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ABSTRACT: Silicon is one of the most interesting candidates for plasmon-free surface-
enhaced Raman scattering (SERS), because of its high-refractive index and thermal
stability. However, here we demonstrate that the alleged thermal stability of silicon
nanoshells irradiated by conventional Raman laser cannot be taken for granted. We

investigated the opto-thermal behavior of SiO,/Si core/shell microbeads (Si-rex) irradiated \

with three common Raman laser sources (4 = 532, 633, 785 nm) under real working
conditions. We obtained an experimental proof of the critical role played by bead size and
aggregation in heat and light management, demonstrating that, in the case of strong opto-
thermal coupling, the temperature can exceed that of the melting points of both core and
shell components. In addition, we also show that weakly coupled beads can be utilized as
stable substrates for plasmon-free SERS experiments.

Intensi

Raman Shi

lI-dielectric and semiconductor-based optical antennas are contrast between core and shell, the replacement of the TiO,

intensively investigated as promising substrates for surface with a higher index material could further improve the
enhanced Raman scattering (SERS)." This emerging interest performance of these systems.13 In this regard, Si represents
stems from several factors. One is the possibility to exploit a a natural choice in terms of high refractive index (n ~ 4 at the
rich variety of parameters to tune the Raman response. For most common Raman exciting wavelengths) and compatibility
example, the chemical enhancement can be widely modulated with sensing devices."*™'® Maier and co-workers demonstrated
by controlling charge transfer and adsorption-induced changes that dimers of spheres and nanodisks, either made of GaP or Sj,
of the molecular polarizability of a given analyte. In parallel, the are able to produce a good near-field enhancement, yet with

electromagnetic enhancement can take advantage of Mie-type
resonances, light trapping, and related optical effects to increase
sensitivity and selectivity of the Raman response. Further major
benefits of nonplasmonic SERS are low-invasiveness (plas-
monic heating and plasmon-driven catalysis are avoided)*™°
and high reproducibility, which make dielectrics more advanta-
geous than metals for many types of Raman analysis, including
the real-time monitoring of chemical reactions. These hallmarks
are ultimately related to the lossless nature of dielectrics, which
avoids the generation of strong local heating under light
irradiation. Among the different types of dielectrics and
semiconductors that have been proposed so far, SiO,/TiO,
core/shell beads (T-rex)” demonstrated unique performances
in sensing environmental pollutants and biomarkers.*”"" In
particular, micron-sized beads can be individually visualized by
optical microscopy and exploited as Mie resonators able to act

minimal heating losses if compared with the analogous gold
counterparts.”"* Moreover, Si nanoparticles can exhibit both
electric and magnetic Mie resonances by direct excitation in the
visible range, which could open interesting perspectives for
developing silicon-based SERS-active metamaterials."”

Here we investigate for the first time the optothermal
behavior of SiO,/Si core/shell microbeads (Si-rex) irradiated
with three common Raman laser sources (4 = 532, 633, 785
nm) under real working conditions. We obtained an
experimental proof of the critical role played by bead size
and aggregation in heat and light management, demonstrating
that, in the case of strong optothermal coupling, the
temperature can exceed that of the melting points of both
core and shell components. These results demonstrate that the
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Figure 1. (a,b) Optical images of single SiO,/Si core/shell beads (Si-rex100) before (upper) and after (lower) irradiation with 633 nm laser beam
(laser power: S mW; exposure time: 500 s): (a) 6_Sil00 and (b) 2_Sil00 samples. Scale bars = S ym. (c,d) Raman spectra of the samples before
(blue) and after (red) S00 s of exposure to the Raman laser beam (laser wavelength: 633 nm, power: S mW); (c) 6_Si100 and (d) 2_Si100 samples.
(e) Raman intensity ratio (I,g;/I.s) as a function of time respectively for 6_Si100 (pink) and for 2_Si100 (light blue). (f) Threshold laser power as a
function of shell thickness for a single 2 Si100 bead at three different laser wavelength (532 nm (green), 633 nm (red) and 785 nm (gray)).

substitution of plasmonic metals with nonplasmonic enhancers
does not ensure thermal stability in SERS analysis. On the
other hand, exciting opportunities emerge for heat management
at the micro- and nanoscale.

Two different sizes, 2.06 + 0.05 and 6.47 + 0.32 ym, of SiO,
cores and four different values of amorphous silicon (a-Si) shell
thickness (25, 50, 75, and 100 nm) were deposited on Si(100)
substrates by rf-magnetron sputtering and selected for the study
(details in the Supporting Information, SI 1 and SI 2). The laser
spot size of the three wavelengths is commensurate with the 2
pum-sized beads, which enables a geometrically efficient light in-
coupling. On the other hand, in the case of ~6.5 um-sized
cores, the laser spot size is about 1/3 of that of the whole
sphere. Both single beads and three-dimensional (3D) colloidal
crystals were analyzed.

Figure 1 compares beads of the two different types of SiO,
cores coated with a 100 nm-thick shell layer of a-Si (Si-rex100),
individually irradiated by a He—Ne laser (4 = 633 nm) with the
setup of a typical microRaman experiment (laser power: S mW,
microscope objective: 100X NA: 0.9, backscattering acquis-
ition).

The optical microscope images show that 6.47 um-core Si-
rex100 beads (from now on: sample 6 _Sil100) are stable under
laser irradiation (Figure la), whereas at the same conditions,
the 2.06 um-core Si-rex100 beads (sample 2_Sil100) undergo
an evident modification of their morphology (Figure 1b),
indicating the onset of thermal effects that induce a progressive
surface melting until the complete degradation of the bead (see
also data reported in SIS and SI6). This means that the local
temperature exceeds the melting threshold of the a-Si (Melting
pointy,: 1414 °C) and, in the case of prolonged irradiation,
even that of SiO, (Melting point,,: 1710 °C).*° This
remarkable local heating is similar to that observed for SiO,/
Au beads irradiated with a Raman laser under analogous
conditions®' and demonstrate that, in particular cases, non-
plasmonic heating can be as efficient as the plasmonic one.

2128

However, we note that, in the case of SiO,/Au beads, the
melting point of gold is lower than that of silicon and becomes
further depressed during melting by the formation of core/shell
eutectic mixtures, which are not possible in the case of Si-rex
samples. The surface melting/reshaping processes were directly
monitored by Raman spectroscopy (Figures lc,d). Figure 1c
shows the Raman spectrum of sample 6_Sil00 at the beginning
of laser irradiation and after 500 s. Both spectra are
characterized by the presence of a broad band at around 500
cm™’, which is due to the a-Si shell and a narrow peak at 521
cm™!, representing the contribution of the Si (100) single
crystal substrate. No significant differences between the two
spectra are observed before and after laser irradiation, which
confirms the thermal stability of the beads during the Raman
acquisition. On the other hand, the Raman spectra of sample
2_Si100 exhibit a clear evolution as a function of the irradiation
time. In particular, the intensity of the Raman mode of the Si
substrate (521 cm™") progressively increases during irradiation,
becoming quadrupled after 500 s. In parallel, a-Si becomes
partially crystallized, as revealed by the appearance of a small,
narrow peak at 501.8 cm™'.** This evolution of the Raman
spectra agrees with the depletion of the beads observed in
optical images, which makes the underlying substrate more
accessible to the laser beam. The intensity ratio between the
signal of the a-Si shell and that of the crystalline Si substrate is
plotted in Figure le for both the samples. These data further
confirm that the morphology of the 6_Sil00 beads remains
unchanged and reveal that the evolution of partial surface
melting of beads in sample 2_Si100 is stabilized after about 200
s, showing no further progresses for longer irradiation times.
Such a different thermal stability strongly suggests a depend-
ence of the opto-thermal effects on the bead size. The optical
microscope analysis allows the experimental determination of a
laser power threshold, which defines the upper boundary for
thermal stability of the beads. Above this threshold, the beads
exhibit major morphology modifications. As a result, no reliable
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and reproducible Raman analyses can be carried out, yet several
possible optothermal applications come into play. Figure 1f
plots data of the laser power threshold as a function of different
shell thickness for sample 2 Sil00 irradiated with the three
most common laser sources (532, 633, and 785 nm) for a given
time (500 s), reproducing the condition of a generic Raman
experiment.

These data reveal that, in the case of 2 ym-sized beads, the
differences in shell thickness do not significantly influence the
power threshold. However, the pure SiO, cores are stable at
different wavelengths and even for prolonged irradiation times.
This means that the introduction of a thin shell layer of a-Si
(e.g, 25 nm) is sufficient to heat up the beads. On the other
hand, the comparison with the 6 Si100 sample data reveals that
heat propagation is mainly modulated by the size of the beads,
which is ultimately determined by the core size. Moreover, the
power threshold is strongly dependent on the laser wavelength,
reaching a minimum (1.4 mW) at 4 = 633 nm. The use of a
near-infrared laser source (4 = 785 nm) allows to increase the
thermal stability of the beads (power threshold: 24 mW). It is
interesting to note that the trend of threshold power cannot be
directly predicted from optical simulations of light absorption
obtained by considering individual spheres in air (see SI 3).
These calculations can only give a qualitative indication of the
absorption efficiency at different laser wavelengths. However,
from a quantitative viewpoint, the absorption resulted very
similar for both 2__Si100 and 6_Sil00 systems. This represents
a critical issue, suggesting that the computational approaches
that are commonly utilized to predict the opto-thermal
behavior of these systems on the sole basis of their optical
properties might be oversimplified. In particular, they do not
take heat propagation into account. On the other hand, the
experimental data suggest that the efficient dissipation of heat
accumulated upon laser irradiation play a major role on the
overall thermal effect. In this regard, it is important to further
remark that the size of the beads in sample 2_Si100 is similar to
the laser spot size, whereas the 6 Sil00 beads are three times
larger. This means that, in the latter case, heat generated by
laser irradiation can be easily dissipated through lateral
propagation and the electromagnetic coupling related to the
sphere curvature becomes negligible. Thus, heat accumulated
on the 6 Sil00 sphere is very low and comparable to that
observed for planar thin films. On the contrary, the local fields
generated by laser irradiation of sample 2_Sil00 are confined
within the sphere, and cannot be efficiently dissipated over a
larger surface. Moreover, the core/shell geometry does not
allow an efficient discharge of the accumulated heat through the
underlying substrate. This is not an issue for the 6_Si100 beads,
in which the large extension of the area surrounding the laser
spot ensures efficient heat dissipation, but becomes critical for
sample 2_Sil00, which does not have any easily accessible
channels for heat dissipation. This situation is further amplified
in the case of 3D colloidal crystals.

Figure 2 shows a few examples of the effects of laser
irradiation for 3D colloidal crystals made of either 6 Sil00 or
2 Sil00 beads, respectively. The 6_Sil00 3D crystals are
thermally stable (Figure 2a), allowing Raman measurements to
be carried out without damaging the analytes. For example,
Figure 2b shows the spectrum of methylene blue detected from
a solution at very low concentration (107> M). These results
are comparable to those obtained with conventional, plasmon-
assisted SERS in terms of sensitivity and much better in terms
of reproducibility (see SI 4), which corroborates the exciting
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Figure 2. (a) Optical image of a 3D colloidal crystal of 6_Si100 beads
before (upper) and after (lower) exposure at A = 633 nm (laser power:
5 mW, exposure time: 500 s). (b) Example of Raman spectrum of
methylene blue 107 M adsorbed onto the surface of a 6_Sil00 3D
colloidal crystal. (c) Optical image of a 3D colloidal crystal of 2__Si100
beads before (upper) and after (lower) exposure at 1 = 633 nm (laser
power: 1.4 mW, exposure time: S00 s). (d) Threshold laser power as a
function of time for a single 2_Si100 (red) and a 3D colloidal crystal
of 2_Si100 beads (dark red).

scenarios for nonplasmonic SERS that have been envisaged in
the introduction.

On the other hand, 2_Si100 samples exhibit clear damages
when irradiated for few seconds by a 633 He—Ne laser at low
power (1.4 mW) (Figure 2c). We note that the 2_Si100 single
sphere samples are stable under the same conditions, which
means that the 3D assembly strongly increases the laser-
induced heat generation, with consequent lowering of the
threshold power by a factor of 10 (from 1.4 to 0.14 mW, Figure
2d and SIS). These data further demonstrate that 2 Sil00
samples have a lower thermal stability, which undermines their
usefulness for Raman analysis. In this regard, it is important to
obtain a more general, synoptic overview of the thermal
stability of 3D colloidal crystals made of 2 ym-sized core beads
as a function of shell thickness, laser wavelength and irradiation
time. Figure 3a shows the threshold power as a function of the
Raman laser wavelength (78S, 633, and 532 nm) and the a-Si
shell thickness at a given irradiation time (500 s). Figure 3b
shows the threshold power trend for a given laser wavelength
(633 nm) for different a-Si shell layers as a function of the
irradiation time (see also SI 6).

These data confirm the existence of a maximum heating
generation for the laser irradiation at 633 nm, which results in
the lowest laser threshold power. However, unlike the single-
sphere counterparts, the 3D colloidal crystals show a stronger
dependence of the laser threshold on the shell thickness. In
particular, for a-Si shell with a thickness >75 nm, there is a
significant decrease of the laser threshold power, even for
irradiation at 785 nm, which is the less-heating wavelength.
This suggests that the presence of other spheres can further
hamper heat dissipation. This is reasonable, as the distance
from the heating secondary source (the focal point, located on
the top of a sphere, which is in turn placed on the top of the
crystal) to the substrate is so large that heat remains trapped
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Figure 3. (a) Threshold laser power as a function of shell thickness for
a 3D colloidal crystal of 2_Si100 beads irradiated at 4 = 532, 633, and
785 nm. (b) Threshold laser power as a function of time for a 3D
colloidal crystal of 2_Si beads with different thicknesses (25 nm blue,
50 nm green, 75 nm yellow, 100 nm red) at 4 = 633 nm.

within the colloidal crystal. As a result, cumulative heating
effects make 2_Si100 3D colloidal crystals very unstable under
laser irradiation.

The shell thickness plays a key role also in determining the
thermal stability of these 3D systems also as a function of
irradiation time. As shown in Figure 3b, the thickest layers (100
nm) do not sustain a 633 nm irradiation at power >0.2 mW for
more than 1 s, which makes 2 Sil00 beads useless for any
practical Raman analysis. On the other hand, this limitation can
be turned into an exciting opportunity for applications
requiring an efficient light-to-heat conversion at micro- and
nanoscale, including laser printing,23’24 microweldingzs_27 or
even photothermal therapy.””

Figure 4 shows a couple of examples of laser writing obtained
by irradiating 2_Si25 3D colloidal crystals with a 633 nm
microRaman laser (laser power: 7 mW, irradiation time: 10 s).
It is evident that the good match between the size of the laser
beam and that of the beads, together with a judicious control of
the laser power and irradiation time enables a precise
production of the graphical information that can be printed
on the crystals. Analogous results can be obtained using
different laser wavelengths (see SI 7).

In conclusion, this experimental study reveals that the size
and assembly of SiO,/a-Si core/shell microbeads are key
parameters that can be properly tuned to yield very different
opto-thermal properties. Compared to the Si dimer-based
antennas recently investigated by Caldarola et al,'” which
demonstrated excellent thermal stability under laser irradiation,
the core/shell SiO,/Si microbeads exhibit a more complex
behavior, requiring a careful design of core size and assembly.
However, the usefulness of these results is not restricted to
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Figure 4. Examples of laser writing obtained by irradiating the 2_Si25
3D colloidal crystals with a He—Ne Raman laser (4 = 633 nm, laser
power: 7 mW, exposure time: 10 s per bead). Scale bars: 5 ym. White
dots have been added to panel b to define the contour of the written
tracks.

core/shell microbeads. Zograf et al. recently demonstrated that
in Si nanoparticles the optical field localization at magnetic
quadrupolar resonance is able to generate a remarkable optical
heating, despite its imaginary part of refractive index is 2 orders
of magnitude lower than that of metals.”” Our study
corroborates those observations and provides new insights
into opto-thermal management of Si-based systems, demon-
strating that the local heating can be increased beyond the
melting point of refractory materials. On the other hand, we
also demonstrated that thermally robust beads with outstanding
nonplasmonic Raman enhancement can be fabricated starting
from analogous building blocks with different sizes. These
observations open intriguing perspectives in view of producing
all-dielectric or hybrid metamaterials with precisely controlled
opto-themal activations®”*" and can stimulate the development
ofa comgrehensive theory of light-to-heat conversion in these
systems.’ —36
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