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ABSTRACT: Optical rotation of laser tweezed nanoparticles offers a convenient
means for optical to mechanical force transduction and sensing at the nanoscale.
Plasmonic nanoparticles are the benchmark system for such studies, but their
rapid rotation comes at the price of high photoinduced heating due to Ohmic
losses. We show that Mie resonant silicon nanorods with
dimensions of ~220 X 120 nm® can be optically trapped and rotated at
frequencies up to 2 kHz in water using circularly polarized laser light. The
temperature excess due to heating from the trapping laser was estimated by
phonon Raman scattering and particle rotation analysis. We find that the silicon
nanorods exhibit slightly improved thermal characteristics compared to Au

Silicon nanorods

r Trrr )

E Raman 3

or ]

2 F 3

characteristic g 1 I 3
2 F ¥ ;

SE 3

FE i Rotation 3

F PR ST ST S T T ST T T W ST R E

Power

nanorods with similar rotation performance and optical resonance anisotropy.
Altogether, the results indicate that silicon nanoparticles have the potential to become the system of choice for a wide range of

optomechanical applications at the nanoscale.

KEYWORDS: optical tweezers, optical rotation, nanorods, silicon, thermometry, Raman scattering

O ptical manipulation experiments on nanoparticles have
to a large extent focused on noble metal nanostructures
that support surface-plasmon resonances, which enhance
light—matter interactions and therefore typically amplify
optical forces."” Additionally, the advanced colloidal synthesis
methods available for noble metals, in particular gold, mean
that plasmonic nanoparticles can be made with highly
customized and extremely well-defined shapes, sizes, and
resonance properties. This has driven a plethora of
applications, including nanoparticle-based photothermal treat-
ment,”* molecular sensing,5 and drug delivelry,é_8 but it has
also enabled a wide range of optical manipulation studies of
plasmonic nanoparticles."”' However, the enhanced plas-
monic light—matter interaction comes at the price of extensive
laser-induced heating of the nanostructure,' ' which in
extreme cases may even lead to vapor formation at the surface
of a trapped particle."*™'® Photothermal heating is a particular
concern when dealing with sensitive biological systems, where
it may lead to protein denaturation and cell death, for
example.'” This has motivated investigations of alternative
nanoparticle systems that combine enhanced optical inter-
action with reduced susceptibility to photothermal heating.
Nanoparticles made of high index dielectric (HID) materials,
in particular silicon, appear as one of the most interesting
candidates in this respect. Because of the large refractive index,
silicon nanoparticles can support geometric Mie resonances
with quality factors similar to plasmonic nanoparticles at
visible/NIR wavelengths but with significantly lower optical
absorption, especially in the NIR range.'®"’

© 2020 American Chemical Society
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Several optical manipulation studies of Si nanowires have
been reported in the literature (see, e.g., refs 20—22), but so
far, only a few works have dealt with true nanoparticles, i.e.,
particles with all dimensions substantially smaller than 1
um.”>~*" One reason for this is the limited availability of
colloidal suspensions suitable for optical tweezing experiments,
although Si nanospheres with good crystalline quality and
narrow size distribution have recently become available.”® A
greater variety of available shapes could significantly expand
the range of possible applications, as has been the case with
plasmonic nanoparticles. Toward this end, we recently
developed a lithography-based synthesis method that can be
used to produce sample quantities of Si colloidal solutions with
customized particle shapes and narrow size distributions.**>”

In this work, we demonstrate and discuss optical rotation of
Si nanorods trapped by optical tweezers, ie., the classical
single-beam gradient-force trap.”® Optical rotation offers a
powerful means to probe viscoelastic properties of complex
fluids in confined geometries®"** and constitute a basis for the
development of optical micromachinery and rotary nano-
motors'*>*** The rotation effect requires transfer of spin
angular momentum from the incident laser beam to the
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Figure 1. Fabrication and characterization of colloidal Si nanorods. (a) Sketch of the procedure used to fabricate Si particles with a specific shape
and size. (b) Scanning electron microscopy images of representative Si nanorods. (c) Histograms of particle diameters (violet) and lengths (green)
obtained from analysis of SEM images. (d) Simulated scattering spectra of Si nanoparticles for the cases when the polarization of the incident plane
wave is perpendicular or parallel to the long axis of the nanoparticle. The vertical dashed line indicates the laser wavelength used for optical

tweezing and rotation.
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Figure 2. Optical rotation and scattering spectroscopy of laser tweezed resonant Si nanorods. (a) Schematic of the experimental setup, which is
based on circularly polarized 785 nm laser tweezers; white-light dark-field (DF) illumination; linearly polarized photon correlation spectroscopy;
and elastic (Rayleigh) or inelastic (Raman) scattering spectroscopy. (b—f) Experimental results obtained from the same optically trapped and
rotated Si nanorod: (b) dark-field scattering spectrum; (c) Raman spectrum covering the region around the ~520 cm™ Si optical phonon together
with Lorentzian fit (purple line); (d) scattering intensity versus time during optical rotation (the purple line is a guide to the eye only) and (e) the
corresponding autocorrelation function, showing decaying oscillations characteristic for damped rotational motion; (f) SEM image of the particle,
obtained after the nanorod had been printed on the substrate by increasing the laser power. The purple line in part e shows the full analytical fit to
the experimental ACF data, while the dashed line shows the exponentially decaying component extracted from the fit.
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Figure 3. Analysis of rotational dynamics of a trapped Si nanoparticle through photon correlation spectroscopy. (a) Dark-field scattering spectra of
the trapped Si nanoparticle. (b) Autocorelation function versus increasing applied laser power (vertically offset for clarity) and (c) corresponding
rotation frequency versus laser power as extracted from the measured autocorrelation data (error bars represent 95% confidence bounds) together
with fit to the analytical f,,,(P) function described in the text (purple line).

particle, which in turn requires that the laser trap is circularly
polarized and that the trapped particle somehow alters the
polarization state of the beam. The most effective way of
achieving this is to utilize particles with anisotropic shapes,
such as nanorods, which in the optimal case exhibit linearly
polarized scattering.”® Based on this approach, we show that
“shape-birefringent” Si nanorods can be rotated at high
frequencies comparable to plasmonic nanoparticles. Moreover,
we show that the degree of photothermal heating of the
rotating particles can be monitored through both rotation
analysis and Raman spectroscopy. A quantitative comparison
of the results with previous reported studies of optical rotation
of submicron particles is presented at the end of the article.

B METHODOLOGY, RESULTS, AND DISCUSSION

Aqueous colloidal solutions of Si nanorods were prepared
using the two-step fabrication process schematically illustrated
in Figure la. Dense and uniform layers of in-plane cylindrical
nickel nanoparticles are first fabricated on a poly-Si film
deposited on a fused silica substrate using a hole-mask colloidal
lithography method.””*” The Ni particles are used as an
etching mask that allows the polycrystalline silicon film
underneath to be shaped into nanorods by means of
directional etching. The Si nanorods can then be detached
from the substrate via selective etching of the fused silica
substrate using hydrofluoric acid (HF), followed by
purification from the etchant, sonication, and dispersion into
water (see the Methods for details). The etching procedures
lead to slightly tapered shapes and sometimes to somewhat
fragmented base surfaces (Figure 1b). The average dimensions
of the nanorods can be tuned by varying the thickness of poly-
Si film and the diameter of Ni nanoparticles. Based on optical
simulations and fabrication considerations, we aimed at an
average nanorod length of L = 220 nm and a diameter of D =
120 nm. Statistics from scanning electron microscopy (SEM)
images revealed a resulting average length of L =219 + 23 nm
and diameter of D = 123 + 13 nm (Figure lc).

Figure 1d shows finite difference time domain (FDTD)
electrodynamics simulations of scattering spectra for a 120 X
220 nm” Si nanorod in water for the case when its long axis is
oriented perpendicular to the light propagation direction. We
have assumed a perfectly cylindrical shape for simplicity. Figure
1d reveals that the particle shows strong scattering anisotropy
because of its elongated shape. At the optical tweezers
wavelength used in the experiments, 785 nm, the scattering
is ~5X stronger for incident light polarized parallel to the
particle long axis compared to the orthogonal polarization
configuration. The shape birefringence associated with the
optical anisotropy leads to eflicient transfer of spin angular

6496

momentum from an incident circularly polarized trapping
beam, since the light scattered out from the particle will be
essentially linearly polarized. This is in turn a prerequisite for
efficient optical rotation of a trapped particle.

Single Si nanorods were optically trapped using optical
tweezers constructed around an inverted optical microscope
equipped with various means for spectroscopic characterization
(Figure 2a). The laser tweezers are based on a circularly
polarized 785 nm laser beam focused by a low-numerical-
aperture (NA = 0.7) microscope objective. This ensures nearly
perfect circular polarization in the optical trap and allows for
facile dark-field (DF) observation, but the low NA reduces the
gradient force in the direction of the optical axis such that
stable trapping in three dimensions is not possible. The
nanorods are therefore trapped in 2D against the upper cover-
glass of the thin liquid cell used to confine the diluted colloid
suspension. The setup offers multiple means for analyzing the
trapped particle and its rotational dynamics. This is illustrated
in Figure 2b—f, which shows results obtained from one and the
same trapped Si nanorod.

The DF arrangement allows for measurements of elastic
scattering spectra of a trapped nanoparticle during rotation
experiments. The DF spectrum shown in Figure 2b exhibits a
pronounced Mie resonance peak at ~600 nm that agrees well
with the averaged simulated scattering spectrum shown in
Figure 1d. Moreover, with the DF illumination turned off, it is
possible to obtain Raman spectra of the trapped particle by
using the 785 nm trapping laser as the Raman excitation
source. This is illustrated in Figure 2c, which highlights the
region around the characteristic transverse optical Si phonon at
~520 cm™. Apart from being a highly sensitive spectroscopic
fingerprint of the material composition and structure, the ~520
cm™! phonon can be used to estimate the internal temperature
of the trapped nanorod, as discussed further below. Third, by
sampling part of the backscattered laser light with high time
resolution, one can perform localized photon correlation
spectroscopy on the trapped particle (PCS, Figure 2d).
Because of the shape anisotropy of the trapped nanorod, the
backscattered signal will be highly polarized (cf. Figure 1d).
Thus, by filtering the signal through a linear polarizer placed in
front of the detector, any orientational fluctuation of the
trapped nanorod will show up as a fluctuation in the PCS
signal. By analyzing the PCS autocorrelation function, one can
then obtain information on the time-averaged rotational
dynamics of the trapped particle (Figure 2e).” Finally, when
optical measurements have been concluded, the trapped
particle can be printed on the upper cover-glass of the sample
cell by an increase in laser power and subsequently analyzed
with SEM (Figure 2f). However, this procedure requires a high
salinity (~10 mM NaCl) of the sample solution such that
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Figure 4. Temperature estimates of an optically trapped and rotated Si nanorod. (a) Stokes-shifted Raman spectra together with Lorentzian fits to
the 520 cm™" optical phonon. All spectra are measured using the 785 nm laser trap as an excitation source and using the same integration time. The
arrow indicates phonon softening due to photothermal heating for increasing laser power. (b) Raman peak position  versus laser power together
with linear extrapolation of high-power data (P > 10 mW) to P = 0. (c) Temperature increment versus laser power extracted from Raman peak shift
and rotation frequency analysis. Error bars represent 95% confidence limits obtained from fits to experimental data. (d) Histogram of the ratios
between temperature increments extracted from rotational motion and Raman phonon analysis.

electrostatic repulsion between the trapped particle and the
cover glass is effectively screened. This in turn results in salt
deposits around the laser printed particle, as can be observed in
Figure 2f. Figures S1 and S2 in the Supporting Information
show results for a number of trapped nanorods, confirming the
overall reproducibility of our results.

We next investigated how the nanorod rotation performance
varied with applied laser power. These experiments had to be
performed without adding salt to the solution, meaning that
the particles could not be laser-printed for subsequent SEM
imaging. However, the full laser power range could now to be
utilized for tracking how the different measurables (DF, PCS,
and Raman) varied with laser power. In the following, we
display results obtained for one representative nanorod, but the
conclusions are based on combined observations from many
different particles (summarized in Figure S4 in the Supporting
Information).

Figure 3a shows the measured DF spectrum of the trapped
nanorod. The spectrum is in good agreement with the FDTD
scattering calculations in Figure 1d, indicating that the particle
is representative for the colloid batch (i.e, L ~ 220 nm, D »~
120 nm). From the rotational autocorrelation functions
(Figure 3b), we can extract the average rotation frequency
frot (Figure 3c) and the corresponding decay constant 7, due to
rotational Brownian motion (Figure S3) by a fit to ACF(z) = A
+ B exp(—1/1,) cos(4nf 7). "*® The results show that f,,
increases with laser power in a supralinear fashion, reaching ~2
kHz at the maximum applied power of P = 18 mW (Figure 3c).
An analysis of the f,,(P) data in Figure 3c allows us to
estimate the local temperature around the trapped nanorod as
a function of laser power. The average rotation frequency of an
optically rotated nanorod is determined by the applied optical
torque and the Stokes drag, yielding f,., o P/#, where P is the
applied laser power and 7 is the viscosity of the surrounding
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fluid. We assume the viscosity of bulk water with temperature

dependence 7(T) = 7, exp(T AT ), with 77y = 24.2 yPa's, A =
- L

570.56 K, and T,z = 140 K. The temperature of water close
to the heated nanorod will increase in proportion to applied
laser power as T = T, + kP, where T, = 295 K is the bath
temperature and k is a constant. This yields

fmt(P)cxPexp<#A+kP), which can be used to fit

experimental data in order to extract k and thereby T(P). In
the following, we compare the temperature extracted from the
rotational data in Figure 3¢ with Raman thermometry data
obtained from the same nanorod.

Raman thermometry of Si nanoparticles is based on the
temperature dependent vibrational frequency Q(T) of the 520
cm™' optical phonon, which softens with increasing temper-
ature due to lattice expansion and anharmonicity effects.”>*”
Within a broad interval between room temperature T, and
~550 K, the phonon frequency varies almost linearly with
temperature, Q(T) = Q(T,) + a(T — T,), with a = —0.0218
cm™' K™'.** However, the phonon frequency also depends
sensitively on crystalline quality, with polycrystalline Si in
general showing softer Q(T,) than monocrystalline silicon due
to intrinsic residual stress. This means that one needs at least
one reference measurement at a known temperature for
absolute Raman thermometry (Figure S5).*>*!

Figure 4a shows Raman spectra covering the 520 cm™
phonon for the same trapped nanorod, as analyzed in Figure 3.
Lorentzian fits to the data yield the phonon frequency Q(P)
versus laser power P (Figure 4b). We do not know Q(P = 0),
since we need a certain threshold power to be able to trap the
particle. However, the data at high powers (P > 10 mW) reveal
a rather clear linear softening due to the photothermal heating

1
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Table 1. Characteristics of Submicron Particles Optically Rotated by Circularly Polarized Laser Tweezers

material (ref) Si (this work) Au®
L (W) (nm) ~220 (120) ~134 (65)
g ~0.41 ~0.36
Ataser (nm) 785 830
o ~3 ~5
> (K/mwW)
[ ~40 ~160
P |,
~3.3 ~2.6

% (10—18 N-m/W)

Au® Au'® vaterite™
~173 (65) ~400 ~800
~0.29 1 1

830 830 532

~25 ~6 ~4 x 1073
~1000 ~20 ~0.6

~30 ~24 ~5.8

that can be extrapolated to P = 0, when the particle is assumed
to be at T, = 295 K. We can then estimate the particle
temperature as T(P) = Ty + a~'(Q(P) — Q(0)). Figure 4c
summarizes the temperature increments obtained in this way
together with the data from the rotational temperature
determination obtained simultaneously from the same particle,
as described above. It is clear that the two data sets are in good
general agreement, both indicating AT = 80 K at the highest
applied laser power.

Figure S4 in the Supporting Information summarizes data
for eight different nanorods measured and analyzed by the
same methodology as in Figure 3 and Figure 4. The results are
in overall good agreement, though some variation between
different nanorods is apparent. For example, we find that the
maximum rotation frequency varies between ~1 and ~2 kHz
at ~18 mW, while the corresponding maximum temperature
increment varies between ~30 and ~90 K. The variation is
likely due to small differences in particle shape and size, which
influence both the degree of viscous rotational friction (Stokes
drag) as well the particle optical properties. The latter in turn
determines the strength of the optical torque as well as the
degree of optothermal heating for a given laser power.

As seen in Figure 4c, there is a tendency for the Raman
thermometry to produce slightly higher temperatures than the
rotational analysis. This is expected, because the Raman signal
originates from the hot interior of the particle, where light
absorption occurs, while the rotation phenomenon probes the
fluid viscosity just outside the particle via rotational hot
Brownian motion (RHBM),*” that is, the stochastic thermal
fluctuations in orientation experienced by a particle that is
hotter than its surrounding. We have previously shown that
Trupm corresponds to the actual temperature 10—15 nm
outside the surface of an optically rotated plasmonic
nanorod.">*® In Figure 4d, we show a histogram over the
ratios R = ATy .0/ ATy for all measured particles and laser
powers. The variation is substantial due to large error bars in
ATy ., obtained at low P, for which the Raman signal is weak.
However, there is a rather clear peak at R & 0.75, which
happens to be the theoretically expected ratio between Trypy
and the surface temperature excess of a spherical particle
performing RHBM (though this result is obtained under the
simplifying approximation of a temperature independent
viscosity). ?

To put the results presented here in perspective, Table 1
summarizes important rotational and thermal characteristics
for the Si nanorods together with corresponding data from
previously published investigations of optically rotated
submicron particles, including two classes of single crystal Au
nanorods,® with widths of ~65 nm and lengths of ~134 and
~175 nm, respectively; ~400 nm diameter Au colloids;” and
~800 nm diameter spherical vaterite (CaCO;) particles.*’
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These particle types also illustrate different means to extract
torque from a circularly polarized laser beam, i.e., through
polarization conversion caused by material birefringence
(vaterite); through absorption (400 nm Au); and mainly
through polarized scattering (shape birefringence, Si and Au
nanorods).

We first focus on the propensity for photothermal heating, k
= dT/dP, and on the rotation frequency induced per incident
power unit, df,,./dP. The latter needs to be extrapolated to P =
0 to avoid the influence from differences in photothermal
heating between the different particle types. The Si nanorods
obviously fall in an intermediate class between the extreme
cases of vaterite, which exhibits negligible heating but also very
low df,,/dP, and the high-aspect-ratio Au nanorod, which
shows record rotation speeds but also heats up approximately 6
times more than the Si nanorods for the same input power.
The low-aspect-ratio Au nanorod shows only slightly higher
heating than the Si, but it rotates about 4 times faster. To
analyze this difference, we need to consider how particle size
and shape influence the rotation frequency.

For a spheroidal particle, we have f,,. = M,./27y,, where
M, P is the applied optical torque and 7, = ngL’n is the
rotational friction coefficient. Here g is a geometrical
coefficient calculated from the particle length:width ratio (g
= 1 for a sphere), L is the length of the particle, and 7 is the
fluid viscosity as before. Table 1 shows that the Si nanorods
and the low-aspect-ratio Au rods have similar g values, which
can therefore not explain the difference in rotation frequency.
However, their lengths differ by ~65% and this has a huge
influence, since f., & L7>. To reduce for the effects of
dimensions, we now instead estimate how much optical torque
the incident laser beam is able to transfer to the particle per
unit power:

)

oM d
opt 2 13 rot
— = 2n°gL'n(T,)) —
oP (L) opP

P=0 (1)
This measure is relevant if the spinning particle is aimed to be
used to drive a secondary particle or fluid to rotate, that is, if
the particle is going to be used as a rotary nanomotor.’* As can
be seen from Table 1, the 0M,,/0P differences between the
particles are not as pronounced as the differences in absolute
rotation frequency. In particular, it is clear that the Si nanorod
performance is close to the low-aspect-ratio Au nanorod. This
similarity can be qualitatively understood from the similarity in
resonance anisotropy: The long-axis (short-axis) localized
plasmon resonances of the 134/65 Au nanorod occur at ~700
nm (550 nm), resulting in a scattering anisotropy very similar
to that produced through the anisotropic Mie resonances in
the Si nanorod (Figure 1d) at the respective laser tweezer
wavelengths. In contrast, the long-axis plasmon of the 173/65
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Au nanorod exactly overlaps with the trapping wavelength,
thus amplifying the optical torque but also the amount of heat
produced through resonant absorption. The results can also be
compared to the maximum optical torque that can be extracted
from a circularly polarized laser beam through scattering or
absorption, Moy = Ajy,P/27¢o, where ¢, is the speed of light.
For the near-infrared laser wavelengths used to drive the Si and
Au nanorods, this yields aMg;;X/ 0P ~ 4 X 107" N-m/W. This
is a factor ~120 higher than the actual torque extracted by the
Si nanorod and ~13 times higher than that for the best Au
nanorod, indicating that there is plenty of room for improving
the efliciency of these nanoscale rotary motors.

B CONCLUSIONS

We have shown that lithographically fabricated rod-shaped
silicon nanoparticles can be released into aqueous solution and
then optically trapped against a cover glass and rapidly rotated
using circularly polarized laser tweezers. The maximum
rotation frequency reached is ~2 kHz, which is obtained for
a relatively modest input power of 18 mW laser light with
wavelength A, = 785 nm. Using two independent methods,
Raman scattering and rotation analysis, we estimated the
temperature increase of the trapped Si nanoparticles and their
immediate surrounding to ~3 K/mW of incident laser power
on average. Nanorods could be trapped and rotated with
temperature excess down to ~20 K.

The rotational performance, quantified as the amount of
optical torque that the Si particles extract from the incident
beam, is approximately the same as previously reported for
gold nanorods of similar aspect ratio and degree of resonance
anisotropy. Nevertheless, it is likely that the Si performance
could be substantially improved through further development
of the fabrication methodology to yield more well-defined
particle shapes and by optimizing the torque transfer efficiency
by fine-tuning the Mie resonance properties of the particles.
Moreover, photothermal heating could be further reduced by
shifting the laser wavelength to 4,,, = 1064 nm where material
absorption in Si is insignificant. This would, for example, make
Si nanorods highly competitive as probes in microrheological
measurements and as rotary nanomotors in future nano-
technology applications. The Raman thermometry technique is
well-suited for combination with optical tweezers, but the
signal level is low for wavelengths far from the direct band
transitions in Si, which occur in the near-UV.** This could
motivate the inclusion of a separate low-power short-
wavelength Raman excitation source, though this would also
complicate the experimental setup.

B METHODS

Fabrication. Si nanorods were fabricated as described in
refs 25 and 29. High-quality poly-silicon was first deposited on
a fused silica wafer by low-pressure chemical vapor deposition
(CVD), followed by deposition of a 100 nm tetraetyl
orthosilicate (TEOS) film. The surface was then covered
with Ni nanodisks (height X diameter = 40 X 100 nm?)
fabricated by hole-mask colloidal lithography.*> The TEOS
layer not covered by Ni was then removed by reactive ion
etching in a mixture of CHF; and Ar, after which the Si was
subject to anisotropic etching by Cl gas at a pressure of S
mTorr and an incident power of S0 W. The Ni disk etch mask
is then removed by wet etching in a Cr solution, after which
the sample is rinsed in distilled water. The resulting Si particles

6499

can be released from the fused silica substrate by first dipping
the sample in concentrated HF for ~3 min, followed by rinsing
in abundant water, after which the etching is completed by
drop casting 200 uL of diluted HF (0.1%) on the substrate
until the removal of the particles can be confirmed by visible
inspection of the substrate color. Possible HF residuals were
removed by evaporation on a hot plate at 60 °C, after which
the Si particles were redispersed in water, containing the
surfactant cetyltrimethylammonium bromide (CTAB, 1 mM),
to a particle concentration of the order 0.1 pM.

Optical Setup and Methodology. The optical tweezers
setup was constructed around an inverted microscope (Nikon
TE300) and a fiber-coupled diode laser (Toptica XTRA II 785
HP) emitting at 785 nm. The laser beam was made circularly
polarized using a combination of wave-plates and then focused
by the microscope objective (NA = 0.7, Nikon CFI S Plan
Fluor ELWD 60X) into the sample cell, consisting of two glass
slides separated by a 100 pm spacer. The sample was
illuminated from above using an oil-immersion dark-field
condenser (Nikon NA = 1.2—1.43), which allowed for facile
identification of individual nanoparticles in the sample cell.
Backscattered laser light from a trapped nanoparticle was
passed through a linear polarizer and recorded using a
photomultiplier tube coupled to a hardware autocorrelator
for photon correlation spectroscopy (PCS) rotational analysis.
A second port of the microscope, equipped with a notch filter
(Semrock 785 nm StopLine), allowed for collection of Raman
spectra from trapped particles using a fiber coupled
spectrometer (Shamrock 303i) equipped with a CMOS
detector (Andor iDus). The same spectrometer could also be
used for measuring elastic dark-field scattering spectra. The
spectrometer system was carefully calibrated using dedicated
halogen and mercury calibration lamps before each particle
measurement. The particle suspension was diluted by a factor
of ~1000 before experiments to avoid simultaneous trapping of
several particles in the optical tweezers.

Electrodynamic Simulations. Optical cross sections
(Figure 1) of the Si nanoparticles were obtained from finite
difference time-domain (FDTD) simulations using commer-
cially available software (Lumerical Solutions, Inc. Canada)
using a total field scattered field excitation source. The particles
were modeled as cylinders with variable diameter D and height
h and with incident polarization either along or perpendicular
to the rotational symmetry axis. The experimentally measured
dielectric function of poly-Si*® was used in the simulations.
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