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Plasmon nano-optical tweezers

Mathieu L. Juan', Maurizio Righini' and Romain Quidant'?

Conventional optical tweezers, formed at the diffraction-limited focus of a laser beam, have become a powerful and flexible
tool for manipulating micrometre-sized objects. Extending optical trapping down to the nanometre scale would open unprece-
dented opportunities in many fields of science, where such nano-optical tweezers would allow the ultra-accurate positioning of
single nano-objects. Among the possible strategies, the ability of metallic nanostructures to control light at the subwavelength
scale can be exploited to engineer such nano-optical traps. This Review summarizes the recent advances in the emerging field
of plasmon-based optical trapping and discusses the details of plasmon tweezers along with their potential applications to

bioscience and quantum optics.

tweezers' when dealing with nanometre-sized specimens,

we first consider an object of radius R much smaller than the
wavelength of the incident trapping light (known as the Rayleigh
regime). Reducing the size of the object causes two main effects
that both work against stable trapping. First, the magnitude of the
restoring force decreases abruptly (following an R*law), which
results in a shallower trapping well. Second, the damping of the
trapped specimen decreases because of a reduction in viscous
drag. Both effects alter the confinement of the specimen within
the trap, as illustrated in Fig. la-d. For a fixed average thermal
energy kT (where ky is the Boltzmann constant and T is the abso-
lute temperature in the trap), this increasing delocalization allows
the specimen to escape from the trap.

To compensate for this delocalization and prevent the speci-
men from escaping, one can either increase the trap confinement
by further focusing the trapping laser light or augment the depth
of the trapping potential by increasing the local laser intensity
experienced by the specimen. The rule of thumb, established by
Ashkin in his seminal work’, states that stable trapping requires
a potential depth of around 10k;T to compensate for stochastic
kicks in the particle’s Brownian motion.

Although diffraction prevents the confinement of propagating
light beyond a fraction of its wavelength, recent advances in nano-
optics have led to alternative techniques based on nano-optical
tweezers that are capable of trapping and manipulating nanome-
tre-sized objects. Indeed, unlike propagating fields, evanescent
fields can be concentrated well beyond the diffraction limit>.
Among the different approaches, plasmon nano-optics’~’, which
exploits the surface plasmon resonances supported by metallic
nanostructures (Box 1), is particularly efficient in controlling light
down to the nanometre scale'®'%. Plasmonic nanostructures can
be engineered to efficiently couple to propagating light and con-
centrate it into highly localized and intense optical fields known as
hot spots (Fig. le)"*'%. By simultaneously increasing the confine-
ment and augmenting the depth of the trapping potential, plas-
monics opens up many new opportunities for optical trapping at
the nanometre-scale.

This Review summarizes recent research that lies at the cross-
ing point between plasmon optics and optical manipulation. First
we examine the various implementations of plasmon-based trap-
ping and how they are different to conventional optical tweezers.
We then discuss how surface plasmon traps may lead to novel
nanotools that could allow exciting new experiments in various
fields of science.

| o understand the limitations faced by conventional optical

Surface plasmons and optical forces

In the early years of research into near-field optics, several theo-
retical proposals were made regarding the use of evanescent fields
for optical trapping'’-?. Novotny et al.*® and Martin et al.?> sug-
gested exploiting the subwavelength light concentration at the
extremity of a sharp metallic tip to create a nano-optical trap able
to immobilize dielectric objects as small as a few tens of nanome-
tres. At around the same time, Kawata et al. proposed a similar
approach that produced a nano-optical trap using the confined
light transmitted through a nanoaperture in an opaque metallic
film?®. In both configurations, the interaction of the propagating
incident laser with the nanostructure was predicted to create large
k-vectors characteristic of evanescent waves, resulting in the sub-
wavelength concentration of light (Fig. 1e). In other words, the illu-
minated nanostructure functions as a nanolens that is capable of
concentrating light well beyond that of a high-numerical-aperture
objective lens in a microscope. Interestingly, such nanostructure-
assisted formation of the optical potential makes it possible to cre-
ate a complex near-field landscape from a single beam, including
a large number of nanometre-sized traps for the parallel trapping
of multiple nano-objects at predefined locations on a surface®.
Another attractive advantage of using a structured surface is its
potential integrability into a compact platform without any need
for bulky optical elements. However, the use of a fixed plasmonic
pattern a priori limits the possibility of manipulating the object in
three dimensions.

Experimental research on surface plasmon (SP)-based trapping
was triggered by two pioneering studies into the enhanced force
field at a homogeneous gold/water interface supporting a surface
plasmon polariton (SPP). In 2006, Garcés-Chavez and co-workers
reported the self-assembly of a large number of micrometre-sized
dielectric beads within the region of a gold surface where an SPP
was excited”. The same year, Volpe et al. used photonic force
microscopy to probe the SPP force field, and measured a 40-fold
enhancement to the force magnitude®.

Plasmonic microtrapping

Although a homogeneous metallic film illuminated by an unfo-
cused laser beam has a homogeneous optical force field, stable
trapping at a predefined location on the film surface requires a con-
fined trapping well, which can be achieved through metal pattern-
ing. The first experimental implementation of SP-based trapping
was demonstrated using a glass surface decorated by micrometre-
sized gold disks®***. In this experiment, the patterned surface was
illuminated through a glass prism (known as the Kretschmann
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Figure 1| Conventional optical trapping versus surface plasmon trapping.
a,b, Trapping potential (a) and associated position distribution (b) for a
polystyrene sphere of radius R. ¢,d, Trapping potential (¢) and associated
position distribution (d) for a polystyrene sphere of radius 0.8R. The ratio
between a and b is identical to that between ¢ and d. Comparinga and b
with ¢ and d shows the dramatic impact that results from a size reduction
of only 20%. e, Optical potential landscape resulting from the illumination
of a gold nanostructure. The half-wavelength bar in panels a, ¢ and e gives
an approximate scale of reference.

configuration) by an unfocused (~100 pum waist), linearly p-po-
larized near-infrared laser beam (Fig. 2a). The gold pattern was
covered by a static fluidic chamber containing a diluted aqueous
suspension of micrometre-sized polystyrene beads. When the
direction of the incident light matched the SPP resonance angle,
the light efficiently coupled to the SPP mode supported by the
top gold/water interface. Owing to the combined effects of the
boundaries and asymmetrical illumination, the plasmonic field
was concentrated in the forward portion of the disk. No solution
flow was used; it was the incident evanescent field that pushed the
polystyrene beads at the glass—water interface along the incident
in-plane k-vector, thus guiding them towards the trapping region
of the surface. Figure 2b shows how a bead passing over one of the
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Box 1| SPPs versus LSPs.
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Figure B1 | lllustration of SPPs and LSPs, together with their
associated dispersion diagrams. a,b, Collective oscillation of electrons
with the incident electromagnetic field at a flat gold-air interface (SPP;
a) and in a gold nanoparticle (LSP; b). ¢, Typical dispersion curves of
SPPs (red) and LSPs (blue).

Two distinct types of surface plasmons are known to exist,
depending on the geometry of the metal. SPPs sustained at a
flat metal-dielectric interface are propagating electromag-
netic surface waves associated with a collective oscillation of
the free electrons in the metal driven by the electromagnetic
field. Because SPPs are pure evanescent modes decaying expo-
nentially away from the interface, they cannot be directly cou-
pled to propagating light and thus a technique is required to
compensate for the momentum mismatch. This is usually done
by illuminating a thin metal film under total internal reflec-
tion through a glass prism of higher refractive index than the
dielectric. Efficient coupling to an SPP mode enables light at
the metal surface to be concentrated into an intense and con-
fined surface wave whose intensity is dramatically larger than
the incident intensity.

Unlike SPPs on flat and extended metal interfaces, LSPs
are associated with bound electron plasmas in nanovoids or
particles with dimensions much smaller than the incident
wavelength. SPPs have a continuous dispersion relation and
therefore exist over a wide range of frequencies, but LSP reso-
nances exist only over a finite frequency range owing to the
additional constraints imposed by their finite dimensions. The
spectral position of this resonance is governed by the particle’s
size and shape, as well as by the dielectric functions of both the
metal and the surrounding media. LSPs can be directly coupled
with propagating light, whereas SPPs cannot.

pads gets trapped in a forwards position, where the SPP field inten-
sity is expected to be maximum. Trapping times of up to several
hours were achieved for an incident laser intensity of 10’ W m=2 —
around two orders of magnitude smaller than that required to trap
a bead of the same size through conventional optical tweezers. To
demonstrate that trapping is triggered by the pad plasmon reso-
nance and rule out any sticking effects, the linear polarization of
the illumination can be switched from p to s, for which light does
not couple to the SPP. The resulting strong decrease in the near-
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Figure 2 | SP-based microtrapping. a, Schematic of the experimental set-up, in which a pattern of micrometre-sized gold disks is illuminated under the
Kretschmann configuration through a glass prism. The black arrow gives the direction of the incident in-plane k-vector. b, Frame sequence illustrating
the trapping of a 4.8 um polystyrene bead in the forward position of a gold disk®. ¢, Parallel trapping of polystyrene beads and yeast cells using a single

laser beam?.

field intensity at the gold surface makes the optical well shallower,
hence releasing the bead. As mentioned above, because the pad is
much smaller than the illumination spot, the experiment can be
extended to an ensemble of pads to achieve, under the same illu-
mination conditions, parallel trapping of a large number of beads
(Fig. 2¢). Beyond this proof-of-concept, parallel SP trapping pro-
vides potential new techniques for the manipulation of living cells
(Fig. 2c, right) by investigating their response to external stimuli.
In this research direction, Martin et al. recently reported the par-
allel trapping of yeast cells in a microfluidic circuit®.

In addition to being well-suited for integration on a chip, the
in-plane geometry of SP traps provides them with some particu-
larly attractive features. Similar to conventional three-dimensional
optical tweezers, the trapping mechanism in SP tweezers relies on
a suitable balance between scattering and gradient forces. Owing
to the 2D geometry of SP traps, both the scattering (repulsive)
and the gradient (attractive) forces are contained within the sur-
face plane. However, in contrast with three-dimensional optical
tweezers, both force contributions in SP trapping depend on illu-
mination parameters such as the direction and polarization of the
incident light. On the one hand, the magnitude of the scattering
force increases as the angle decreases', but on the other hand, the
incident angle also controls the gradient force component when
scanning across the pad SPP resonance. Consequently, the trap-
ping properties of SP traps can be tuned by changing the balance
between the two competing force components. Such tuning has
been exploited to selectively trap one particle size out of a mix of
several sizes®>.

Although a purely electromagnetic model is sufficient to explain
the trapping mechanism of SP tweezers, it is important to mention
that optical forces may also coexist with thermally induced forces.
In addition to optical gradients, coupling to SP resonances leads
to local heating of the metal and heat dissipation to the surround-
ing fluid, which results in convection and thermophoresis®. It
was experimentally observed that the contribution of convection
could be minimized by reducing the metal density (by exploiting
well-separated gold disks) and using thin fluidic chambers with
thicknesses smaller than 20 pm (ref. 29). So far there has been no
clear data to quantify the respective contributions of optical and
thermal effects.
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Subwavelength trapping with plasmonic antennas

Although the simple disk geometry enables dielectric beads as small
as 1 um to be trapped by down-scaling the pad diameter accord-
ingly, it fails for smaller sizes. At the heart of this failure is the change
in nature of SPs when the disk becomes commensurable with or
smaller than the SP wavelength. Owing to boundary effects, sub-
wavelength gold structures support localized surface plasmon (LSP)
resonances, which differ in several ways from SPPs in an extended
film (see Box 1). Although gold pads measuring around 100 nm
can be designed to be resonant in the near-infrared region of the
spectrum, they are not suited for trapping because of their limited
intensity and symmetry in the optical near field*.

Much higher control of plasmonic fields can be achieved through
an alternative technique that exploits the strong electromagnetic
coupling between several adjacent plasmonic nanostructures.
Among the most interesting geometries, plasmonic antennas (also
known as plasmonic dimers) have received much attention for their
ability to concentrate propagating light well beyond the diffraction
limit*¢. Gap antennas usually consist of two identical metallic par-
ticles separated by a nanoscale dielectric gap. When the incident
field is linearly polarized along the vector connecting the particles,
capacitive effects lead to a confined and intense light spot within the
gap region. Their huge potential for enhancing light-matter interac-
tions at the nanoscale have raised the expectations of gap antennas
in fields such as data processing”, spectroscopy and sensing®-*, and
nonlinear optics*..

The ability of gap antennas to concentrate laser light into very
localized and intense hot spots makes them particularly attractive
for creating optical traps orders of magnitude smaller than those
achievable through the original pad approach, enabling SP trapping
to be extended to the nanometre scale. Numerical calculations by
Xu et al. first predicted that hot spots in the gaps of metallic dim-
ers could increase the residence time of single molecules in surface-
enhanced Raman spectroscopy experiments*.

As a first experimental step in this direction, Grigorenko et al.
recently used gap antennas to assist conventional optical tweez-
ers®. In their experiment, a 200 nm polystyrene bead, trapped
in a viscous medium at the tight focus of a 1,064 nm laser beam,
was brought in close proximity to a surface patterned with pairs
of gold cylinders designed to be resonant at the same wavelength.
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Figure 3 | Antenna trapping. a, Gap antennas formed by two adjacent gold nanoparticles can assist conventional optical tweezers to reduce the spatial
confinement of 200 nm polystyrene beads down to subwavelength dimensions*. b, Parallel SP trapping of 200 nm polystyrene beads in an array of gap
nano-antennas illuminated by an unfocused beam“*. ¢,d, Parallel trapping and alignment of Escherichia coli bacteria (¢) and calculated torque experience by
the bacteria when exposed to the antenna force field (d)#*. Figure reproduced with permission from: a, ref. 43, © 2008 NPG; b-d, ref. 44, © 2009 ACS.

As illustrated in Fig. 3a, exposing the bead to the antenna hot spot
modifies the overall optical potential seen by the bead, leading to a
reduction in the trapping volume beyond the diffraction limit and
thus providing an order-of-magnitude increase in bead confine-
ment. In addition, the trapped object can be transferred between
adjacent antennas by translating the laser beam, which allows the
object to be discretely positioned.

Shortly after the work of Grigorenko et al., antennas were used as
autonomous on-chip nano-optical traps capable of operating with-
out the use of auxiliary conventional optical tweezers*. Righini et al.
achieved parallel trapping of 200 nm polystyrene beads in aqueous
solution using unfocused illumination and an array of gap anten-
nas formed by adjacent gold nanobars* (Fig. 3b). Such geometry
supports a high-order resonance in the near-infrared that leads to
a main hot spot within the gap and secondary hot spots along the
bars and at their outer extremities. The applicability of this configu-
ration to biological samples has also been demonstrated on living
Escherichia coli bacteria. Interestingly, in addition to being efficiently
trapped, the bacteria systematically align along the long axis of the
antenna (Fig. 3c,d). This effect is due to the elongated shape of the
bacteria, which enables them to exploit several trapping sites along
the antenna until stabilized in a minimum-energy equilibrium posi-
tion. Using a complex optical potential landscape formed by mul-
tiple nano-trapping sites to achieve further immobilization and
controlled orientation is the nanoscale equivalent of multiple-beam
trapping implemented with conventional optical tweezers for the
accurate manipulation of cells***. Stabilizing the specimen in the
trap allows it to be optically inspected using techniques that require
significant acquisition times, such as Raman spectroscopy*’*%.
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Self-induced back-action trapping

Although enhanced and confined plasmonic fields allow dramati-
cally strong field gradients and large local intensities to be achieved,
previously discussed schemes suffer from a practical limitation that
prevents trapping beyond a certain size. Indeed, one unavoidably
reaches a limit above which the required intensity causes heat dam-
age to the trapped specimen and/or the metallic structure'. Even
when not reaching such extreme limits, the thermal effects associ-
ated with intense fields may play an increasing role in the object’s
dynamics, and in some cases dominate over optical forces.

Extending optical trapping towards the nanometre regime there-
fore requires additional refinements to the trapping mechanism.
The usual approach for optical trapping relies on a static picture,
in which the potential well is optimized for a given object and
remains constant over the experiment; that is, no modifications are
applied to the potential well to account for the stochastic aspect of
Brownian motion. Although the average kinetic energy of the object
within the trap is given by kT, the instantaneous velocity follows a
Maxwell-Boltzmann distribution®, in which the object energy can
occasionally significantly exceed the average value. Potential depths
of around 10k,T are typically used to compensate for these high-
energy events'; a depth of k;T would only hold the object until a
high-energy event occurs.

Conversely, a dynamical approach, in which the trapping poten-
tial is dynamically reconfigured to compensate for high-energy
events, would enable the required average trap depth to be strongly
reduced. With this aim, external real-time feedback techniques have
been applied to conventional optical tweezers to correct the trap-
ping potential by adjusting either the laser intensity*® or the trap
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Figure 4 | Plasmonic nanotrapping based on a trap-specimen interaction. a, Trapping of a gold nanorod of radius R, in a metallic nanovoid. b, The
computed dependence with the incident wavelength of the vertical force component (F,) experienced by the nanorod shows changes in its equilibrium
position®. ¢, Trapping of gold nanoparticles in the gap of a gold antenna. NA, numerical aperture; BS, beamsplitter; CCD, charge-coupled device.

d, Monitoring the antenna resonance shift allows trapping events to be monitored and the number of trapped nanoparticles to be discriminated®®. The
peak wavelength shift allows the number of trapped particles (one, two, three, four, five or six objects in d) to be discriminated. Figure reproduced with

permission from: a,b, ref. 59, © 2008 APS; ¢,d, ref. 60, © 2010 ACS.

position®. In practice, external feedback increases the effective
stiffness of the trap®, producing a force clamp®' and allowing the
object to be further confined by adding an external source of damp-
ing*. Although this approach relaxes the requirements on the local
intensity within the trap, thereby reducing the likelihood of optical
damage®, it relies on a complex auxiliary feedback set-up with a
limited bandwidth, and is therefore sensitive to position measure-
ment errors.

Alternatively, the extreme sensitivity of plasmonic nanostructures
to their environment can be exploited to achieve some control over
the features of an SP trap. The dependence of plasmon resonances
to tiny changes of refractive index in the surrounding material has
been extensively exploited to design efficient and compact sensors
for gas, liquid and biomolecule detection®*-"". In the context of opti-
cal trapping, this sensitivity can have a destructive impact whenever
the presence of the trapped object in the trapping site reduces the
field gradient and/or the local intensity, as observed in ref. 58.

Conversely, plasmonic structures can also be devised such that
the trapped object induces a constructive effect that favours trapping.
Garcia de Abajo and co-workers theoretically proposed exploiting
the sensing ability of plasmonic nanostructures to achieve a recon-
figurable nanotrap® (Fig. 4a,b). In this configuration, a gold nano-
rod is trapped in the stronglocal field of a microvoid drilled in a gold
film. Because the distribution and spectrum of the microvoid mode
depend strongly on the nanorod position, the trapping equilibrium
position can be tuned by changing the illumination wavelength.
More recently, Zhang and co-workers reported efficient trapping of
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single gold nanoparticles within the gap of a gold antenna. Owing
to their conductivity and high polarizability (about one order of
magnitude higher than a polystyrene bead of the same size), gold
nanoparticles have a strong impact on the gap antenna resonance
by somehow shortcutting its two arms®. Interestingly, the induced
resonance shift allows the presence of the particle within the trap to
be monitored (Fig. 4c,d).

Further steps involve fully exploiting the trap-specimen inter-
action to achieve an automatic feedback control that does not
require any external monitoring or correcting. For this, one first
aims to optimize the trapping efficiency by properly engineering
the plasmonic mode such that the local intensity within the trap
is maximized when the object is present. As a consequence, the
momentum of the (plasmonic) photons interacting with the object
experiences significant changes as the object moves in and out of the
trap. Owing to momentum conservation, these changes create an
additional dynamical force field that is by definition automatically
synchronized with the object’s dynamics. This ‘self-induced back-
action’ (SIBA) was recently demonstrated using a nanoaperture in
a metallic film®.

SIBA trapping based on metallic nanoapertures®* relies on the
high sensitivity of the aperture transmission to its dielectric envi-
ronment. The presence of an object within the aperture, where the
mode is confined, modifies the effective refractive index, hence
red-shifting the transmission spectrum®. Using a red-detuned laser
such that the local field enhancement in the aperture gets stronger
when the object is trapped leads to automatic positive back-action.
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Figure 5 | SIBA trapping. a, The particle is localized in the aperture at time t, while having moderate kinetic energy. b, During a high-energy event at time
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a b

Figure 6 | Future outlook and applications. a, The extension of SIBA trapping at the extremity of an elongated optical fibre would allow nano-objects such
as single emitters to be positioned with nano-accuracy near optical systems of interest. b, Owing to its low intensity requirements, SIBA optical trapping
should allow the trapping of nanoscale living biological specimens such as viruses to perform on-chip optical diagnostics. ¢, Large-scale parallel SP
trapping would also enable a large number of single atoms to be arranged, thus providing a new scalable platform for exploring many-body physics.

Whenever the total photon momentum travelling through the aper-
ture decreases as the object escapes the trap, the SIBA force, pointing
towards the equilibrium position, slows it down. This allows the inci-
dent laser intensity to be reduced to values associated with a poten-
tial depth of the order of k; T. The SIBA restoring force automatically
increases the effective trapping potential depth during high-en-
ergy events to maintain the object within the trap, as illustrated in
Fig. 5a—c. The SIBA effect has recently allowed eflicient trapping of
100 nm and 50 nm polystyrene spheres with incident laser powers as
low as 1 mW at a focus spot size of 1 um? (Fig. 5d)**. This approach
shows a striking departure from previous techniques®-. Although
originally demonstrated with nanoapertures in a metallic film, the
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SIBA approach relies on a more general phenomenon and could be
applied to a large variety of geometries. In particular, recent efforts
in the field of sensing based on the latest advances in plasmon nano-
optics and metamaterials®”* could significantly benefit from the
optimization of SIBA traps. Careful optimization of the spatial over-
lap between the plasmonic mode and the trapped object, combined
with an increase in the mode quality factor, should soon enable non-
invasive single virus or protein trapping.

Future outlook and applications
SP nano-tweezers in future integrated analytical devices. Beyond

their interest for performing unprecedented basic experiments,
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SP nanotweezers may play a key role in the development of future
integrated analytical platforms, known as ‘lab-on-a-chip’ (Fig. 6b).
Although current technology in the field of microfluidics ena-
bles routing cells for single-cell flow cytometry, SP trapping could
become an important tool for immobilizing flowing cells for a period
of time that allows them to be inspected optically. The combination
of specimen-selective SP trapping and SP-enhanced spectroscopy
could lead, for instance, to the efficient screening of tumour cells.

From nanotraps to nanotweezers. SP traps formed by nanostruc-
tured surfaces have proven to be a powerful strategy for immobi-
lizing single or multiple nano-objects on a substrate. However,
ultra-accurate three-dimensional manipulation of the trapped
specimen is also a highly desirable technique, for instance to posi-
tion a single nano-emitter near a micro- or nano-optical structure
of interest. Although the original idea of using a bulk metallic tip*!
has not yet been demonstrated experimentally, SIBA trapping could
be implemented at the extremity of an elongated coated optical fibre
to minimize thermally induced effects (Fig. 6a).

Quantum information. Far from applications in biosciences, the
nano-accuracy of SP nanotweezers could strongly benefit research
in quantum optics based on cold neutral atoms. Recent advances in
laser-cooled atoms have raised expectations in the field of quantum
information and atom optics. Despite the latest developments in
integrated atom traps, which usually combine optical and magnetic
force fields, further miniaturization and accuracy in the immobiliza-
tion and manipulation of single, cold atoms remains highly desira-
ble. Several theoretical works have studied the feasibility of creating a
single-atom nanotrap at the extremity of a sharply elongated optical
near-field tip. Unlike dielectric beads or biological specimens, atoms
must remain far enough away from the metal in order to prevent
their adsorption. This can be achieved, for example, by using blue-
detuned trapping in a minimum of the field intensity’*"¢. Although
similar results should be achievable near a surface patterned with
plasmonic antennas or nanoapertures, the near-field probe approach
combines the scanning ability with direct far-field interfacing to effi-
ciently couple photons into and out of the trapped atom. This would
allow the atom to be accurately positioned near a micro- or nano-
photonic structure, or another atom. Furthermore, on-chip arrays of
nanotraps with very short lattice constants, as illustrated in (Fig. 6¢),
could allow us to study their collective coherent interaction and
explore novel many-body physics.
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