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Abstract: Tunable high-refractive-index nanostructures
are highly desired for realizing photonic devices with a
compact footprint. By harnessing the large thermo-optic
effect in silicon, we show reversible and wide thermal tun-
ing of both the far- and near-fields of Mie resonances in
isolated silicon nanospheres in the visible range. We per-
form in situ heating in a transmission electron microscope
and electron energy-loss spectroscopy to show that the
Mie resonances exhibit large spectral shifts upon heating.
We leverage the spectral shifts to demonstrate near-field
tuning between different Mie resonances. By combining
electron energy-loss spectroscopy with energy-dispersive
X-ray analysis, we show a reversible and stable opera-
tion of single silicon nanospheres up to a temperature of
1073 K. Our results demonstrate that thermal actuation
offers dynamic near-field tuning of Mie resonances, which
may open up applications in tunable nonlinear optics,
Raman scattering, and light emission.
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1 Introduction
Dielectric and semiconductor nanostructures are rapidly
becoming one of the main constituents in nanoscale
optical devices. Due to their high refractive index and low
nonradiative losses, they support magnetic and electric
multipole Mie resonances on subwavelength scales [1].
Dielectric nanoparticles have been exploited for a number
of applications, such as dielectric nanoantennas [2–5],
resonant nonlinear optics [6–8], and metasurfaces [9–12].
In most cases, nanoresonators or metasurfaces are
operated statically, i.e., the optical response of the system
is fixed upon fabrication. However, many applications
require tunable optical elements, where the optical
response can be controlled with an external stimulus
[13, 14]. This has prompted a strong interest in realizing
dielectric optical componentswith a tunable far-field func-
tionality and has led to the successful demonstrations of
different tuning mechanisms, including photothermal [15,
16], electromechanical [17, 18], via photocarrier generation
[19, 20], coupling to liquid crystals [21–23], using phase
change materials [24–26], and through the thermo-optic
effect [27, 28]. In this regard, the thermo-optic effect, i.e.,
the change in the refractive index nwith temperature T, is
an appealing tuning mechanism as it provides reversible,
continuous and large spectral shifts of optical Mie reso-
nances by simply tuning the temperature. Recentwork has
demonstrated that it is possible to thermally tune the far-
field optical response of nanoparticles and metasurfaces
made of silicon, germanium, lead telluride [27, 29–32],
and hybrid silicon–gold [33]. Silicon is particularly inter-
esting for dynamic thermal tuning due to its combination
of high refractive index, complementary metal-oxide-
semiconductor (CMOS) compatibility, and high thermo-
optic coefficient dn∕dT [31]. However, thermal tuning of
silicon has so far been limited to nano- and micron-sized
structures with resonances in the infrared spectral ranges,
where a modest tunability of Mie resonances is observed.
Shifting the resonances into the visible is expected to
increase the tuning range due to an increased thermo-
optic coefficient near the direct bandgap edge of silicon. In
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addition, tunable dielectric components havebeenheavily
focused on far-field functionalities with little attention
devoted to the near-field. Yet, many important optical pro-
cesses rely on the properties and enhancement of the near-
field, suchasnonlinearprocesses [8, 34], Ramanscattering
[35–37], and light emission [38–40], and, as such,dynamic
tuning of the near-field in high-index nanostructures
could open up for new applications in these areas.

Here, we demonstrate reversible and wide thermal
tuning of both the far- and near-fields of Mie resonances
in isolated silicon nanoparticles in the visible range. We
perform in situ heating with temperatures reaching 1073 K
in a scanning transmission electron microscope (STEM)
and map the spatial and spectral changes of the Mie reso-
nancesusingelectronenergy lossspectroscopy (EELS).The
extreme spatial resolution of EELS alongwith its capability
to characterize both thenear- and far-fieldoptical response
[41–43] have been exploited to study a variety of opti-
cal nanostructures [44–48] and recently also nanodevices
[49]. Using in situ EELS, we show that the Mie resonances
exhibit large spectral shifts upon heating and that the

near-field can be dramatically altered at fixed energies.
In particular, we show that we can tune between the near-
fields of different Mie resonances. Furthermore, we extend
our EELS and STEMmeasurements with energy-dispersive
X-ray (EDX) analysis, which allows us to correlate struc-
turalandchemicalchanges to thenear-andfar-fieldoptical
response. We find that the silicon nanoparticles can be
repeatedly heated to temperatures up to 1073 K without
any structural, chemical, or optical degradation. Our in
situ EELS results provide a unique insight into thermal-
induced near-field tuning at the scale of individual silicon
Mie nanoparticles.

2 Results

2.1 Thermal tuning of Mie resonances
Crystalline silicon nanoparticles with a spherical shape
are prepared in a colloidal suspension [5] and deposited
on top of commercially available TEM chips [48], which
use ceramic elements for heating. Figure 1(a) shows a

Figure 1: Thermal tuning of Mie resonances in silicon nanoparticles. (a) Schematic of a silicon nanoparticle of radius r placed on a silicon
nitride membrane and excited by an electron beam. The impact parameter b denotes the distance between the electron beam and the center
of the nanoparticle. The temperature is applied to the nanoparticle by a ceramic heater located around the nitride membrane. (b)
Temperature modulation of the refractive index of silicon. (c) Simulated and (d) experimental EELS spectra of a silicon nanoparticle with a
radius r = 82.4± 1.9 nm acquired from the electron beam positions shown in (e). (e) STEM image of the nanoparticle, where the colored
areas represent the integration regions for the experimental EELS signal, and the colored points are the position of the electron beam in the
simulation.
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schematic of the resulting structure, where an isolated sil-
icon nanoparticle is on top of a silicon nitride membrane.
The ceramic heater is located several micrometers from
the nanoparticle (not shown). Upon heating, the refrac-
tive index of silicon is modified due to the thermo-optic
effect (Figure 1(b)). Silicon has a positive thermo-optic
coefficient in the energy region from 1.5 to 3 eV due to
the temperature-induced changes in the electronic tran-
sitions in silicon [50], which leads to an increase of the
real part of the refractive index by up to 0.6 at 1100 K in
comparison to room temperature. Silicon also exhibits a
negative thermo-optic coefficient for energies higher than
the temperature-dependent direct bandgap edge (3.4 eV at
room temperature [51]), or a nonnegligible concentration
of thermally-generated free carriers [30]. Figure 1(b) also
shows the increase in the imaginary part of the refractive
index that ismainlydue to increasedphononpopulationat
elevated temperatures, which results in an increase in the
probability of indirect transitions and, hence, to increased
light absorption [52]. This effect is most pronounced in the
violet part of the spectrum since this is close to the direct
bandgap energy of silicon.

We perform EELS characterization both via simula-
tion and experiment of a silicon nanoparticle with a
radius r = 82.4± 1.9 nm (Figure 1(c) and (d)). The electron
beam excites the nanoparticle at the positions indicated in
Figure 1(e). These positions are selected based on the fact
that the electric dipole (ED) has a larger EELS response out-
side the particle, while themagnetic quadrupole (MQ) and
magnetic hexapole (MH) are predominantly excited inside
the particle, halfway to the edge [48]. We observe redshifts
of all Mie modes (magnetic dipole (MD), ED, and MQ) in
the silicon nanoparticle in both experiment and simula-
tionwith increasing temperature. The redshift is due to the
increasing real part of the refractive index at elevated tem-
peratures. The MD resonance energy is shifted by 0.1 eV
as the temperature is elevated to 1073 K, while the higher-
order ED, MQ, and MHmodes show larger shifts of around
0.15 eV each. The electric quadrupole (EQ), which is pre-
dominantly excited in themiddle of the particle [48], has a
comparable shift of 0.15 eV (see Supplementary Figure S1).
In addition, the thermally-induced increase in the imagi-
nary part of the refractive index of silicon near the direct
bandgap edge leads to a significant broadening of the MH
mode. Combined with the spectral resolution of the EELS
setup, it is not possible to safely identify the MH mode at
temperatures above 673 K. The EQmode behaves similarly
(see Supplementary Figure S1).

Theanalysis of the thermal tuningofMie resonances is
further extended tovariousparticle sizes inFigure 2(a). The

Figure 2: Tunability of Mie resonances. (a) Measured resonance
energies as a function of particle radius and temperature for the first
five Mie resonances in silicon nanoparticles. The color points
represent experimental values, and the color lines show the first
maxima of the different Mie scattering coefficients. ED/EQ and
MQ/MH resonances are separated into two plots for clarity. (b)
Simulated linewidth tunability as a function of temperature for the
first four Mie modes supported by silicon nanoparticles with
different radii.

change in thefirst fiveMiemode (MD, ED,MQ, EQ, andMH)
resonance energies of the nanoparticles with 40–100 nm
radii areanalyzedexperimentallyandcompared to theoret-
ical predictions. The close match between the theory and
experiment for broad nanoparticles size range shows the
possibility to thermally tune all nanoparticleMiemodes by
up to 0.15 eV when the temperature is increased to 1073 K.
Themodes which are closer to the red side of the spectrum
experience the lower shift of around 0.1 eV. Different spec-
tral shifts as a function of resonances excited are due to
nonlinear dependence of the refractive index with energy
and temperature. FromFigure 1(b), it canbe seen that there
is a larger change in the real part of the refractive index in
comparison to the room temperature at higher energies.
This leads to larger spectral shifts at higher energies; con-
sequently, Mie modes with higher resonance energy (e.g.,
higher-order modes) experience larger spectral shifts.

Due to themode broadening caused by the increase in
the imaginary part of the refractive index and the energy
resolution of our EELS setup, some Mie modes located
above 2.5 eV at high temperatures cannot be experimen-
tally resolved. In particular, at temperatures above 673 K,
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the MD mode disappears for the smallest particle (42 nm
radius), the MH and EQ resonances disappear in the mid-
dle nanoparticle size region (82 nm radius), while larger
particles (99 nm radius) are not affected.

The thermal tunability of the Mie resonances depends
on their resonance energy (defined by the particle size)
since resonance energies close to the direct bandgap
energy of silicon will be subject to both large refractive
index changes and increased optical losses at elevated
temperatures. In the following, we quantify this effect by
using linewidth tunability as a measure for the thermal
tunability of the Mie resonances. The linewidth tunability
is defined as the spectral shift of the Mie resonance energy
at elevated temperatures relative to the room temperature,
normalized by the resonance full-width at half-maximum
at the elevated temperature (see Methods). A linewidth
tunability above one, therefore, corresponds to tuning the
resonance energy more than one linewidth. We numeri-
cally show the linewidth tunability of the first four Mie
modes supportedbysiliconnanospheres in the60–100nm
radii range (Figure 2(b)). The MD mode shows a continu-
ous increase by up to 0.6 tuning with the exception of
the 60 nm particle, which peaks at 923 K and shows a
slight decrease. The ED follows a similar increase trend
with larger particles having smaller overall tunability. The
higher-order MQ mode shows the largest linewidth tun-
ability, reaching itsmaximal value at a higher temperature
when the particle size is increased (700 K and 0.44 tuning
for 60 nm particle, 820 K and 1.07 tuning for 100 nm par-
ticle). Increasing the temperature even further leads to a
drop in the linewidth tunability due to thermally-induced
broadening of the direct bandgap edge in silicon. The EQ
tuning showsa similar lineshapewith thepeakvaluebeing
approximately 1.5 times smaller. These resultsdemonstrate
that even fundamentalMie resonances canbe optimized to
achieve large thermal tunabilitywith linewidth tunabilities
reaching above unity.

2.2 Thermal near-field tuning of silicon Mie
modes

A unique feature of in situ EELS is that it allows us to track
the near-field changes in the EELS maps of the silicon
nanoparticles with temperature. Using the characteristic
EELS maps for different Mie modes at elevated temper-
atures (see Supplementary Figure S2), we demonstrate
significant tuning of the near-field profiles at an energy
of interest. We consider two cases of thermal near-field
tuning for two different particle sizes. For a silicon particle
with radius r = 80 nm, a multipole decomposition of the

EELS spectrum [53] reveals that themain spectral contribu-
tions come from the two first azimuthal components l = 1
and l = 2 (Figure 3(a)). It is worth noting that l = 1 (l = 2)
contains the resonant features of both the MD and ED (MQ
and EQ). We fix the energy of interest at 2.4 eVwhich is the
ED resonance energy at room temperature. By increasing
the temperature to 1073 K, we can see from the multipole
decomposition that the energy crosses theMQpeak. This is
accompanied by significant changes in the experimental
EELS maps presented in Figure 2(b) and (d). Indeed, we
observe that the near field is tuned from the ED mode (at
room temperature) to the MQmode at T = 1073 K (see also
Supplementary Figure S2 for characteristic maps).

We also perform a multipole decomposition of the
EELS spectrum for a smaller nanoparticle with radius
r = 40 nm in Figure 3(e). For this particle size, the EELS
spectrum is dominated by the l = 1 contribution at both
room temperature and T = 1073 K. We fix the energy of
interest at 2.91 eV which is the MD resonance energy at the
room temperature. By elevating the temperature to 1073 K,
the energy of interest is now located in the flat region of
the spectrum. Despite no observable peak from the ED in
the EELS spectrum, we still observe experimentally that
the near field dramatically changes from the MD mode to
that characteristic of the ED mode as the temperature is
elevated (Figure 3(f)–(h)). Importantly, this serves to show
that near-field tuning remains accessible despite weak or
lacking spectral features.

2.3 Stability
In situEELSallowsus to trackmorphological changesof the
nanoparticlesat elevated temperatures. Thesechangescan
be attributed to the possible changes in the nanoparticle
size and geometry due to temperature, such as nanopar-
ticle melting. This, combined with the EELS data, can be
used to ensure a stable and reversible operation of the
silicon nanoparticles when exposed to high temperatures.

We track the changes in the nanoparticle shape and
size in Figure 4(a)–(d). The STEM images are taken at time
gaps of several minutes between each other to ensure the
thermally stable condition of the TEM chip. By careful
image analysis, we determine the radius of the particle
at different temperatures and find that the particle radius
doesnot change for temperaturesup to 1073K.Thisdemon-
strates that there is no observable thermal expansion
of the silicon nanoparticle. When the particle tempera-
ture increases beyond 1073 K we observe that the particle
reshapes and becomes faceted (see Figure 4(d)).We extend
this procedure to 31 different nanoparticles of various sizes
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Figure 3: Thermal near-field tuning of silicon Mie modes. (a) Multipole decomposition of the EELS signal into different azimuthal
contributions l for a particle with r = 80 nm. The decomposition is performed at two temperatures for the impact parameter b = 81 nm.
(b)–(d) Experimental EELS maps of a particle with r = 82.4± 1.9 nm for a fixed energy of 2.4 eV (ED at the room temperature) at different
temperatures. (e) Multipole EELS decomposition at two temperatures for a particle with r = 40 nm with impact parameter b = 41 nm. (f)–(h)
Experimental EELS maps of a particle with r = 42.2± 0.7 nm for a fixed energy of 2.91 eV (MD at the room temperature) at different
temperatures.

(Figure 4(e)). Approximately two-thirds of the particles
remain stable up to 1073 K, while the remaining particles
reshape approximately 100 K below this temperature. This
demonstrates that themajority of the particles canbe oper-
ated at temperatures up to 1073 K without changes in the
nanoparticle morphology. To the best of our knowledge,
this marks the highest operating temperature of silicon
nanoparticles for thermal actuation but is nonetheless
smaller than the crystalline silicon melting point (1688 K).
Nanoparticles larger than the 40nm radii range should not
display a size-dependent decrease in their melting tem-
peratures [54]. Although the electron beam is also known
to induce heating [55], we can safely dismiss this effect
as the cause for the reshaping, since particles that were
not imaged by the electron beam during the heating also
underwent shape changes. We attribute the lower reshap-
ing temperature to the polycrystallinality and doping of
our nanoparticles (see Methods). Grain growth in doped
polycrystalline silicon starts at relatively low temperatures
(below 1173 K) since doping enhances the self-diffusion of

silicon [56]. In addition, the highly spherical nature of our
nanoparticles entails that crystal planes with high Miller
indices are present on the surface, which are known to
develop into low-index planes upon heating [57]. Indeed,
the reported temperatures for graingrowthand reconstruc-
tion into low-index planes in silicon (near or above 1073 K)
are consistent with the shape and facet changes observed
in our experiments.

To demonstrate reversible thermal tuning at suchhigh
temperatures, we applied four heating and cooling proce-
dures and recorded the EELS spectra before and after the
whole process to detect any changes in the EELS response
(Figure 4(f)). As can be seen, the nanoparticle remains sta-
ble and the Mie modes are not affected by the multiple
heating procedures. This shows that the nanoparticles can
beoperated in theproposed temperature rangeup to 1073K
without their operation failure. This is further supportedby
STEM EDX measurements (see Supplementary Figure S3),
where we observe no changes in the chemical composition
of the particles when they are heated to 1073 K.
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Figure 4: Stability of thermally tuned nanoparticles. (a)–(d) STEM images of a silicon nanoparticle with r = 82.4± 1.9 nm at different
temperatures. The green selection represents the boundary of the particle. (e) Systematic investigation of morphology changes for 31
different nanoparticles with radii spanning 40–100 nm at elevated temperatures. (f) Experimental EELS spectra of a silicon nanoparticle with
a radius r = 73.8± 2.3 nm (top) with no heating applied and (bottom) after four heating to 1073 K-cooling to 298 K procedures. The spectra
are acquired from the electron beam positions shown in (g). (g) STEM image of the nanoparticle, where the colored areas represent the
integration regions for the EELS signal.

3 Conclusions

We have experimentally demonstrated that the Mie modes
of silicon nanoparticles in a broad size range can be tuned
using the thermo-optic effect. The effect allows tuning
the Mie modes of the nanoparticle in the visible spectral
range by up 0.15 eV (40 nm). By optimizing the particle
size, we show that the MQ mode can be tuned beyond
one linewidth, while the MD, ED, and EQ modes offer
linewidth tunability ranging from 0.3 to 0.7. The silicon
losses at high energies (2.8–3 eV), which ultimately limit
further linewidth tunability, canbebeneficial for switching
applications, i.e., by providing turn on-off functionality.

We leveraged the significant spectral shifts of Mie
resonances to demonstrate that near-field profiles of Mie
modes can be tunedwith temperature and showed that we
can effectively switch between two different Mie modes.
Despite the lack of spectral peaks for some modes, we
still observe significant changes in the near-field profiles.
This demonstrates that thermal tuning can be effectively

utilized in applications, where the near-field switching
between different Mie modes is desired.

Bycombining in situSTEMimagingandEELS,weshow
there are no significant changes in the spectral response
or morphology for the majority of silicon nanoparticles
as they are heated to temperatures up to 1073 K, with all
particles being stable up to 973 K. Moreover, EDX analysis
reveals no chemical changes in the nanoparticle composi-
tion. Therefore, the thermal tuning of the Mie resonance
with our silicon nanoparticles can be effectively performed
up to 1073 K temperature.

4 Methods

4.1 Fabrication

The crystalline silicon nanoparticles of spherical shape are produced
by thermal annealing of silicon suboxide (SiOx) and extraction into
methanol [5]. In optical measurement, it has been shown that the
scattering spectrum of the nanoparticle perfectly agrees with the Mie
theory [58].
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A 10 μL solution of silicon nanoparticles in methanol is drop-
casted onto commercially available thermal E-chips produced by
Protochips, which are nitrogen dried after a 1 min wait time. The
chip has a membrane composed of a ceramic layer on top of a 40 nm
thick silicon nitride layer. The ceramic layer is used for heating and
can be heated up to 1473 K with a temperature accuracy over 95.5%
(example: 1073 ± 48 K) and a 99.5% homogeneous temperature pro-
file across the entire chip. It has nine 8 μm holes where only the
nitride layer is present. The STEM imaging and EELS characterization
is performed in these areas.

4.2 Image analysis

The sizes of the silicon nanoparticles are determined from the STEM
images by a previously reported procedure [48]. Using image process-
ing operations with the Python scikit-image library, a canny filter is
applied to the STEM image to find the particle edges. A Hough circle
transform is applied on the edge map to find the best fit for the radius
and particle center. The uncertainty in the radius is determined by fit-
ting the number of intersections-radius dependence with a bimodal
distribution of 2 Gaussians.

4.3 EELS measurements and analysis

The EELS measurements are performed in a monochromated and
aberration-corrected FEI Titan operated in STEM mode at an accel-
eration voltage of 300 kV, providing a probe size of ∼ 0.5 nm and
an energy resolution of 0.08 eV (as measured by the full-width-at-
half-maximum of the zero-loss peak). We perform Richardson–Lucy
deconvolution to remove the zero-loss peak. An EELS spectrum
obtained inavacuumisusedasan input for thepoint-spread function.
Due to a small asymmetry in the zero-loss peak, the deconvolution
algorithm produced an artificial EELS peak in the energy range below
0.6 eV. However, the artificial peak did not overlap with any of the
observed resonances and could be safely removed using a first-order
logarithmic polynomial.

ThedepictedEELSspectraareobtainedby integrating thedecon-
volutedEELSdataaroundtheexperimental impactparameterbexp.For
the disk-shaped integration regions, the experimental impact param-
eter denotes the center of the disk. For the annulus-shaped regions,
the experimental impact parameter denotes themeanof the inner and
outer radii. The depicted EELS spectra are smoothed with a Gaussian
function (𝜎 = 0.03 eV).

TheEELSmaps are obtainedby summing thedeconvolutedEELS
data in a spectral window of 0.02 eV width centered at the resonance
energies. To improve the signal-to-noise ratio, the map is spatially
binned, reducing the effective number of pixels by a factor of 2 in
each row and column, i.e., a factor of 4 in total. A Gaussian filter with
𝜎 = 0.8pixels is applied to smooth the image.Exploiting the spherical
symmetry of the nanoparticles, the maps are integrated along the
azimuth angle at the coordinates located at the same distance from
the nanoparticle center.

4.4 EELS simulations and theory

The EELS simulations are performed in COMSOLMultiphysics, which
solves Maxwell’s equations using finite-element modeling. We sim-
ulate the electron beam as an edge current with an amplitude of 1
μA. The induced electromagnetic field is determined by calculating

the fields with and without the silicon nanoparticle in the simula-
tion domain, and subsequently subtracting them. Using the obtained
induced electric field, the energy loss can be calculated as the work
rate done on the electron beam by the electromagnetic field induced
by the optical structure [59]. The temperature-dependent complex
refractive index for silicon is taken from Reference [51]. The silicon
nitride layer is not included in the simulation since it has negligible
influence on the optical properties of Mie resonances throughout the
visible spectral range [48].

Themultipole decomposition of the EELS spectra is obtained via
a multipole expansion of the electromagnetic field produced by an
electron exciting a dielectric sphere in a vacuum [53]. The refractive
index data is taken from Reference [51], while in Figure 3(e) it is
taken from Reference [60]. This is due to a limited energy range of the
refractive index data in the former case.

The linewidth tunability Δ𝜆∕FWHM of Mie resonances in
Figure 2 is calculated from the theoretical EELS spectra of a sphere
at a fixed impact parameter b = 2r. The theoretical EELS spectra are
calculated for separate azimuthal coefficients l = 1, 2. Then, they are
fitted with two Lorentzian functions, resulting in the parameters for
different couples of multipoles (MD and ED for l = 1, MQ and EQ for
l = 2). The resonance wavelength is fixed and is defined as the first
maxima of the Mie scattering coefficient for a respective multipole,
and the full-width at half-maximum of the Lorentzian is found from
the fit. A split Lorentzian function (width of the distribution is differ-
ent between left and right slopes) is used for the ED mode, while a
symmetrical Lorentzian function is used for the rest of themodes. The
fit is performed using the python package LMFIT.
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