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To understand the thermal failure mechanisms of electronic devices, it is essential to measure the

temperature and characterize the thermal properties of individual nanometer-scale transistors in

electronic devices. Previously, scanning thermal microscopy (SThM) has been used to measure the local

temperature with nanometer-scale spatial resolutions using a probe with a built-in temperature sensor.

However, this type of temperature measurement requires additional equipment to process the

temperature-sensing signals and expensive temperature-sensor-integrated probes fabricated by

complicated MEMS processes. Here, we present a novel technique which enables the simultaneous

measurement of the temperature and topography of nanostructures only with a conventional atomic

force microscope (AFM) of the type commonly used for topography measurements and without any

modifications of the probe and extra accessories for data acquisition. The underlying principle of the

proposed technique is that the local temperature of a specimen is estimated quantitatively from the

thermoreflectance of a bare silicon AFM probe that is in contact with a specimen. The temperature

obtained by our technique is found to be consistent with a result obtained by SThM measurements.
1 Introduction

Nanoscale thermometry is an essential technique in diverse
research areas, such as micro/nano electronics, thermophysical
properties of nanomaterials, and thermoelectric energy
conversion.1–16 As an example, the failure of an integrated
electronic device can be caused by a hot spot in a transistor
which in turn deteriorates the performance and reliability of
electronic devices.1,17 Accordingly, the need to understand
thermal transport on the sub-100 nm scale, which is compa-
rable to the width of the ne electrodes in a transistor, neces-
sitates the development of a temperature-sensing method with
a sub-100 nm spatial resolution.1,13–16,18–27 Further, nanoscale
thermometry with a high spatial resolution is paramount for
accurate thermal characterizations of nanomaterials (e.g., gra-
phene, carbon nanotubes, or nanowires), which have recently
drawn enormous amounts of attention.11–14,27–34 Related
research has been carried out with micro-Raman spectros-
copy,35 thermoreectance (TR),36–40 near-eld scanning optical
microscopy (NSOM),41 scanning thermal microscopy
(SThM),12–14,18–24,30–34,42–46 and other measurement methods.
However, it should be noted that micro-Raman and TRmethods
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are limited in terms of their ability to measure temperature with
sub-100 nm spatial resolutions due to the optical diffraction
limit.

To meet the demands of nanoscale thermometry with sub-
100 nm resolutions, recent studies focus on scanning probe-
based thermometries.1,13,14,18–25,30–34,41,47 Among these tech-
nique, in the case of NSOM which measures temperature in
near-eld,41 the spatial resolution is determined by the size of
the probe aperture. Accordingly, it requires a very small aper-
ture as well as a complex optical system for high spatial reso-
lutions. Also, SThM, which is contact nanothermometry based
on the atomic force microscope (AFM) platform, employs
a temperature-sensing probe.1,6 In order to obtain the temper-
ature distribution on the sample surface, the resistance change
of a conductor embedded in a probe13,14,20,21,30 or the thermo-
electric voltage generated at a thermocouple junction placed at
the tip end of a probe18,19,22–24,31–34 must be measured, meaning
that an additional system is required to process the signal.
Further, these temperature-sensor-integrated probes are
produced through a complex MEMS fabrication process,
making them expensive and fragile. Consequently, the
complexity of both the system and the probe limits the broader
application of those techniques with regard to the sensing of
nanoscale temperature distributions.

In this work, we propose a novel form of AFM-based ther-
mometry capable of sub-100 nm spatial resolutions. Without
using a temperature-sensor-inserted probe, the local tempera-
ture on a specimen can be measured by exploiting the TR
This journal is © The Royal Society of Chemistry 2018
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View Article Online
characteristic (i.e., the change of the reectance with respect to
the temperature) of a conventional AFM Si probe, whose
temperature is determined by the heat transfer from the spec-
imen that is in contact with the probe. A key advantage of our
technique is that temperature measurements with sub-100 nm
spatial resolutions are possible with only a low-cost AFM Si
probe without any accessories. The laser diode used for the
topographymeasurement in conventional AFM can also be used
as a light source for TR measurement. Moreover, a quadrant
photo detector (QPD) of the type found in a conventional AFM
can also be employed to detect the change of the laser intensity
reected from the Si probe, enabling TR measurements with
a conventional AFM alone. Here, the temperature image with
a sub-100 nm spatial resolution will be obtained with
a conventional AFM (NTEGRA Aura, NT-MDT) and a conven-
tional Si probe (RESP10, Bruker) with the proposed AFM-TR
technique. Quantitative temperature measurements are ach-
ieved through calibration, as in previous works with SThM.23,31

Further, the measured temperature will be compared with that
obtained with a commercially available SThM probe (NP SThM
02, TSP Nanoscopy) to demonstrate the validity of the proposed
technique.
2 Results and discussion
2.1 Concept of the AFM-TR technique

The conventional AFM system consisting of an AFM probe,
a QPD, and a laser diode is depicted in Fig. 1. The QPD is
divided into the quadrant sections of four photodiodes, deno-
ted here as A, B, C, and D. When the tip of the probe scans the
sample surface, the cantilever of the probe is deected accord-
ing to the topography of the sample surface. The corresponding
change in the laser signal reected on the cantilever results in
Fig. 1 Concept of the AFM-TR technique. In a conventional AFM set up,
cantilever, and measured on the QPD. The difference between the signal
a topography image. The AFM-TR technique exploits the total sum of the
which can be varied by the local temperature of the sample surface.

This journal is © The Royal Society of Chemistry 2018
variation of the detected laser signal in each of four photodi-
odes. The changes in the signal detected by each diode are
converted into topography information in the conventional
AFM system.6 To be specic, while scanning the surface of the
sample, a topography image is obtained from the difference
between the signals from the upper part and the lower part of
the QPD while the frictional force between the probe tip and the
sample surface can be estimated from the difference between
the signals from the le side and the right side of the QPD.

If the temperature distribution of the sample is not uniform,
the temperature of the cantilever, onto which the laser beam is
irradiated, is also varied according to the local temperature of
the sample surface due to the heat transfer at the tip–sample
contact point. Thus, the change in the reected laser signal
depending on the temperature of the cantilever (i.e., thermor-
eectance) can be used to estimate the change in the temper-
ature of the sample. Considering an actual AFM conguration,
the difference between the signals from the upper and the lower
parts of the QPD can be used to obtain a topography image,
while the sum of signals from all quadrants A, B, C, and D (i.e.,
the total detected laser signal) can be used to deduce the
reectance of the Si probe. In general, the reectance of the
cantilever (r) depends on the dielectric function (3) and the
thickness (d) of the cantilever, the wavelength of the incident
laser beam (l) and the incident angle of the laser beam (q). Here,
the dielectric function is again a function of the incident laser
beam wavelength and temperature of the material. Conse-
quently, if the thickness of the cantilever and wavelength and
angle of the incident laser beam are kept constant, the reec-
tance is then only a function of the temperature of the canti-
lever. Because the temperature-dependent dielectric function of
Si, which is widely used as an AFM probe material, is well
characterized,36,38–40 thermometry is possible with the TR
the laser beam is emitted from the laser diode, reflected on the probe
s from the upper part and the lower part of the QPD is used to produce
QPD signal which is proportional to the probe cantilever (Si) reflectance

RSC Adv., 2018, 8, 27616–27622 | 27617
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characteristics of the conventional AFM Si probe. This method
is termed the AFM-TR technique (Fig. 1). Again, key to enabling
the AFM-TR is the fact that the laser signal reected on the Si
cantilever can be used not only for topography measurements
but also for the thermoreectance measurement.
Fig. 2 Effect of the topography and sample temperature on the
relative change of QPD signal. (a) Topography of the sample and (b)
DQPDR when the temperature distribution of the sample is uniform
(i.e., room temperature). (c) DQPDRmeasuredwith respect to the input
power applied to the tungsten line heater at point (1), denoted with
a circular mark, and at point (2), denoted with a square-shaped mark.
Inset of (c): a topography image of the tungsten line heater and the
contact points where the measurements were conducted.
2.2 Experimental results

To demonstrate the AFM-TR technique, a tungsten line heater is
fabricated. As part of this step, 1 mm-thick SiO2 lm is thermally
grown on a Si substrate as an thermal insulation layer and the
tungsten line heater is patterned onto it with electron-beam
lithography. A topography image of the fabricated sample ob-
tained via AFM is shown in Fig. 2a. The measured line width
and height of the tungsten line heater are 1.19 mm and 40 nm,
respectively. The length of the line heater is designed to be 80
mm. Throughout the paper, all measurements are conducted
under a low-vacuum condition (�2 mTorr) to suppress the
parasitic heat transfer between the AFM probe and the sample
in the form of air conduction/convection and the conduction
through the liquid meniscus at the tip–sample contact
point.1,19,48 A current output module (NI 9265, National Instru-
ments) and a voltage input module (NI 9223, National Instru-
ments) were used to supply current to the tungsten line heater
and to measure voltage difference across the heater, respec-
tively. A eld-programmable gate-array (FPGA) embedded
controller (NI cRIO 9039, National Instruments) was introduced
to control the modules and calculate the electrical resistance of
the tungsten line heater.

The total QPD signal from quadrants A, B, C, and D can be

expressed as
PD
i¼A

IQPD;iðx; yÞ ¼ crðx; yÞILD, where the coordinate

(x, y) refers to the contact point between the AFM tip and the
sample surface (see Fig. 2a). Here, IQPD,i indicates the laser
signal obtained from each quadrant of the QPD, where r is the
reectance of the AFM cantilever, c is a constant value, and ILD is
the intensity of the laser beam irradiated from the laser diode.
When calculating the total sum of the QPD signals, the constant
c is necessary to compensate for the loss caused by the size
difference between the incident laser beam and the cantilever.
That is, only a certain portion of the laser beam irradiated onto
the cantilever is reected on the cantilever (i.e., c # 1). In order
to measure the temperature while scanning over the heater, the
change in the total QPD signal can be dened as

DQPDRðx; yÞ ¼
PD
i¼A

IQPD;ið0; 0Þ �
PD
i¼A

IQPD;iðx; yÞ
PD
i¼A

IQPD;ið0; 0Þ

¼ rð0; 0Þ � rðx; yÞ
rð0; 0Þ

, where the point (0, 0) is the initial scanning location. By taking
the relative change of the total QPD signal between two points
(i.e., one at desired location and the other at reference location),
the unknown constant c and the incident laser beam intensity
ILD do not need to be known.
27618 | RSC Adv., 2018, 8, 27616–27622
For the AFM-TR technique to be considered as a reliable
temperature-measuring technique, two criteria should be met.
The rst is that the total QPD signal should not be affected by
This journal is © The Royal Society of Chemistry 2018
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the sample topography, and the second is that the total QPD
signal should be a monotonic function of the sample surface
temperature. First, in order to examine how the total QPD signal
is related to the topography, images of the topography and the
total QPD signal are obtained simultaneously for the tungsten-
line-heater sample maintained at room temperature (see Fig. 2a
and b). Fig. 2a is obtained from the difference between the
signals from the upper and the lower parts of the QPD (i.e., the
topography image) and Fig. 2b plots the relative change in the
total QPD signal (i.e., DQPDR) while scanning the sample
surface as it is held at room temperature. Because heating
power is not applied to the tungsten line heater, it can be safely
assumed that both the heater and the probe are in a state of
thermal equilibrium at room temperature. In contrast to the
clear topography image of the tungsten line heater shown in
Fig. 2a, there is no noticeable distribution of DQPDR (see
Fig. 2b); that is, DQPDR is decoupled with the topography of the
sample. In this measurement, it can be conrmed that the total
QPD signal is not a function of the topography and that DQPDR

remains at an average of 0.02% with a standard deviation of
0.0067%. A detailed discussion of the noise in DQPDR and the
corresponding temperature resolution will be presented later in
relation to the sensitivity of the Si probe.

The dependence of DQPDR on the temperature of the sample
surface can be revealed by measuring DQPDR while heating the
tungsten line heater via Joule heating. Given that the increase in
the local temperature of the sample is proportional to the Joule
heating power applied to the tungsten line heater, DQPDR is
measured with respect to the power input. Here, DQPDR is dened
as the relative change in the total QPD signal with respect to the
initial total QPD signal (i.e., when heating power is not applied to
the heater) at a certain point. Because the total QPD signal is
independent of the topography when there is no temperature
distribution (see Fig. 2b), the total QPD signal at any point before
Joule heating can be safely used as the reference point. As shown in
the inset of Fig. 2c, the AFM probe tip is brought into contact with
the midpoint of the tungsten line heater (denoted as point 1) and
the SiO2 lm (denoted as point 2) which is positioned 1 mm away
from point 1. DQPDR obtained at each point while increasing the
Joule heating power from 0mW to 15mW is plotted in Fig. 2c. It is
clear that DQPDR at both points increases with an increase in the
input power and thatDQPDR is higher at the point on the tungsten
line heater than it is at the point on the SiO2. These results verify
that DQPDR is a function of the local temperature of the sample.
To be specic, DQPDR increases with respect to the local temper-
ature of the sample monotonically as well as linearly (see Fig. 2c).
Suchmonotonic and linear TR characteristics are possible because
the increase in the temperature of the AFM probe is minute
compared to that on the surface of the sample (�60 K at 15mW as
will be shown later). In fact, if we compare DQPDR to the outcome
with previously reported Si TR,39 DQPDR obtained in this study has
a much smaller value. The nanoscopic tip–sample contact
required for a high spatial resolution inevitably results in consid-
erable thermal contact resistance. Accordingly, thermal equilib-
rium between the probe cantilever and the sample surface cannot
be achieved, and the temperature rise in the AFM probe cantilever
should be much smaller than that on the sample surface, leading
This journal is © The Royal Society of Chemistry 2018
to low sensitivity when using this technique. On the other hand,
such a small temperature rise of the probe due to large contact
resistance can be benecial, as monotonic and linear TR charac-
teristics of a Si probe are possible in a relatively narrow tempera-
ture range. Further, bending or expansion of the Si probe at a high
temperature, which also affects the QPD signal and increases the
uncertainty, can be avoided in cases involving such small
temperature increases of the probe. The low sensitivity arising due
to the nanoscopic tip–sample contact, which is, however, advan-
tageous in terms of the spatial resolution and TR performance, can
be mitigated with high sensitivity of the TR measurements.

In order to demonstrate that the AFM-TR technique can be
used for quantitative temperature measurements, calibration
with a reference sample was conducted to determine the rela-
tionship between DQPDR and the local temperature on the
tungsten line heater. Because the thermal contact resistance at
the contact point between the probe tip and the sample surface
is a function of the degrees of thermal conductivity of the tip
and the sample,1,23 a reference tungsten-line-heater sample (i.e.,
same material with the actual sample) is introduced.31 A
detailed explanation of the calibration processes is provided in
ESI.† The sensitivity of DQPDR to the temperature of the tung-
sten line heater was found to be 0.013% K�1, where the validity
of the calibration process is conrmed through a nite element
method (FEM) simulation (see ESI†).

Using the calibrated Si probe, a quantitative temperature
measurement with the proposed AFM-TR technique is demon-
strated. In Fig. 3, the temperature distributions estimated from
DQPDR(x) while heating the tungsten line heater via Joule heating
at input power levels of 3.01 mW, 9.29 mW and 19.17 mW are
depicted. As expected, Fig. 3 clearly indicates that the local
temperature increases with an increase in the input power.
Further, because the input power applied to the heater is dissi-
pated from the heater to the surrounding 1 mm-thick SiO2 lm,
the maximum temperature should be obtained at the midpoint
of the tungsten line heater, which is also observable in Fig. 3. For
comparison, the temperature measured with the AFM-TR tech-
nique and the calculation results obtained from a FEM simula-
tion with ANSYS soware are plotted as well (see ESI†). The
temperature proles from the FEM simulation are slightly
different from the experimental results, which may be due to the
fact that the trapezoidal cross-section of the actual tungsten line
heater is assumed to be rectangular in the FEM model. Never-
theless, the experimental results generally are in good agreement
with the predicted results, except for the temperature proles at
the edge. The sharp temperature change at the edge, which is
a non-physical jump of the measured temperature, is due to an
abrupt change in the contact resistance between the tip and the
tungsten line heater. At this point, the contact between the heater
edge and the side plane of the probe tip leads to an increase in
the contact area, resulting in a ctitious temperature jump at the
edge. This phenomena is frequently found in previous works
with SThM,22,23 and it can be offset through the two-pass
method14 or through a dynamic adjustment.24,45

Finally, the quantitative results obtained with the AFM-TR
technique are compared with the results obtained with
a commercially available SThM probe (NP SThM 02, TSP
RSC Adv., 2018, 8, 27616–27622 | 27619
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Fig. 3 Topography of the tungsten line heater and its quantitative
temperature profile obtained with the AFM-TR technique. Tempera-
ture profiles measured with the AFM-TR technique across the tung-
sten line heater when applying various amounts of input power
(denoted by the symbols). Each profile represents the average data
from three different measurements. The ANSYS simulation results
(denoted by the solid line) are also plotted for comparison. The scan
speedwas 48 mm s�1, the scan step was 30 nm and the total number of
measuring points was 256 per scan.

Fig. 4 Validity of the proposed AFM-TR technique. (a) A topography
image of the Pt heater sample. The locations of temperature-
measurement points (i.e., A–F) are also noted. (b) Temperature varia-
tion measured with two techniques (AFM-TR and SThM) at each point
under various input power levels.
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Nanoscopy). To demonstrate the potential of the technique for
a versatile range of applications, we fabricated a new heater with
Pt, as shown in Fig. 4. To induce substantial changes in the
temperature distribution, the cross-sectional area of the Pt
heater is changed abruptly. The line width of the heater on the
le side is 422 nm while that on the right side is 2000 nm. The
measured height of the heater is uniform and was found to be
72 nm. This heater is also patterned on 1 mm of SiO2 thermally
grown on a Si substrate. The abrupt change in the line width of
the heater generates the temperature gradient, and the local
temperatures are measured at several selected points marked as
A–F in Fig. 4a. When using the SThM probe, a pre-amplier and
a signal access module are necessary to determine the
27620 | RSC Adv., 2018, 8, 27616–27622
thermoelectric voltage signal and a topography image simulta-
neously. The SThM probe is calibrated identically to how the
AFM Si probe is calibrated, except that the relationship between
the thermoelectric voltage signal and the sample temperature is
obtained rather than the relationship between DQPDR and the
sample temperature. The results obtained with the both AFM-
TR and SThM techniques while increasing the Joule heating
power are plotted in Fig. 4b. It is clearly shown that both
methods measure nearly identical temperatures for every point.
As expected, the maximum temperature is obtained at point A
and the temperature decreases as the distance from point A
increases. The maximum error between the results obtained
with both methods was found to be only 4.3 K at 387 K (i.e.,
1.1%). This is a quite compelling result because the proposed
AFM-TR technique does not require a specially fabricated probe
or an additional complex signal processing system as the SThM
technique does. It is conrmed here that the AFM-TR technique
is a reliable form of thermometry despite the fact that it is a low-
cost and readily accessible technique.
This journal is © The Royal Society of Chemistry 2018
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2.3 Discussion

Here, we describe the temperature resolution of the proposed
technique. The measured standard deviation of DQPDR when
there is no input power is 0.0067% (see Fig. 2b). With sensitivity
of 0.013%/K as obtained through a calibration process, DTnoise
can be estimated to be 0.52 K. This can be considered as the
noise-limited temperature resolution of the proposed tech-
nique. Given that the temperature noise of the SThM probe
without modulation and a noise lter is reportedly �10 K,13 our
technique can produce results similar to those of SThM, as is
apparent in Fig. 4b. The contact diameter can be calculated
from classical Hertzian theory.1,23 The contact force of the Si
probe was measured and found to be 67 nN during the
temperature measurement using the AFM-TR technique. The
diameter of the contact (i.e., aHertz) can be derived using the

following relationship, aHertz ¼
�
6rP
E*

�1=3

, where r (<20 nm for

bare Si probes) is the tip radius, P is the contact force, and E* ¼
[(1� n21)/E1 + (1� n22)/E2]

�1 is the effective elastic modulus with n

being the Poisson's ratio and E being the modulus of elas-
ticity.1,23 The subscripts 1 and 2 represent the two materials of
the probe (Si) and the sample (W). The calculated diameter of
the contact is less than 4.4 nm. The calculated contact diameter
is similar to that of the SThM probe with a bare Si tip reported
as�10 nm.13 Given that the bare AFM Si tip has a smaller radius
(<20 nm) than the metal-coated SThM probe tip (20–50 nm),23,24

the contact diameter when using our technique would be
smaller than that of the metal-coated SThM (i.e., 10–20 nm).23,24

The spatial resolution (Dx) can also be estimated from the noise
in the temperature measurement and the maximum tempera-
ture gradient of the sample:2 Dx ¼ DTnoise/(dT/dx). In Fig. 3, the
maximum temperature gradient is measured and determined to
be 0.322 K nm�1. Considering temperature noise of 0.52 K, the
maximum spatial resolution can be estimated as 1.6 nm.
Further, it should be noted that the measured temperature is in
good agreement with the predicted data and distinguishable
where neighboring points are separated by 30 nm, as in Fig. 3.
All things considered, the actual resolution of our technique is
expected to be 10–30 nm. Thus, it becomes obvious that quan-
titative thermometry with a sub-100 nm spatial resolution is
possible with the AFM-TR technique.

Although the proposed AFM-TR technique is shown to produce
results similar to those of SThM for simple measurements (i.e.,
Fig. 4), the SThM method has been developed for more precise
temperature measurements, that is, removing edge effects (see
Fig. 3) caused by a change in the contact area between a tip and
a sample14,24,45 or nullifying the heat ux between a tip and
a sample to measure the ‘actual’ temperature not perturbed by the
measurement itself.24,45 These methodologies can also be applied
to our AFM-TR technique if a heated AFM cantilever is used
instead. Compared to previously reported SThM approaches with
high sensitivity, our technique has an inherent limitation with
regard to sensitivity; that is, the cantilever temperature is
measured for our technique, whereas the probe tip temperature is
measured for the SThMmeasurement. The temperature sensitivity
can be dened by the thermal resistance of the heat path from the
This journal is © The Royal Society of Chemistry 2018
sample to the cantilever. For SThM using a thermocouple junc-
tion,23 the temperature sensitivity is determined via (Rtip + Rcan)/(Rts
+ Rtip + Rcan), where Rtip and Rcan are the thermal resistance of the
probe tip and the cantilever, respectively, and Rts is the contact
thermal resistance between the tip and the sample. According to
Kim et al.,23 Rtip + Rcan is�5� 106 KW�1 and Rts is estimated to be
2 � 108 K W�1 (SiO2–SiO2 contact) such that the reported sensi-
tivity is �0.02 K K�1. However, for the proposed technique where
the cantilever temperature is used, the temperature sensitivity can
be dened as Rcan/(Rts + Rtip + Rcan). For a Si probe, Rcan is
reportedly 2 � 105 K W�1 and Rts is (1–2) � 108 K W�1 (Si–Si
contact).13 In this case, the calculated temperature sensitivity of the
Si probe for the AFM-TR technique is approximately 0.001 K K�1.
This inherent limitation in the sensitivity arising from the geom-
etry of the device can be overcome if a heated cantilever with a high
Rcan value is introduced. Further, because the TR sensitivity is
highly dependent on the cantilever thickness,40 a heated cantilever
with an optimized thickness is expected to increase the sensitivity
of the proposed technique. The reported SThM shows a much
higher temperature resolution (i.e., 7 mK)14 than that by our
technique (i.e., 520 mK). Such a low temperature resolution can be
mitigated by modulation, reducing the electrical noise in the QPD
signal. In fact, steady-state measurements with SThM show rela-
tively large amounts of temperature noise (i.e., �10 K 13), though
these are later reduced dramatically to 7 mK with modulation.14

3 Conclusions

In summary, we proposed a versatile AFM-based thermometry
with a sub-100 nm spatial resolution. The temperature prole
can be obtained only with a conventional AFM setup and
conventional AFM probe by exploiting the TR characteristic of the
conventional AFM Si probe. The laser diode and the QPD, origi-
nally used for topography imaging, can also be employed to
detect changes in the laser signal which is altered by the
temperature of the sample. Through calibration, the quantitative
temperature measurements at resolutions down to 30 nm can be
achieved. The temperature measured with the present method
shows excellent agreement with the temperature distribution
predicted by a simulation and the temperature measured with
a commercially available SThM probe, demonstrating the validity
of the AFM-TR technique as a reliable form of thermometry.
Without using fragile and expensive probes and a complex signal
processing system, this technique provides a means by which to
measure the temperature only with the conventional AFM setup.
It should be noted that this is a wholly new concept and that this
work is the very rst to concentrate on this technique. Given that
there are much room le with regard to this technique to realize
improved performance or for to apply it in various areas, future
studies are expected. The proposed readily accessible nanoscale
thermometry is suitable for researchers from various elds and
thus will promote our understanding of diverse nanoscale
thermal transport phenomena in various environments.
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