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ABSTRACT: The Leidenfrost effect describes a fascinating phenomenon
in which a liquid droplet, when deposited onto a very hot substrate, will
levitate on its own vapor layer and undergo frictionless movements.
Driven by the significant implications for heat transfer engineering and
drag reduction, intensive efforts have been made to understand,
manipulate, and utilize the Leidenfrost effect on macrosized objects
with a typical size of millimeters. The Leidenfrost effect of nanosized
objects, however, remains unexplored. Herein, we report on an
unprecedented Leidenfrost effect of single nanosized sulfur particles at
room temperature. It was discovered when advanced dark-field optical
microscopy was employed to monitor the dynamic sublimation process of
single sulfur nanoparticles sitting on a flat substrate. Despite the
phenomenological similarity, including the vapor-cushion-induced levita-
tion and the extended lifetime, the Leidenfrost effect at the nanoscale exhibited two extraordinary features that were obviously
distinct from its macroscopic counterpart. First, there was a critical size below which single sulfur nanoparticles began to levitate.
Second, levitation occurred in the absence of the temperature difference between the nanoparticle and the substrate, which was
barely possible for macroscopic objects and underscored the value of bridging the gap connecting the Leidenfrost effect and
nanoscience. The sublimation-triggered spontaneous takeoff of single sulfur nanoparticles shed new light on its further applications,
such as nanoflight.

■ INTRODUCTION
When a liquid droplet is placed on a hot solid with a
temperature much higher than the boiling point of the liquid,
in contrast to rapid disappearance due to intensive boiling as
one would intuitively expect, film boiling at the solid−liquid
interface generates a vapor cushion to levitate the droplet from
the substrate.1,2 The vapor cushion is fascinating because it not
only results in thermal isolation to effectively decrease the heat
transfer to a large extent and dramatically extend the lifetime of
the droplet but also creates zero adhesion to enable beautiful
and frictionless motion behaviors such as gliding,2 self-
propulsion,3 rotation,4 trampolining,5,6 bouncing,7,8 explosion,9

and so on. This phenomenon is commonly known as the
Leidenfrost effect to honor Johann Gottlob Leidenfrost, who
made the first detailed documentation in 1756.

Driven by both fundamental and practical interests and
enabled by modern measurement techniques and theoretical
advancements, past decades have witnessed intensive revisits of
the Leidenfrost effect.10 From a fundamental point of view, the
Leidenfrost effect provides an ideal interface to investigate the
transition from nucleate boiling to film boiling and to better
understand the fluid mechanics under frictionless conditions.
More importantly, the Leidenfrost effect holds promising keys
to many important industrial applications. For instance,
engineering the hydrophobicity, roughness, and wettability of

solid surfaces via structural microtexturing allowed for tuning
the Leidenfrost point by hundreds of degrees,11 with
implications for cooling and thermal management in steel
and aerospace industry, combustion, and nuclear plants.12

Rational fabrication of asymmetrical surface microstructures
was proven an efficient way to design micromotors and
actuators by harvesting the energy produced in the frictionless
movements of objects.3,13 The temperature gradient and the
corresponding charge separation have been utilized in the
chemical synthesis of functional nanomaterials.14,15 In addition
to the original Leidenfrost effect, where the vapor cushion was
produced from the evaporation of liquid droplets, multiple
variations have been proposed to expand the mechanisms for
generating the vapor cushion, including the evaporation of
hydrogels,8 the sublimation of solid objects like dry ice,3 and
the evaporation or sublimation of the cold surface (like liquid
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nitrogen or dry ice) when interacting with room temperature
objects.13,16−18

Although successful, existing studies on the Leidenfrost
effect have been exclusively performed on bulk objects with
typical size in the millimeter scale. One then wonders whether
the Leidenfrost effect also exists in a nanosized droplet or if it
is only applicable on the macroscale. This question is
particularly attractive because the interplay between nano-
science and the Leidenfrost effect has been rather weak despite
the amazing achievements in nanoscience and nanotechnology
in the past decades. When the size of the materials was reduced
to the nanoscale, extraordinary properties arose and new
phenomena were frequently observed.19 Leidenfrost effect
relies on various phase transitions and molecular interactions
including evaporation, sublimation, surface tension, heat
transfer, and friction, which are all size-dependent. For
instance, numerous studies have demonstrated the great
impact of object size on its surface tension and phase
transition.20,21 Molecular dynamics simulations have been
employed to study the evaporation process of the nano-
droplets, and the Leidenfrost temperature for water nano-
droplets was found to be about 100 K lower than that of
microdroplets.22 In addition, gravity, another key player in
levitation, also scales down as a power factor of 3 with the
decreasing diameter, which greatly reduces the lifting force
required to levitate the object and may have a significant
impact on the nanoscale Leidenfrost effect. Celestini et al.
discovered that the Leidenfrost droplet would takeoff from the
plate as its size (weight) becomes small enough.23 However,
except for the promising theoretical study in a recent work,22

to the best of our knowledge, the Leidenfrost effect of the
nanosized object remains experimentally unexplored, likely due
to the insufficient resolutions of major techniques (video
camera and interferometry imaging) to monitor the motions of
submicron objects and to characterize the nanoscale gap
between the object and the substrate.

Here, we employed dark-field optical microscopy (DFM) to
monitor the dynamic sublimation process of single sulfur
nanoparticles (SNPs) sitting on a flat substrate under an
ambient atmosphere at a constant temperature well below the

melting point of sulfur. In the early stage, the gentle
sublimation induced a gradual decrease in the overall size of
sulfur particles. When the particle size was below a critical
value of ∼360 nm, it started to levitate, as evidenced by the
stochastic movements and the transient increases in the
particle−substrate distance, accompanied by the dramatically
reduced sublimation rate and the extended lifetime of the
particle. The critical size was dependent on the balance
between the gravity of a single nanoparticle and the upward
pressure caused by the dynamically accumulated sulfur vapors
in the confined space underneath the nanoparticle. Both the
vapor-cushion-induced levitation and the extended lifetime
were nicely consistent with the characteristic features
associated with the Leidenfrost effect. Despite the similarity,
the Leidenfrost effect of single nanoparticles indeed exhibited
two extraordinary features that were obviously distinct from
the conventional experiments in millimeter-sized objects. First,
for the same kind of sublimative materials, all individuals
displayed a constant critical size for the levitation to occur
regardless of their different original sizes. Comparative studies
on single iodine and ferrocene particles indicated that the
critical size was mostly dependent on the vapor pressure and
density of the material. Second, the Leidenfrost effect of a
single nanoparticle could occur even when there is no
temperature difference between the particle and the substrate,
a feature that has been barely possible for macroscopic objects.

■ RESULTS AND DISCUSSION
Optical Imaging of the Dynamic Sublimation Process

of Single Sulfur Nanoparticles. Figure 1a shows the
schematic diagram of the experimental set-up, where a
home-built DFM was employed to image the dynamic
sublimation process of SNPs. A green light-emitting diode
(LED) beam (λ = 520 ± 30 nm) passed through the
condenser and then illuminated the SNPs obliquely with an
incident angle ranging from 53.1° to 71.8°. The photons
scattered by the SNPs were subsequently collected by a 20×
objective, while those photons directly transmitted through the
background area without particles cannot enter the objective
because the numerical aperture (N.A.) of the objective (0.45)

Figure 1. Optical imaging of the dynamic sublimation process of single sulfur nanoparticles. (a) Schematic illustration of monitoring the dynamic
sublimation process of a single SNP with DFM. (b) Selected snapshots of one SNP from the time-lapsed DFM images during the entire
sublimation process. The scale bar is 1 μm. (c, d) DFM intensity curves (c) and the location (d) as a function of the time of the SNP shown in
panel (b), and the color of the points represent the moment of recording the images according to the time map shown on the right.
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was smaller than that of the condenser (0.80−0.95). Therefore,
a typical DFM image where SNPs were bright with high
contrast to the dark background was obtained in the camera.
Each bright dot in the DFM image represented a single SNP,
and the optical intensity (brightness) of the dot was dependent
on the number of atoms of the individual nanoparticle
according to the light scattering theory,24 laying the foundation
for monitoring the dynamic sublimation of SNPs with DFM.
With further calibration, the size of SNPs could be estimated
from its DFM optical intensity, and the detection limit of this
optical set-up was assessed to be 50 nm SNPs (Figure S1),
which was determined by the contrast between the brightness
of single SNPs and the spatial noise of its surrounded
background.

In a typical experiment, the SNPs were first deposited on the
substrate with a density of ∼1 particle/100 μm2. Then, the
time-lapsed DFM images were continuously recorded at a rate
of 10 frames/s until all of the particles disappeared from the
view (due to spontaneous sublimation). The temperature of
the substrate was controlled by the Joule heating effect from a
fabricated gold film underneath the SNPs (for more details,
refer to Figure S2 and our previous work25) and kept at a
constant temperature (70.2 °C) that was significantly lower
than the melting temperature of bulk sulfur (115 °C)26 during
the whole recording process, as will be discussed in detail later.
The photothermal effect of the illumination beam herein could
be neglected because of its low power density (0.1 μW/
μm2).27 Figure 1b shows several DFM snapshots of one typical
SNP in an experiment, where the scattering intensity of the
SNP decreased with time, indicating that the sulfur atoms
gradually escaped from the particle into air, i.e., sublimation.
To further investigate the sublimation kinetics, its optical
intensity curve as a function of time was extracted from a series
of time-lapsed DFM images using home-written MATLAB
codes (Figure 1c). Three-stage sublimation kinetics of the SNP
were typically observed, including an early gentle sublimation
stage I (0−15.6 s), a subsequent sublimation plateau stage II
(15.6−23.1 s), and a final accelerated sublimation stage III
(23.1−26.2 s). The slow sublimation of the initial large SNP
and the rapid sublimation of the final small SNP were
expected, which were consistent with the results of the
sublimation of Ag nanoparticles and GeTe nanowires studied
by transmission electron microscopy (TEM),28,29 validating
the feasibility of using the DFM to study the sublimation
dynamics of single SNPs. Further studies indicated that the
observed sublimation dynamic of single SNPs was not affected
by the wavelength of illumination light used in the DFM and
was an intrinsic property of the material (Figure S3). In
contrast to the high vacuum in TEM, the atmospheric
environment of the DFM makes it very suitable for
characterizing the materials with high saturation vapor
pressure, such as the sublimative sulfur herein. However, the
intermediate sublimation stagnation stage II (i.e., the plateau in
the time-dependent optical intensity curves) was observed for
the first time.

In addition to the decrease in the optical intensity of the
SNPs during the sublimation process, their position also
appeared to change and displayed gliding behaviors by
introducing a super-localization strategy to analyze the spatial
movement of the SNPs (Figure 1b). When using a two-
dimensional Gaussian function to fit the obtained DFM
pattern (“bright dot”) of SNPs, the optical centroid of the
pattern, i.e., the position of the particle, can be extracted

accurately (Figure S4). Such a super-localization strategy has
been popularly used in tracking the movement trajectory of
single nanoparticles,30 resolving the electrochemical conver-
sion process of single dielectric AgX nanoparticles,31 and even
mapping the reactivity hotspots of single TiO2 nanorods.32 An
additional 2.5× zoom-in lens was placed in front of the camera
to further improve the magnification of optical imaging as well
as the precision of the determining position of SNPs, and the
positioning precision can reach 1 nm in this system (Figure
S5). The black plus sign in each snapshot illustrates the
obtained location of the particle at each moment. Plotting the
location of the SNPs in a time sequence yields their trajectory
during the sublimation process (Figure 1d). Note that the drift
of the optical imaging system has been precorrected using a
post-recording pixel reconstruction approach that we pre-
viously developed.33 Moreover, adjacent individuals in the
same field of view exhibited rather different trajectories, thus
excluding the influence of environmental disturbance such as
drift of stage (Figure S6).

The SNP moved over a distance of 500 nm, which was even
greater than the size of the particle itself (d < 400 nm), further
excluding the possibility that the change in position was
brought by spatially inhomogeneous sublimation of the
particle. More importantly, when the position of the SNP
was further correlated with its optical intensity by time, it was
found that the significant motion of the SNP mainly occurred
in stage II, when the optical intensity of the SNP was almost
constant. The significantly reduced sublimation rate of SNPs,
accompanied by the random movements, was nicely consistent
with two characteristic features of the Leidenfrost effect. A
movie is provided in the Supporting Information to deliver a
comprehensive picture of the dynamic sublimation of the SNPs
(Movie S1). These results indicated that the SNPs would
levitate on the substrate and become a Leidenfrost nano-
particle at a certain moment during the sublimation.

Next, the time-dependent optical curves of all 31 SNPs in
the field of view are shown in Figure 2a (left). It is interesting
to find that not only is there a plateau (sublimation stagnation
stage II) in the response of each particle, but the height of the
plateau is essentially the same for the particles with different
original optical intensities (sizes). Further, the optical intensity
distribution of all points (4336 points) in the 31 curves was
mapped (Figure 2a, right), and the high occurrence frequency
of points with an optical intensity of ∼320 IU was also clearly
observed, verifying the long duration of the SNPs with a
critical size during the sublimation process. In other words, the
SNPs will be levitated and stop sublimation when their size
drops to a constant critical value regardless of their original
size, which is obviously distinct from the conventional
Leidenfrost effect in millimeter-sized objects. As the substrate
temperature further decreased, similar sublimation dynamics
were observed and the sublimation rate was reduced. In
addition, the lifetime of the plateau stage II became
significantly longer (Figure S7), which was consistent with
the classic Leidenfrost effect on the microscale droplets.34

Interestingly, even at room temperature, the levitation of SNPs
still occurred at the same critical size within a significantly
extended recording time of a few hours (Figure 2b). Note that
there was no temperature difference between the SNPs and the
substrate. This feature has been barely possible in the
conventional Leidenfrost effect on macroscopic objects. To
further examine the influence of the substrate on the
phenomenon, a 40 nm thick layer of SiO2 was sputtered on
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the surface of the previously used Au film (Figure S8). Similar
sublimation kinetics and critical size were found on both SiO2
and Au substrates (Figure 2c), suggesting that the substrate
solely acted as a surface to support the SNPs and did not
exhibit specific interactions with SNPs or sulfur vapors.
Raman Characterization of the Single Sulfur Nano-

particles During the Sublimation. Along with the
quantitative optical measurement, the dynamic chemical
composition of a single SNP throughout the sublimation
process was also characterized by a confocal micro-Raman
spectrometer. The time-lapsed Raman spectra of a single SNP
during the entire sublimation process are shown in Figure 3a,
where the particle kept the characteristic peak of α-S8 until its
disappearance,35,36 verifying that the change in the DFM
optical intensity as well as the location was only brought by the
sublimation of SNPs. It has been well-documented that liquid
sulfur displayed a wing feature in the low-frequency range
(10−100 cm−1, Boson peak) due to the disorder of molecules

in the liquid.36 The absence of such a band clearly excluded the
phase transition from solid to liquid, i.e., melting of sulfur,
which validated the nature of sublimation. Further results
clearly exhibited the different response between melting and
sublimation of single sulfur particles in Raman microscopy as
well as in DFM (Figure S9). Moreover, the intensity of the
Raman scattering is also related to the amount of sulfur−sulfur
bonds and thus the size of the SNPs. Taking the peak intensity
of 153 cm−1 as an example (representing the asymmetric S−S
bending vibrational modes), a similar plateau was also
observed in the curve of time-dependent Raman intensity
(inelastic scattering, Figure 3b), providing independent
validation of the DFM results (elastic scattering).

A hypothetical scenario was finally proposed to describe the
Leidenfrost effect in the sublimative nanoparticles with a
critical size at room temperature (Figure 4a). During the
sublimation, the sulfur molecules escaping from the solid SNPs
efficiently diffuse into the air in all directions. However, due to
the existence of the substrate, a portion of the escaped sulfur
molecules are trapped in the confined space between SNPs and
the substrate. The accumulated sulfur molecules further form a
vapor layer and exert an upward force on the SNPs. The lifting
force is determined by the saturated vapor pressure of the
sulfur, which is relatively constant throughout the sublimation
process, while the gravity of SNPs gradually decreases as
sublimation proceeds. Hence, when the gravity of SNP
decreases to a critical point that is equal to the lifting force
provided by the vapor layer underneath the nanoparticle, the
SNP starts to levitate and takeoff. A similar explanation has
been proposed by Celestini et al. to understand the takeoff
behavior of the Leidenfrost droplets from the substrate when
its radius decreased to a critical size.23 The takeoff is also
determined by the balance of the weight and upward pressure
provided by the vapor layer between the droplets and the
substrate. Further, it was found that the critical size became
larger after increasing the sulfur vapor concentration of the
system (Figure S10), verifying that the sulfur vapor herein
plays an important role in the takeoff of the SNP by balancing
its gravity.

The as-used DFM is a far-field imaging technique with a
depth of focus of about 5 μm. This feature makes it difficult to
detect the vertical movement of SNPs along the Z direction,
although it is very sensitive to the movement of the SNPs in
the X−Y direction (Figure 1b). To resolve the transient and
small changes in the SNP−substrate vertical distance during

Figure 2. Sublimation kinetics of single SNPs under different
conditions. The time-dependent DFM intensity curves of (a) 31
SNPs on the Au substrate with a temperature of 70.2 °C, (b) one
SNP on the carbon substrate at room temperature, and (c) eight
SNPs on the SiO2 substrate with a temperature of 61.8 °C,
respectively. And the histogram (a, right) counts the occurrence
frequency of the optical intensity of all data points that existed in the
31 curves of panel (a) (left).

Figure 3. Raman characterization results of the single sulfur nanoparticles during the sublimation. (a) Time-dependent Raman spectra of one SNP
during the sublimation process (in a pseudo color map format) and one of the typical Raman spectra of SNPs indicated by the red arrow was
shown in the upper inset. The acquisition time of each spectrum is 10 s. (b) Time-dependent Raman intensity curve of 153 cm−1 peaks (indicated
by the black arrow in panel (a)) of the SNPs during the sublimation process.
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levitation and movements, another recently developed nano-
scale optical imaging technique that has single nanoparticle
sensitivity and sub-nanometer-scale vertical resolution on
sensing the local refractive index change at the surface,37,38

termed backside absorption layer microscopy (BALM), was
then employed to monitor the sublimation process of the SNPs
(Figure 4b). BALM was based on the destructive interference
between the light reflected by two surfaces of a properly
absorbing layer. The optical intensity of the SNPs in BALM is
determined not only by their size but also by the distance
between the SNPs and substrate (Figure S11). Accompanying
the movement of SNPs in the X−Y direction, an obvious
blinking in the optical intensity of the SNPs was simulta-
neously observed in BALM (Movie S2). After the SNP
completely disappeared from the optical image for a few
seconds, it reappeared in the camera, and its optical intensity
recovered to that before its disappearance (Figure 4b,c). Since
the size of the SNPs decreased monotonically during the
sublimation process, the large fluctuations in the optical
trajectory were mostly contributed by the periodic fluctuations
in the vertical distance, i.e., bouncing. In addition, the position
of the SNP significantly changed in the reciprocal of its
disappearance and reappearance (Figure 4d). These results
provided vivid evidence for the conjecture that SNPs below the
critical size would be lifted and undergo frictionless move-
ments.

Lastly, the critical size for the SNPs to levitation was
assessed. One classical method for determining the critical size
is to directly characterize the SNPs in the Leidenfrost state by
scanning electron microscopy (SEM), which has a higher
spatial resolution than optical microscopy. However, due to the
rapid sublimation of sulfur under the high vacuum environ-
ment of SEM,35 it is difficult to accurately determine the real

size of the Leidenfrost sulfur nanoparticles. Therefore, the
critical size herein for the Leidenfrost sulfur nanoparticles was
optically calibrated by the standard SiO2 nanospheres with
known size, which was determined to be about 360 nm
according to the light scattering theory (for more details, refer
to Figure S12). For ease of estimation, we assume that the
shape of sulfur is spherical. Hence, the mechanical equilibrium
Ps = Mg can be further written as Pπr2 = 4/3πr3ρg, and it
occurs when the vapor pressure reaches an order of P = 4/
3ρgr. By substituting the critical radius r = 180 nm, the
magnitude of the vapor pressure P required to lift the
Leidenfrost SNPs is about 5.5 mPa, which is equivalent to the
vapor pressure of sulfur at ∼48 °C according to its phase
diagram.35,41 It is worth noting that the estimation herein is
oversimplified, but the estimation should be considered to
support the argument that the observed critical size was in the
reasonable range for sulfur. This estimation was further
supported by the response of more species with a higher
vapor pressure. Similar takeoff behaviors were also observed in
the sublimation process of the single iodine and ferrocene
particles. Moreover, it was found that the average critical size
increased with the ratio of the vapor pressure to the density of
the species (Figure 5). These further results not only revealed

the generality of spontaneous takeoff of single sublimative
particles during sublimation but also further verified the
rationality of the hypothesis.

■ CONCLUSIONS
In summary, the sublimation kinetics of single sulfur
nanoparticles sitting on a flat substrate have been successfully
studied by a home-built dark-field optical microscopy. The
Leidenfrost effect is observed in the dynamic sublimation
process of single nanoparticles for the first time, evidenced by
the transient increases in the particle−substrate distance,
dramatically reduced sublimation rate, and the random
movement of the nanoparticles. In addition to the above
characteristics that are similar to the classical Leidenfrost effect
of bulk objects, there are two other unique features of the
Leidenfrost effect that existed in the sublimable nanoparticles.
(1) It emerges below a critical size, which is determined by the
balance between the density and the vapor pressure of the
nanoparticles. (2) It could happen at a temperature well below
the melting temperature of the material, even occurring in the
absence of the temperature difference between the nano-
particle and the substrate. This work not only uncovers the
sublimation-triggered takeoff of a single sulfur nanoparticle

Figure 4. Description and confirmation of the hypothetical scenario
of the Leidenfrost effect in the sublimative nanoparticles. (a)
Schematic illustration of proposed hypothesis scenario to explain
the observed Leidenfrost effect in single sublimative nanoparticles. (b)
Selected snapshots of one SNP from the time-lapsed BALM images
during the entire sublimation process. (c) BALM intensity curve of
the SNP shown in panel (b) as a function of time. (d) Location of the
SNP at the moment indicated by color dots in panel (c).

Figure 5. Statistical analysis of the critical size of different sublimative
species. (a) Critical size of iodine with a vapor pressure of 20 Pa
(purple bars),39 ferrocene with a vapor pressure of 1 Pa (orange
bars),40 and sulfur with a vapor pressure of 5 mPa (yellow bars).35 (b)
Linear dependence of the critical size on the ratio between the vapor
pressure and density of the different species shown in panel (a).
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below a critical size, shedding new light on its application, but
also develops a general methodology for directly studying the
Leidenfrost effect at the nanoscale. We further foresee the
applications of the present method in many other nano-
particles to dig out more attractive interplays between
nanoscience and the Leidenfrost effect.

■ METHODS
Materials and Characterization. Sulfur powder (1 mg) (Alfa

Aesar) was first dispersed in 1 mL of deionized water (18.2 MΩ·cm).
The obtained suspension was then sonicated for 1 min, and 5 μL of
the supernatant was dropped on the substrate. The phosphate buffer
solution (5 μL) was then used to accelerate the binding process of
nanoparticles onto the substrate. When the nanoparticles sat on the
substrate and reached an appropriate density, the suspension was
removed and the nanoparticles were then washed with deionized
water and finally dried in air. The iodine (Aladdin) and ferrocene
(Aladdin) particles were directly sprinkled on the substrate. The Au
substrate was fabricated by successively sputtering a 2 nm thick
chromium adhesion layer and a 47 nm thick gold layer on the
coverslip (Fisherbrand). The pattern of the gold film was fabricated
by lithography. The SiO2 substrate was produced by further sputtering
a 40 nm thick SiO2 layer on the Au substrate. The carbon substrate
was made by simply sputtering 1 nm thick carbon on the coverslip.
The SiO2 nanospheres used for optical intensity calibration were
purchased from Macklin, and the accurate size of the SiO2
nanospheres was characterized by scanning electron microscopy
(Phenom scientific).
Apparatus. Dark-field microscopy (DFM) was built based on

commercial Ti2E microscopy. A dry condenser (N.A. = 0.95−0.80)
focuses the illumination beam (white LED, Nikon, filtered by a 520/
70 nm bandpass filter, Semrock) and limits the incident angle from
53.1 to 71.8°. A portion of the photons scattered by sulfur
nanoparticles pass through the objective (Nikon, N.A. = 0.45) and
are collected by a CCD camera (Pike F-032B, Allied Vision
Technologies).

Backside absorbing layer microscopy (BALM) was also built based
on inverted Ti2E microscopy. A green light beam served as the light
source (mercury lamp, filtered by a 520/70 nm bandpass filter), which
was first reflected by a 50−50 beam splitter (Thorlabs), followed by
illuminating the sulfur particles from the backside. The particles sat on
the substrate with a 10 nm thick Au film, and the reflected light was
finally collected by the CCD (Pike F-032B, Allied Vision
Technologies).

For confocal Raman microscopy (Horiba, LabRAM HR
Evolution), a laser with a wavelength of 633 nm was used to
illuminate the sulfur nanoparticles sitting on the Au substrate, and the
light spot was converged to a size of 1 μm2 by a 100× objective
(Olympus, N.A. = 0.90). The Raman spectra of sulfur nanoparticles
were continuously acquired, and the acquisition time for each
spectrum was 10 s. Three BragGrate notch filters (BNFs) were used
to block the incident light, which enables the collection of low-
frequency scattering signals down to 5 cm−1.

The temperature of the substrate was simply controlled by
adjusting the electrical power applied to the Au film by an electrical
workstation (CS120, Corrtest).
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