, and ballistic effect on thermal con-
ductivity is considered (see supplementary material Note 3). We
discretize the air gap region into concentric cylindrical sections7

with different gap distance Di, as depicted in Fig. 3(c). For gap
clearance� 400 nm, the heat conduction is treated as being in a
transition regime. The effective thermal conductivity for each layer,
based on its local clearance, is applied to calculate air conduction
discretely. The air thermal conductivity is assumed to adhere to its
bulk value for gap distance beyond 400 nm. Considering the mini-
mal change in average air temperature during the experiment (less
than 6 �C) and the small variation in air thermal conductivity
(<1.1%),31 the heat transfer enhancement due to temperature
increase in the air is neglected. Our computational analysis demon-
strates an air conduction of 1.45� 10�6W at a gap distance of
82.5 nm and 1.38� 10�7W at 1320.0 nm, as shown in Fig. 3(d). A
significant reduction, by a factor of 9.51, in air conduction is
observed as the tip moves away from the substrate, showing a sub-
stantial enhancement in air conduction as the gap distance
decreases.

In addition, near-field thermal radiation becomes critical at sub-
wavelength scale gap distances.32,33 To analyze this phenomenon, we
calculate the radiation heat transfer intensity at each angular frequency
and integrate these intensities over an angular frequency range from 0
to infinity to obtain the radiation flux, where the wavelength, tempera-
ture, and dielectric function of the materials involved are carefully

FIG. 3. Heat transfer processes of the nanotip–substrate system at (a) near contact mode and at a (b) significant distance. Nanotip absorbs heat due to laser irradiation
(Qlaser). This heat is subsequently transferred to the upper part of the tip and the surroundings through heat conduction and convection (Qup), and transferred to the substrate
(Qgap) beneath the tip via air conduction and radiation. (c) Schematic showing the decomposition of tip–substrate air gap used for air conduction and radiation calculation. (d)
Air conduction, (e) radiation flux, and (f) radiative heat transfer coefficient vs tip–substrate gap size.
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considered. The computational analysis of theoretical radiative flux is
conducted based on fluctuational electrodynamics, as detailed in sup-
plementary material Note 3. Utilizing the Derjaguin approximation34

and employing a discretization method as similar to that used in the
air conduction calculations, the local radiative fluxes between two par-
allel plates at varying distances are calculated34,35 and integrated to
determine the overall radiative flux.

Figure 3(e) displays the theoretical radiative heat flux, which
shows a monotonic decrease as the nanotip moves away from the sub-
strate, diminishing from 8.8� 10�10 to 9.6� 10�11 W (a reduction by
9.17 times) as the gap distance increases from 82.5 to 1320.0nm.
Similar with the trends observed in air conduction, radiation experien-
ces a significant enhancement as the gap distance goes down to tens of
nanometers. Moreover, we calculate the theoretical overall and far-
field radiation heat transfer coefficients between Si and SiC plates at
various gap size as illustrated in Fig. 3(f). Specifically, at a gap distance
of 82.5 nm and temperatures corresponding to those observed in the
experiments, the computed values for the theoretical overall and far-
field radiation heat transfer coefficients are 69.0 and 11.7W/(m2K),
respectively, underscoring the notable impact of evanescent waves on
radiation at the nanoscale. For the nanotip–substrate system, the
enhancement in radiation is less pronounced than the radiation heat
transfer coefficient, due to a significant portion of the nanotip being
distant from the substrate. Therefore, in addition to the near-field
effect, factors such as the increased heat exchange area and angle factor
within the nanotip–substrate system play vital roles in the enhance-
ment of radiative flux as the gap distance decreases. The radiative heat
flux is three orders of magnitude lower than the air conduction heat
flux, indicating the dominant role of air conduction in the heat transfer
between the nanotip and substrate, thereby rendering radiation rela-
tively negligible.

In summary, a Raman-based technique is developed to character-
ize enhanced heat transfer across a nanogap. This method overcomes
the measurement uncertainties commonly accompanied by conven-
tional methods and demonstrates its applicability by successfully char-
acterizing the significant enhancement in heat transfer between a Si
nanotip and a SiC substrate as their gap distance decreases. Utilizing
the relationship between the Raman spectrum and temperature, our
method enables direct temperature measurement of both the nanotip
and the substrate. We report a distinct decrease in substrate tempera-
ture as the nanotip moves away from it. And computational results
indicate that air conduction and radiation flux decrease by approxi-
mately nine times as the gap distance increases from approximately
82.5 nm to about 1.32lm. Our method constitutes a step toward real-
izing heat transfer characterization at sub-wavelength distance between
nanostructured surfaces for thermal management at the nanoscale.

See the supplementary material for details on Raman thermal
measurement calibration, electromagnetic simulation of the tip–sub-
strate system, and theoretical calculation methods.
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