NANO@ lclolcte

pubs.acs.org/NanoLett

Enabling Self-Induced Back-Action Trapping of Gold Nanoparticles
in Metamaterial Plasmonic Tweezers

Theodoros D. Bouloumis,* Domna G. Kotsifaki, and Sile Nic Chormaic

Cite This: Nano Lett. 2023, 23, 4723-4731 I:I Read Online

ACCESS | [l Metrics & More ‘ Article Recommendations | @ Supporting Information

ABSTRACT: The pursuit for e cient nanoparticle trapping with low powers
has led to optical tweezers technology moving from the conventional free-
space configuration to advanced plasmonic systems. However, trapping
nanoparticles smaller than 10 nm still remains a challenge even for plasmonic
tweezers. Proper nanocavity design and excitation has given rise to the self-
induced back-action (SIBA) e ect o ering enhanced trap sti ness with
decreased laser power. In this work, we investigate the SIBA e ect in
metamaterial tweezers and its synergy with the exhibited Fano resonance. We
demonstrate stable trapping of 20 nm gold particles with trap sti nesses as
high as 4.18 + 0.2 (fN/nm)/(mW/um?) and very low excitation intensity.
Simulations reveal the existence of two di erent groups of hotspots on the
plasmonic array. The two hotspots exhibit tunable trap sti nesses, a unique
feature that can allow for sorting of particles and biological molecules based
on their characteristics.
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S ince the invention of optical tweezers by Arthur Ashkin™? e ciency,”® and quantum nanophotonic systems coupled to
numerous trapping platforms have been studied and single-photon emitters.*® There are numerous applications in
implemented for a variety of applications®* with specimens other fields, too, such as chemistry for catalysis purposes®* and
ranging from biological®~’ to quantum dots.*™*° One major gas sensing,** for computational methods with the newly
direction in optical trapping is to develop a platform that can established field of neuromorphic computing via AUNP cluster
e ciently trap nanoparticles tens of nanometers or smaller in assemblies,® and in biomedical research with applications in
size, using as low light intensity as possible, thereby minimizing drug and gene delivery,®* cancer treatment,® vaccine develop-
heating of the specimen.*~*> The most common config- ment,*® and many others.*”*® All these applications have
urations that meet these requirements are based on metallic triggered interest in trapping AuNPs and investigating their
nanostructures, where one exploits the strong near-field forces optomechanical properties.**=9~%*

that arise due to the excitation of surface plasmons.**~*" The In our previous work,*> we demonstrated trapping of single
design of the nanostructure alone cannot improve the trap 20 nm polystyrene particles using an array of metamolecules.
sti ness beyond a certain point. This led to the implementa- The experimental trap sti ness was 8.65 fN/(nm-mW) and is
tion of self-induced back-action (SIBA) trapping.”® In SIBA the highest reported value.”” Implementing metamaterial
trapping, the plasmonic cavity resonance is tuned so that the structures in a plasmonic trap configuration o ers the
particle, while trapped in the cavity, plays a dynamic role in the advantage of being able to excite and tune a very sharp Fano
reconfiguration of the intracavity intensity."® This optome- resonance, due to destructive interference between a broad-
chanical poupli_ng facilit_ates trapping with Io_w_er light intensity, band dipole resonance and a sharp quadrupole resonance.*
relaxing mten_sﬂyggggnrements while providing a stable trap This leads to a nanocavity with ultrasmall mode volume,
with less heating. 0 ering strong confinement of particles in the trap.*~* A

int-le_rr:sqcpzjrlj% goOIShen\il:rgsglrittI;/ﬂieri tﬁﬁ\iﬂl\;;rizhe:ssis Or;efﬁéggzlﬂl"% Fano resonator is also very sensitive to changes in the local
and their contribution to various fields.”® In 1908, rigorous _
theoretical work was done by Mie to describe the absorption of Received: November 15, 2022
light by a subwavelength gold sphere.?” Owing to the great Revised: ~ May 11, 2023
tunability of plasmon resonances and their unique properties, Published: May 31, 2023
AuNPs have contributed to the development of fields within

physics and material science such as surface-enhanced Raman

scattering (SERS),?® enhanced photovoltaic conversion
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Figure 1. (a) Simulated reflection (R), transmission (T), and absorption (A) spectra of the metamaterial structure indicating the empty cavity
resonance at 928 nm. (b) Scanning electron microscopy (SEM) image of the metamaterial array. (c) Electric field generated at a unit cell of the
metamaterial structure, for an empty cavity illustrated at the planes (i) z = 13 nm, (ii) = 148 nm, and (iii) y = 75 nm and when a particle is
trapped at the hotspots of the unit cell, illustrated at the same planes (iv)—(vi). Images (ii), (iii), (v), and (vi) depict the electric field at Hotspot 1
with the particle at the equilibrium position. The fields shown are for 928 nm excitation light.

refractive index,*® making this platform an ideal candidate for
combining with SIBA trapping. Proper structure design could
foster a synergy between the Fano resonance and the SIBA
e ect, resulting in strong optomechanical responses that
facilitate long duration trapping events with low laser power.

In this work, we trapped 20 nm AuNPs using the
metamaterial tweezers introduced earlier.*” Simulations of
the plasmonic hotspots revealed a wavelength-dependent trap
sti ness per hotspot. This o ers the ability to tune the
hotspots’ strength, with applications in sorting nanoparticles of
di erent sizes and refractive indices. Additionally, we
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investigated the synergy between the metamaterial tweezers
and the SIBA e ect and experimentally observed SIBA-assisted
trapping. To the best of our knowledge, there is no prior
reporting of this in the literature. A very high trap sti ness was
obtained for on-resonant excitation (i.e., SIBA-assisted
trapping) as well as for blue-detuned excitation, with the
highest value being 4.18 + 0.2 (fN/nm)/(mW/um?). This is
comparable with our previous work where the SIBA e ect
could not be implemented.*?

A plasmonic metamaterial nanostructured device was used
for the experiments. The device was fabricated using focused
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Nano Lett. 2023, 23, 4723—-4731


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04492?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04492?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04492?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04492?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

ion beam milling (FIB) on a gold film, with the geometrical
characteristics determined in advance through finite element
method simulations. AUNPs with a diameter of 20 nm were
dispersed in bu er solution diluted with heavy water to a
certain concentration (see S1 Methods), and a small amount of
surfactant was also used. The solution was placed onto the
device, and the sample was mounted on a custom-made
microscope setup. The excitation laser was incident from the
glass side of the sample. A detailed description of the methods
can be found in S1.

Figure 1a shows the simulated reflection, transmission, and
absorption spectra of the metamaterial device (Figures 1b and
S2a). The absorption peak at 928 nm indicates the resonance
of the device, hence the incident wavelength required to excite
the plasmonic field when the device is immersed in water
solution. Microspectrophotometry measurements revealed that
the experimental resonance peak was in perfect agreement with
the simulations since we cannot directly measure the
absorption resonance, we calculated the experimental
absorption resonance peak from the transmission spectrum
(see Figure S2b). Figures 1c(i)—(iii) show the simulated
empty-cavity electric (E-) field for 928 nm excitation light,
propagating along the z-axis incident from the glass side and
linearly polarized along the y-axis. Each unit cell has three
hotspots where particles can be trapped: two symmetric and
identical ones along the y-axis, referred to as Hotspot 1 (with
no distinction between them), and one along the x-axis,
referred to as Hotspot 2. We assume that a particle moving
under Brownian motion in the solution has equal probabilities
of being near either of the hotspots and subsequently trapped.
In Figures 1c(iv)—(vi) we plot the E-field when a AUNP 20 nm
in diameter is trapped at the equilibrium position of the
hotspots (see S4 for details). Figures 1c(ii), (iii), (v), and (vi)
depict the Hotspot 1 location. Note the concentration of the E-
field around the AuNP, owing to the plasmonic field coupling
between the particle and the cavity. Due to its metallic nature,
the particle also has a plasmonic resonance and behaves like a
trapped nanoantenna with a dipole emission, leading to
significant field enhancement around it (Figure 1c(v),(vi)).
The polarization of the excitation light a ects accordingly the
E-field distribution around the particle. In Figure S3, we also
plot the field enhancement due to the presence of the particle,
i.e, the E-field in the cavity when the particle is present,
normalized to the empty cavity field. A field enhancement of
more than five times external to the AuNP is observed.

A trapped particle inside the nanocavity not only creates an
enhancement of the E-field but also results in a frequency shift
of the cavity resonance”

— g
da(ry) wCZVmeof(rp) o
where o, and V,, are the resonant frequency and the mode
volume of the empty cavity, respectively; oy is the polarizability
of the nanoparticle; &, is the vacuum permittivity; and f(r,) is
the cavity intensity profile. Using eq 1, we calculated the
expected cavity shift to be about 4.34 nm (see S3). This shift
compares well with the value obtained through simulations
(Figure 2). For a particle trapped in either Hotspot 1 or
Hotspot 2, the resulting cavity redshift is 6 nm and 5 nm,
respectively, and for consecutive trapping events the cavity
shifts by an additional step of 6 nm or 5 nm depending on
where the particle is trapped. This small discrepancy between
the analytical and numerical shift is attributed to the
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Figure 2. Simulated absorption spectra for di erent cases of trapped
particles. Empty cavity absorption resonance: red line with dots.
Cavity shifts created by one (blue - Hotspot 1 and orange - Hotspot 2
lines), two (magenta line), and three (green line) particles trapped at
a unit cell in various combinations of the three hotspots. The cavity
shifts from the empty cavity resonance (928 nm) are indicated by the
arrows in corresponding colors. The solid black line at around 930 nm
indicates the wavelength around which there is a symmetrical cavity
shift between the empty cavity resonance and the shifted cavity
resonance resulting from a single trapped particle.

approximate formula used to calculate the mode volume,*
V.. Based on the theoretical value of the cavity shift, we
estimated that our system provides an optomechanical
coupling constant of approximately G = 2z x 76 GHz/nm
(see S3), of the same order of magnitude as other works.?"*’
The optomechanical constant defines the optical response of
the cavity (intracavity photon flux) due to mechanical motion
of the particle in the trap and subsequent changes of the
photons’ momentum.*® It is important for SIBA trapping to
have as high an optomechanical coupling constant as possible
to achieve strong particle confinement. Smaller particles should
result in a lower optomechanical coupling constant due to a
smaller change of momentum; however, in our case, the
optomechanical coupling value was very high considering the
small size of the particle. We attribute this to the Fano
resonator being very sensitive to the motion of the particle
(changes in the local refractive index).

The particle-enabled cavity shift is the principle upon which
the SIBA e ect is based. In the simplest case of one trapped
particle, to enable the SIBA e ect, one should excite the
metamaterial with light at 930 nm. This is approximately the
wavelength around which the cavity shift is symmetrical to the
empty cavity resonance (Figure 2 black vertical line). Under
this condition, the particle would be trapped e ciently with a
lower laser intensity and with its Brownian motion restricted
by the intracavity field increasing or reducing in a dynamical
way according to its motion.*® The additional strong
optomechanical response of the Fano nanocavity makes this
synergy between the metamaterial tweezers and SIBA ideal for
trapping nanoparticles.

To further map the optical forces on the nanoparticles
around the hotspots and identify the equilibrium positions of
trapped particles, extensive simulations were performed. In
Figure 3a the normalized trap sti nesses (i.e., trap sti ness
divided by incident light intensity) for the two hotspots are
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Figure 3. (a) Simulated normalized trap sti nesses per wavelength for
particles trapped in Hotspot 1 (k; - blue points) or Hotspot 2 (k, -
orange points) calculated from the associated optical forces (see S4).
(b) Electric field as a function of the excitation wavelength for the
empty cavity case at the center of Hotspot 1 (E,;) and Hotspot 2
(Eo2) and when a particle is trapped E,; and E,,, respectively.

plotted as derived from the simulated optical forces (see S4).
An interesting behavior is observed, where the trap sti nesses
around Hotspot 1 increases as we scan the excitation
wavelength from 920—930 nm, but a decreasing trend is
observed for the sti nesses around Hotspot 2. Additionally,
particles trapped at Hotspot 2 experience a higher sti ness, k,,
than particles trapped at Hotspot 1, k;, for every wavelength.
However, the two hotspots exhibit similar trap sti nesses when
excited with 930 nm light.

To interpret this behavior, we simulated the E-field
magnitudes at the two hotspots for both cases of an empty
cavity and with a trapped particle (Figure 3b). Despite the
simulated absorption resonance being at 928 nm (Figure 2),
Hotspot 1 exhibits a maximum E-field intensity at 930 nm,
while Hotspot 2 has a maximum at 919 nm when the cavity is
empty. Additionally, the maximum E-field intensity for both
hotspots has a similar magnitude. However, the situation is
di erent when a particle is trapped. The presence of the
metallic particle in the plasmonic nanocavity creates an

4726

enhancement of the E-field by approximately 6 times (Figure
3b). The total E-field in the cavity is stronger for Hotspot 2
than for Hotspot 1 because the slot width at Hotspot 2 (w, =
33 nm) is narrower than the slot width at Hotspot 1 (w; = 39
nm) (see Figure S2a). This leads to a stronger E-field and
better confinement of the nanoparticle at Hotspot 2.

The increasing and decreasing trends of the trap sti nesses
at Hotspots 1 and 2 (Figure 3a) also follow the E-field
resonances, as indicated by the dashed lines in Figure 3b. This
0 ers the ability to excite the hotspots with a di erent ratio of
resulting sti nesses, hence the possibility of sorting particles
based on their size, shape, and refractive index at di erent
hotspots; e.g., bigger particles could be trapped in the hotspot
with the lowest trapping force and larger slot width, while
smaller particles that need higher optical forces could be
trapped in the other hotspot. The optical forces as a function
of excitation wavelength are shown in Figure S6 and exhibit the
same resonance features as the E-field.

Experimentally, we performed trapping with the same
excitation wavelengths used in simulations, with incident
powers ranging from 1.7 to 4.3 mW. For each wavelength, up
to 10 experiments were performed for increasing incident laser
power in steps of 0.5 mW with a total number of about 100
trapping events per wavelength. The trapping events were
recorded and analyzed using trapping transient analysis,***° to
derive the experimental trap sti ness, k., as explained in S1.
In Figure 4 we present the probability distribution histograms
of the trap sti nesses normalized to the incident laser intensity.
Data were fitted with a normal distribution function, and for
the wavelengths 920—928 nm, two distribution functions were
required to fit the experimental results. This is in agreement
with the simulations where particles trapped at Hotspot 1
(blue curves) experience a weaker trap sti ness compared with
particles trapped at Hotspot 2 (orange curves). However, for
trapping with 930 nm wavelength (Figure 4d), a single
distribution function is su cient since, at this wavelength, the
two hotspots have a similar sti ness (see Figure 3a) and are
indistinguishable. It is also worth noting that the probability of
trapping at Hotspot 1 is higher than that at Hotspot 2; this is
expected since each metamolecule is comprised of twice as
many hotspots of type 1.

The averaged normalized sti nesses, kjnorm and knom
(Figure 4e), although seeming to exhibit some similarities
with the simulated values (Figure 3a), are approximately 5—8
times lower in magnitude. The maximum normalized trap
sti ness obtained was 4.18 (fN/nm)/(mW/um?) for excitation
at 920 nm which is of the same order of magnitude as that
reported for polystyrene trapping.”> However, the deviation
from the simulated values indicates the existence of additional
destabilization forces that were not considered in the
simulations and may a ect the trapping process.

The situation is di erent when trapping with the 930 nm
excitation laser; the average trap sti ness, kozg norm, Significantly
deviates from the simulated behavior, exhibiting the lowest
value over all wavelengths (Figure 4e). To get a clearer view on
the experimental findings, in Figure 5 we plotted the initial
non-normalized trap sti nesses as a function of the incident
laser power and trapping wavelength. Although the behavior is
quite complex, an increasing trend of the trap sti ness with
increasing incident laser power is observed for the wavelengths
920—928 nm for both hotspots (Figure 5a,b). This trend is
clearly not linear, as theoretically expected, and that is
attributed to the collective e ect of di erent forces acting on
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Figure 4. Probability distribution histograms of the normalized experimental trap sti nesses for the excitation wavelengths (a) 920 nm, (b) 925 nm,
(c) 928 nm, and (d) 930 nm, with the Gaussian fits corresponding to trapping events at Hotspot 1 (blue curves) and Hotspot 2 (orange curves).
(e) The average normalized experimental trap sti nesses per excitation wavelength for the two hotspots and linear fits indicating the ascending and
descending trends of trap sti ness for Hotspot 1 and 2, respectively. The error bars are calculated from the standard deviation of the mean sti ness

values.

the nanoparticles. Interestingly, the behavior at 930 nm is less
complicated and in agreement with previous works where the
SIBA e ect was investigated.”

As mentioned earlier, exciting the structure with 930 nm
light is strongly desired because at this wavelength the SIBA
contribution is enabled, resulting in a high trap sti ness with a
low laser intensity. Indeed, as shown in Figure 5a,b, trapping
with 930 nm light results in two distinct regimes of trap
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sti ness values. These are the result of a combination of the
optical forces along with the SIBA e ect acting on the
nanoparticle. The highest normalized trap sti ness when
trapping with 930 nm was measured to be 2.92 (fN/nm)/
(mW/um?) (Figure 5¢,d) for an incident intensity as low as
0.61 mW/um?. In the low power regime, the SIBA e ect is the
dominant mechanism keeping the particle trapped since the
optical forces are not strong enough.*® As the incident power
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Figure 5. Experimental trap sti ness as a function of incident laser power for particles trapped at () Hotspot 1 and (b) Hotspot 2 and normalized
trap sti ness as a function of the excitation wavelength, respectively, (¢) and (d).

increases, the optical forces play a more dominant role, and the
trap sti ness decreases because the scaling between laser power
and particle confinement, upon which the SIBA is based,
becomes less e cient.* After a certain power threshold, which
in our experiment is at 2.82 mW (1 mW/um? intensity), the
SIBA e ect vanishes, and the optical forces linearly increase
with power. No trapping was observed for powers lower than
1.9 mW, due to the optical forces being very weak, and thus
the performance of the SIBA cannot be evaluated for such low
powers. We conclude that, in principle, based on Figure 5c,d,
low optical intensities result in higher trap sti nesses when
exciting on-resonance for the SIBA (930 nm); however, for
higher intensities the blue-detuned excitation of the cavity
provides sti er traps.

At Hotspot 2, due to better confinement of the E-field, the
resulting plasmonic field was stronger than at Hotspot 1. Even
for low powers and o -resonant conditions, high optical forces
were exerted on the nanoparticles (Figure 5b,d). Despite the
slightly higher trap sti nesses that were obtained when exciting
at o -resonant conditions (920—928 nm), trapping with SIBA
is still favorable due to the dynamic reconfiguration of the trap
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that allows the particle to be trapped in low intracavity
intensity.

An interesting observation in Figure 5a,b is the fluctuations
in the trap sti ness with increasing incident power and the
deviation from the linear increase that is theoretically
predicted. The fluctuations are more intense in the case of
trapping at Hotspot 1, where the optical forces are weaker.
This may be due to additional forces, such as thermal and
fluid-related forces, competing against the optical trapping
ones.

Thermal Forces. According to the literature, with similar
size plasmonic structures, the photoinduced temperature rise
in the solution was about 20—40°C>*~>* for illumination with
approximately 2 mW/um?, and thus we assume that in our
experiments we have a similar rise. This heating, resulting from
intrinsic losses of the metallic nanostructures, generates
thermal convection currents and thermophoresis that could
influence trapping.™® Specifically, as the laser trapping intensity
increases, the optically generated temperature gradients could
induce fluid flows that quickly deliver the nanoparticles above
the nanostructures.>*~>° To maximize trapping probabilities,
the nanoparticle should be delivered with low fluid velocity to
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the hotspot where it could be trapped under the short-range
plasmonic fields. When the height of the solution’s microwell is
larger than 20 um the fluid velocity is large, thereby preventing
stable trapping.®’ In addition, thermophoresis could alter
thermophoretic migration of particles.”’ For temperatures
higher than a critical temperature, the Soret coe cient sign
changes,”® and thermophoresis repels particles away from a
high-temperature location,™ hindering trapping stability.

Fluid-Related Forces. An important factor that may
impact the trapping performance is the role of the Triton X-
100 in the liquid solution. It has been reported that a small
amount of nonionic surfactant generates thermodi usion with
opposite sign to the optical force, leading to fluctuations of the
particle’s position inside the trap and a lower trap sti ness
magnitude.”® This also depends on the interaction of the
surfactants with the surface of the particle itself, which may
make the particle thermophobic or thermophilic.®® In our
study, the AuNPs were successfully trapped using Triton X-
100. It is worth noting that, when using no surfactant or using
an ionic surfactant (sodium dodecyl sulfate), we failed to
observe stable trapping. Since we used a range of incident
intensities, it is possible that beyond a certain intensity
(leading to increased heating) the Soret coe cient sign also
changes, resulting in a complicated trapping mechanism. The
role of the surfactant in the trapping performance is a subject
of future research.

Electrostatic and Scattering Forces. An additional e ect
may be present due to electrostatic repulsive forces as the
AuNPs (=24 mV zeta potential) apgroach the gold surface,
with both being negatively charged.”® This can result in a
decreased measured trap sti ness since our evaluation method
is based on the motion of the particle as it enters the trap.
Finally, upon illumination of the gold structure, light scattering
may contribute to destabilization of the particle and the
deviation from the linear increase of the trap sti ness.

As the combination of the above e ects strongly depends on
the particle and solution properties, as well as local
temperature e ects, the trapping landscape can be quite
complicated, and an optimized trapping scheme is required
that would take advantage of all the positive phenomena and
minimize the negative ones. However, this is beyond the scope
of this paper and will constitute future work.

Trapping of gold nanoparticles was performed via
metamaterial plasmonic tweezers. The investigated trapping
conditions were for on-resonant and blue-detuned wavelengths
to enable the SIBA e ect. Very high experimental trap sti ness
values were observed, with on-resonant trapping exhibiting the
highest value at 2.92 + 0.42 (fN/nm)/(mW/um?) for an
excitation laser intensity as low as 0.61 mW/um?. For the blue-
detuned excitation, the highest value was 4.18 + 0.2 (fN/nm)/
(mW/um?) but for an intensity about 62% higher. The
experimental results had the characteristic feature of SIBA-
assisted trapping, where the maximum trap sti ness is
exhibited for the lowest excitation intensity. For the SIBA-
resonant wavelength of 930 nm, two distinct regimes were
observed: the low-intensity regime where SIBA was the main
mechanism contributing to the trap and the high-intensity
regime where SIBA vanished and the optical forces dominated
the trapping mechanism, in agreement with theory. Blue-
detuned trapping exhibited a complex behavior that deviated
from the linear increase of the trap sti ness with increased
excitation intensity. Additional forces, such as thermal, fluid,
and electrostatic forces, may have contributed to this deviation.
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Extensive simulations were also performed and revealed the
existence of two groups of hotspots per unit cell of the array.
With varying excitation wavelength, a di erent ratio of E-field
intensities could be excited at each hotspot, thus resulting in
traps of di erent strengths with the ability to tailor the
hotspots based on the desired application. This could prove
extremely useful in biological applications where precise tuning
of the force is required, for example in trapping and studying
intracellular molecules through the cell's membrane®® or
exploring the interactions of viruses with their environment,®*
thus opening new avenues in the development of next-
generation drug delivery systems.®?
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