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In this Letter, we report on the investigations of nonlinear scattering of plasmonic nanoparticles by manipulating ambient
environments. We create different local thermal hosts for gold nanospheres that are immersed in oil, encapsulated in silica
glass and also coated with silica shells. In terms of regulable effective thermal conductivity, silica coatings are found to
contribute significantly to scattering saturation. Benefitting from the enhanced thermal stability and the reduced plas-
monic coupling provided by the shell-isolated nanoparticles, we achieve super-resolution imaging with a feature size
of 52 nm (λ=10), and we can readily resolve pairs of nanoparticles with a gap-to-gap distance of 5 nm.
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1. Introduction

Plasmonic nanoparticles with localized surface plasmon reso-
nance (LSPR) are famously known as excellent scatterers and
absorbers of light[1], mediating various applications in chemical
and biomolecular sensing, energy harvesting, data storage, and
optical imaging[2]. In particular, plasmonic nanoparticles have
recently been explored as image contrast agents for optical
super-resolution imaging[3,4], offering benefits such as size-
and shape-tunable optical responses, high photostability, bright
signals, and lack of blinking. Moreover, novel super-resolution
imaging techniques relying on these plasmonic absorption and
scattering properties provide non-fluorescent schemes for
breaking the diffraction limit in far-field nanoimaging.
Plasmonic scattering of metallic nanoparticles has been

reported to show nonlinear power dependences of scattering
on excitation laser intensities[5]. Theoretical and experimental
studies have demonstrated that the nonlinear behavior origi-
nates from the plasmon-enhanced light absorption and the
subsequent thermal effects[6–8]. The large photothermal nonlin-
earity of plasmonic scattering allows for the implementation of
super-resolving strategies. For instance, saturated scattering has
been used to achieve the super-resolution of gold nanoparticles
by extracting the nonlinear components in the scattering signal
via temporal modulation and demodulation[5,9]. Photoswitching
of plasmonic nonlinear scattering has been observed and

employed to resolve single nanoparticles within a diffraction-
limited spot by using a donut beam to photothermally suppress
the scattering signal in the periphery of the focus[10,11].
The nonlinearity of plasmonic scattering has been widely

observed in various structures, such as nanospheres[5,10–13],
nanorods[14], nanoshells[9], and nanostars[15], as well as different
materials like gold and silver. Since the scattering nonlinearity of
the nanoparticles is attributed to the photothermally induced
changes in the optical properties, the thermal conductivity of
the local surrounding medium associated with the heat dissipa-
tion is crucial. However, previous studies about nonlinear plas-
monic scattering have seldom reported on the effects of the
immediate surroundings (via the thermal conductivity), and
the experimental demonstration of engineering the local ther-
mal environment is still very lacking.
In this Letter, we compared the saturated scattering of gold

nanospheres immersed in oil, embedded in silica glass, and
coated with silica shells to create different thermal hosts, and
we achieved the super-resolution imaging of core-shell nanopar-
ticles using suppression of scattering imaging (SUSI) micros-
copy. Silica coatings with different shell thicknesses were
observed to contribute significantly to local thermal conduc-
tivity of the gold core and also to the particle thermal stability.
Compared with the bare gold nanospheres, the shell-isolated
gold nanoparticles are not only photothermally more stable
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but also can effectively prevent plasmon coupling due to particle
aggregations. This enables us to access the super resolving of two
individual shell-isolated nanoparticles with the gap-to-gap dis-
tance of 5 nm. The full-width at half-maximum (FWHM) of the
measured image spot from the single core-shell nanoparticle
(70 nm gold core with 40 nm silica shell) can be squeezed to
52 nm (∼λ=10). Our results provide insights for the crucial role
that local heat dissipation plays on nonlinear plasmonic scatter-
ing and can potentially benefit super-resolution optical imaging
in biology systems using plasmonic core-shell nanoparticles as
scattering nanoprobes.

2. Sample Preparation and Optical Measurements

In our study, we concentrated on gold nanospheres (AuNSs) and
prepared several samples containing AuNSs within different
surroundings for nonlinear scattering measurements [Fig. 1(a)].
Gold nanospheres of 70 nm in diameter were wet-chemically
synthesized using the citrate-reduced method in an aqueous sol-
ution. Core-shell nanoparticles (denoted as Au@SiO2) with
70 nm gold core and silica shell thickness of 10 nm, 23 nm,
and 40 nm were purchased from NanoLab (Xiamen Luman
Technology Co., Ltd.). The nanoparticles (bare AuNSs and
Au@SiO2) were first deposited onto the glass coverslip, then
immersed in the index-matching oil, and then finally sealed
by a cover glass. In addition, the as-deposited AuNSs were also
sealed with a commercial spin-on glass (SOG) material (IC1-
200, Futurrex) to create the infinite silica encapsulating[16]. To
this extent, the AuNSs in all cases are in the same optical envi-
ronment due to the homogenous medium dielectric constant,
but they experience different local thermal environments caused
by varied immediate surroundings during optical heating.

The experimental setup was based on the Abberior 775
STED confocal microscope (Abberior Instruments GmbH,
Göttingen)[11]. We coupled a continuous-wave laser line
(532 nm) into the system in order to resonantly excite the nano-
particles for nonlinear scattering measurements [see the inset in
Fig. 1(b)]. For super-resolution imaging experiments, a vortex
phase plate was inserted in the light path to convert the 532-
nm-laser beam into a donut shape. The 561-nm Gaussian exci-
tation beam and the donut beam were coaligned and focused
onto the nanoparticles through the objective lens (Olympus,
UPlanSApo 100 × =NA = 1.4, oil immersion), and sub-diffrac-
tion-limited images were acquired by beam scanning with a
pixel size of 6 nm and 10 μs dwell time using the software
Imspector (Abbrerior Instruments).

3. Results and Discussion

Figure 1(b) shows the remarkable differences in nonlinear scat-
tering behaviors for the prepared five samples. The experimental
results illustrate that bare AuNSs in oil reach saturation first,
followed by the core-shell nanoparticles with shells of 10 nm,
23 nm, and 40 nm, while the AuNSs in the SOG material arrive
at scattering saturation at the highest laser intensity. The inci-
dent light power required for the scattering saturation of
70 nm AuNSs in the above five local microenvironments was
0.25MW=cm2, 0.3MW=cm2, 0.4MW=cm2, 0.55MW=cm2,
and 1.0MW=cm2, respectively. The AuNSs in all the samples
have the same surrounding refractive index, meaning that
the nanoparticles in all the cases have the same LSPR peak.
Moreover, we have also proved through calculations that there
is almost no difference in the absorption cross sections of all
these nanoparticles. Hence, the variations in the nonlinear
temperature rise and scattering responses are attributed to the
thermal effects related to the heat conduction associated with
the effective thermal conductivity (κeff ) that takes both the sub-
strate and the environment into account[8,17,18].
As artistically illustrated in Fig. 2(a), under resonant laser

irradiation, the plasmon-enhanced absorption induces optical
heating of the nanoparticles, and the final temperature increase
depends strongly on the local surrounding media via the effec-
tive thermal conductivity, which governs the heat dissipation.
Considering that the sufficient temperature rising affects the
metal permittivity and permittivity change in turn causes
absorption and scattering efficiency variation, the heating proc-
ess becomes nonlinear and needs to be solved iteratively.
Therefore, we perform the theoretical calculations of nonlinear
scattering of the gold nanoparticles by harnessing the tempera-
ture-dependent permittivity model[19], as well as taking local
thermal environments into account by evaluating different
κeff . In the case of the AuNSs on the glass substrate and sealed
within the immersion oil, κeff was taken to be 0.3W/mK. For the
AuNSs on the glass substrate and encapsulated in the SOGmate-
rials, κeff was taken to be 1 W/mK. For the AuNSs coated with
different thicknesses of silica shell, κeff was estimated to be inter-
mediate values.

Fig. 1. (a) Schematic illustration of the different local thermal environments
created for 70-nm-diameter gold nanospheres. (b) Experimental measure-
ments of nonlinear plasmonic scattering of the five prepared samples, show-
ing the nonlinear dependency of scattering on irradiance intensities for
continuous-wave excitations at the wavelength of 532 nm. The optical setup
of the reflected laser scanning confocal microscope is shown in the inset. BS,
beam splitter; OL, objective lens; PMT, photomultiplier tube.
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We begin with the calculations of the nonlinear heating of the
AuNS under the resonant CW plane wave illumination. The
temperature TNP of a spherical gold nanoparticle (with radius
a) can be expressed as[7]

TNP = T0 �
ϵ0ω

2
3a2

κeff
jEincj2

ϵ2d
ϵ 00m�TNP�

, �1�

where Einc is the incident electric field,ω is the frequency of inci-
dent light, ϵd is the relative permittivity of the host medium, and
ϵ 00m�TNP� is the imaginary part of the metal permittivity, which is
described using the temperature-dependent Drude–Lorentz
model[19]. The substantial increase of the temperature causes
the imaginary part of the metal permittivity ϵ 00m to change sub-
stantially, leading to the optical heating and the scattering
responses becoming nonlinear at high light intensity.
Moreover, the results in Fig. 2(b) show that the temperature evo-
lution depends strongly on the thermal conductivity of the sur-
rounding environment. This confirms that heat dissipation
needs to be considered as it simultaneously competes with the
temperature rise of the nanoparticle. Therefore, at the same laser
intensity, the AuNS located in different thermal environments
rises to different temperatures in a steady state.

Once the AuNS temperature is determined with respect to the
laser intensity, one can calculate the scattering cross-section Csca

of the nanoparticle at certain incident irradiations. Figure 2(c)
shows that theCsca at the wavelength of 532 nm reduces remark-
ably through photothermal effect, and the modulation of Csca is
confirmed to be repeatable and reversible by observing the full
recovery of the scattering intensities when the laser intensity
switched back to the initial value[11]. As shown in Fig. 2(d),
the reduction of Csca results in the slowdown of the increase
of scattering intensity. At low excitation intensities, the normal-
ized scattering intensity from the 70-nm AuNS increases mono-
tonically with the incoming intensity, with the slope that
depends on the effective thermal conductivity of the environ-
ment in which the nanoparticles are located. At higher inten-
sities, the scattering reaches saturation. The agreement
between our theoretical and experimental results of the nonlin-
ear saturated scattering confirms the photothermal nature of the
scattering saturation. These results further imply that we have
made a reasonable estimation of the effective thermal conduc-
tivities κeff for the several current media hosts. The heat dissipa-
tion is clearly effective for the silica-coated gold particles
compared to the simple citrate stabilized ones in the oil immer-
sion. The thicker silica shell provides more effective heat dissi-
pation and the corresponding thermal properties become closer
to that in SOG encapsulation.
Based on the nonlinear plasmonic scattering behavior, we

performed the super-resolution imaging of the nanoparticles
and the results are shown in Fig. 3. The schematic of the
super-resolution optical imaging using suppression of scattering
imaging (SUSI) microscopy[10,11] is shown in the inset box of
Fig. 3(a). Briefly, the plasmonic scattering in the nanoparticles
was excited by a Gaussian-shaped beam of 561 nm. In the mean-
time, the scattering signals at the periphery of the focal spot were
suppressed by an intense donut-shaped beam of 532 nm, and
finally a sub-diffraction limit image spot was achieved.
Figure 3(a) shows the scattering images of the bare AuNSs and

AuNSs coated with the 40-nm silica shell, demonstrating more
andmore squeezed FWHMof the image spots obtained at grow-
ing intensities of the donut beam. More importantly, benefiting
from the effective heat dissipation of the silica shell, the core-
shell nanoparticles exhibit better thermal stability under the
strong laser irradiation. We experimentally observed that when
the laser intensity was larger than 0.8MW=cm2, the bare AuNSs
were no longer thermally stable with the occurrence of deforma-
tion or even fragmentation. The best lateral feature size in the
SUSI image is thus limited to 72 nm. In contrast, the shell-coated
gold particles can withstand higher optical power and a deep
subwavelength point spread function (PSF) approaching
50 nm can be successfully obtained, which is far smaller than
the physical size of the particle itself. This indicates that the scat-
tering does not report the shape of the nanostructure but rather
the spatial origin of the scattering.
It is worth noting that, during the sample preparation, most of

the particles are isolated and well separated. At the same time,
pairs of nanoparticles can also be formed randomly. As shown in
Fig. 4, we used correlated super-resolution SUSI and SEM to

Fig. 2. (a) Illustration of optical heating of the gold nanospheres that converts
light into temperature rises. Due to the difference in the local thermal media,
the gold nanospheres (top, in immersion oil; middle, in SOG materials; and bot-
tom, with silica coatings) undergo various temperature rising. (b) Theoretical
calculations of the temperature evolution of a single 70-nm-diameter gold
nanosphere surrounded by different thermal host media characterized by
κeff and subject to CW laser illumination with increasing laser intensity
I532. (c) The evolution of the scattering cross sections of the gold nanospheres
with excitation intensities. (d) The calculated plasmonic scattering intensities
of the gold nanospheres as a function of 532 nm laser intensities I532 at a
different κeff.
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study the resolving capability of the pairs of nanoparticles of
various interparticle distances, demonstrating the effective spac-
ing produced by the silica shells for reliable super-resolution im-
aging. The identification of the same particles in the SEM images
and the optical scanning images was achieved via the pattern-
matching method. In brief, we first used a femtosecond laser
to write the markers on the glass slide, then deposited the nano-
particles, and then used SEM to observe and select the pairs of
nanoparticles with specific spacings. Finally, we turned to the
microscope system to record the super-resolution imaging of
these particles. Due to the non-conductivity nature of the glass
substrate, the SEM images in Fig. 4 have no good contrast for the

silica shells of the core-shell particles. Nonetheless, we have
already characterized these nanoparticles using transmission
electron microscopy (TEM) along with SEM. In Fig. 3(a), we
clearly see the gold core and silica shell in the SEM image as
the nanoparticles are on the ITO substrate, which has good
conductivity.
The correlating measurements combining SUSI and SEM can

help to unravel, on a microscopic level, the influence of the silica
shell on the resolution of super-resolution imaging. In Figs. 4(a)
and 4(b), for the bare AuNSs, the two particles having gap-to-
gap distances smaller than 50 nm, are no longer distinguishable.
Specifically, in the confocal imaging with low light power, the
images are diffraction-limit Gaussian-shaped spots, while in
SUSI, they become elliptical along the arrangement direction
of the two particles but are still indistinguishable. This suggests
that when two nanoparticles are too close, individual nanopar-
ticles may not be resolved due to plasmon coupling, i.e., the
spatial origin of the scattering might shift to the gap center
between the two particles (localized hot spot). On the contrary,
pairs of core-shell particles can be readily resolved with the

Fig. 4. Correlated super-resolution SUSI and SEM images for (a), (b) two
closely spaced bare AuNSs and (c)–(e) pairs of 40-nm-shell-coated AuNSs.
The gap-to-gap distances of two nanoparticles are shown in the SEM images.
The super-resolution imaging of the shell-isolated nanoparticles clearly
shows the resolving ability to distinguish two nanoparticles that are closely
located in sub-diffraction spaces as small as 5 nm. The rightmost column
plots the cross section profiles of the scattering images in confocal and SUSI.

Fig. 3. (a) The FWHM of the scattering image spots using bare AuNSs and 40-
nm-shell-coated AuNSs, with increasing suppression beam intensity I532. A
series of images with various suppression beam powers were taken, allowing
for the quantification of the resolution dependence on the applied suppres-
sion power. The mean spot sizes for each power setting were determined by
measuring the FWHM of the Gaussian-fitted profiles of individual nanopar-
ticles and averaging over ten particles. The SEM of bare gold and Au@SiO2
dispersed on the ITO substrate was performed for characterization. The
SEM images were also shown in the figure. The region enclosed by the shaded
area only involves the SUSI of 40-nm-shell-coated AuNSs. For the intensity
larger than 0.8 MW/cm2, the bare AuNSs were no longer thermally stable.
(b) Confocal and SUSI microscopy imaging of isolated 40-nm-shell-coated
AuNSs. (c) The intensity lateral profile of the selected nanoparticles (num-
bered by I and II). Discrete circle points are measured intensity profiles,
and the solid lines are Gaussian fits.
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gap-to-gap distance of 30 nm, 20 nm, and even down to 5 nm
(almost linked). This is because the 40-nm-thick silica shell pro-
vides sufficient gap spacings of the two gold cores. The nanoscale
gaps can be retrieved via line profile analysis in the SUSI images
and present perfect consistency with the gap distances visible in
the SEM images [Figs. 4(c)–4(e)].
We remark here that, the photothermal imaging speed is

determined by the time scale of heating up and cooling down
the nanoparticles. According to the previous study of nonlinear
scattering using pulsed-beam irradiation[15], the response time
of the approximate heating/cooling is on a 20-ns time scale.
In our experiments, the imaging speed is about 1 second per
frame, associated with a pixel dwell time of 10 μs. Therefore,
the optical switching and the imaging are measured with the
nanoparticles reaching the thermal equilibrium. A reduced
laser-pulse width was obtained in previous attempts, showing
a tradeoff effect between high-speed operation and modulation
depth[10]. As a final remark, with the advances in materials sci-
ence, silica coatings are mature to prepare, offering high bio-
compatibility and low toxicity for bioimaging and biomedical
usage[20]. Additionally, high colloidal stability is another key
importance. Aggregation and eventual fusion of metal nanopar-
ticles are well known to induce drastic changes in the plasmonic
properties and a significant loss of activity, in particular at high
temperatures. Plasmonic metal nanoparticles with silica coating
have proved to be good solutions to this problem[21,22]. Hence,
we experimentally show that core–shell particles improve super-
imaging properties by efficiently preventing the plasmon cou-
pling caused by particle aggregation.

4. Conclusion

In conclusion, we investigated the nonlinear scattering of 70-
nm-diameter gold nanospheres in different local surrounding
media (i.e., immersed in oil, coated with silica shells, and encap-
sulated in SOG materials), as a function of laser intensity sub-
jected to CW-laser illumination. We found that the particles’
temperature elevation and scattering intensities with increasing
laser intensity had a strong dependence on local heat dissipation
associated with the effective heat conductivity of the complex
environment. Gold nanospheres coated with silica shells show
better heat resistance and thermal stability, which we use as
robust plasmonic nanoprobes for super-resolution optical imag-
ing using SUSI microscopy. Super-resolution imaging of gold
nanospheres coated with a 40-nm-silica shell has been achieved
with a lateral feature size of 52 nm (λ=10). Correlated SUSI and
SEM measurements have revealed that the efficient gap spacing
provided by the silica shell enables the resolution of core-shell
particles with sub-diffraction distance down to gap-to-gap dis-
tance of 5 nm. Our work sheds light on the crucial role that the
local thermal environment involving heat dissipation plays in
nonlinear plasmonic scattering, and further extends the practi-
cal applications of the far-field super-resolution optical imaging
of the shell-coated metal nanoparticles based on nonlinear plas-
monic scattering.
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