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Metal nanoparticles (MNPs), particularly those consisting of Au
or Ag, exhibit a collective oscillation of conduction electrons

commonly described as a “plasmon resonance” at certain defined
frequencies in the visible and near-infrared range of the optical
spectrum.1 The unique characteristics of plasmon resonances in
MNPs include both greatly enhanced optical extinction cross
sections relative to their geometric cross sections and concentration
of electromagnetic energy near the MNP surface.2 Most of the
proposed applications of MNPs in biosensing,3 optoelectronics,4

and solar cells5 take advantage of these plasmonic phenomena. In
particular, bipyramidal Au nanoparticles (Au bipyramids), owing to
their narrow (ensemble) plasmon line width (with relatively little
inhomogenous broadening) and strong field concentration at their
tips, show great promise as label-free biosensors.6�8

Methods for positioning MNPs on surfaces in a controlled
manner would enhance the study of their fundamental properties
such as field enhancement, electromagnetic coupling,9 and quan-
tum effects,10 as well as provide pathways for practical applications.
Currently, one is faced with a trade-off between obtaining posi-
tional precision and fidelity of plasmonic properties. Although
e-beam lithography allows a high degree of control over MNP
positioning,11 grain boundaries and surface defects in MNPs
formed by physical vapor deposition can result in greater plasmon
damping relative to analogous colloidal MNPs.12�14 On the other
hand, applications using colloidally synthesized MNPs that are
crystalline require solving the nontrivial challenge of their deposi-
tion from solution into ordered arrangements on surfaces.

Self-assembly can be used to create long-range ordered two-15�17

and three-dimensional18 superlattice arrays of colloidal nanoparticles
with impressive quality. However, self-assembly methods are gen-
erally not suited for positioning MNPs at arbitrary locations or in
specific arrangements on surfaces. The latter requires “directed
assembly”.19 Several directed assembly methods that are compatible
with colloidal metal nanoparticles have been developed.20 These
techniques include (i) the fabrication of surface features such as pits
and trenches using e-beam lithography,21,22 (ii) various schemes that
utilize electrostatic and dielectrophoretic forces,23�25 and (iii) scan-
ning probe-based methods such as dip-pen nanolithography.26,27

Furthermore, selectively depositing MNPs with a specific plasmon
resonance out of a heterogeneous mixture remains a challenge for
most directed assembly methods.

The manipulation of MNPs by optical forces offers a possible
solution to this challenge in that a laser can selectively excite MNPs
when tuned to their plasmon resonance. The opticalmanipulation of
MNPs began with the pioneering work of Svoboda et al. that
demonstrated the three-dimensional optical trapping of 36 nm
diameter Au particles with a focused laser beam.28 Since then, the
types of plasmonic nanomaterials that can be optically manipulated
with a focused laser beamhas increased significantly to include a large
range of sizes of spherical Au29 and Ag nanoparticles,30 Au31,32 and
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ABSTRACT: We demonstrate the plasmon-selective and driven deposition of
(bipyramidal) Au nanoparticles on transparent substrates (glass coverslips) utilizing
total internal reflection (TIR) illumination. Near-IR laser light undergoing TIR at a
glass�water interface causes colloidal Au bipyramids to irreversibly deposit onto the
glass surface. We demonstrate that the deposition process has particle (i.e., shape)
selectivity that is associated with resonant plasmon excitation. Specifically, the
deposition is selective for the bipyramids over spheroidal particles that are also present in solution due to the former’s surface
plasmon resonance in the near-IR region. Our measurements, finite difference time domain simulations, and the results of an
analytical model show that the optical (i.e., scattering and gradient) forces that act on the particles are large and cause the observed
acceleration and directed motion of the bipyramids. These directional forces play a major role in the spatial pattern of particle
deposition that is observed. In addition, the resonant photothermal heating of the Au bipyramids causes an irreversible loss in
colloidal stability, thus allowing them to adhere to the surface. Structural (i.e., scanning electron microscopy) characterization of the
deposited bipyramids reveals a slight reduction in aspect ratio relative to the ensemble, consistent with the proposed (heating)
mechanism. To our knowledge this is the first demonstration of the plasmon-selective deposition of metal nanoparticles from a
heterogeneous mixture.

KEYWORDS: Au, nanoparticle, bipyramid, optical trapping, evanescent field, total internal reflection, localized surface plasmon
resonance, directed assembly
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Ag nanoparticle aggregates,33 Au nanorods34,35 and bipyramids,36

and Ag nanowires.37 Recently, we reported the directed assembly of
arrays of Au nanoparticles using optical traps and demonstrated
∼100 nm open-loop precision of positioning.38

In addition, it would be useful to have a multiplex assembly
method that would complement the aforementioned serial ma-
nipulation approach. Evanescent optical fields that occur at
interfaces have been shown to be capable of imparting force on
MNPs, primarily in the formof one-dimensional propulsion along
the propagation direction of the optical field.39�43 Resonant
excitation of plasmonic materials, including MNPs, results in
enhanced electromagnetic fields at their surface(s). It is this field
enhancement that can lead to local nonlinear processes at the
surface of the MNP such as surface-enhanced Raman scattering
(SERS),44 second harmonic generation (SHG),45,46 and two-
photon fluorescence.47 The enhancement can also give rise to
electrodynamic interaction forces with other nearby particles.48,49

As a result, plasmonic nanostructures can be used to trap colloidal
dielectric objects.50�52 However, the use of evanescent fields at a
simple (unpatterned) dielectric interface (i.e., without any metal
coating) to trap colloidal MNPs has not been demonstrated.

In this paper we demonstrate the plasmon-selective trapping
of bipyramidal Au nanoparticles directly onto dielectric surfaces
using an evanescent optical field created by total internal reflec-
tion (TIR) at a glass�water interface. Au bipyramids irreversibly
deposit on glass coverslips as a result of the evanescent optical
field from a near-infrared (NIR) laser beam that is resonant with
the longitudinal plasmon mode of the Au bipyramids. The
resonant interaction enhances the gradient force and hence the
probability of particle collision with the surface. Concomitantly,
the associated heating destabilizes the ligand coating on the
particle allowing adhesion to the surface. As a result, the process
is highly selective for the NIR-resonant bipyramids versus
spheroidal Au nanoparticles that are also present in solution.
To our knowledge this is the first observation of the plasmon-
selective deposition of MNPs from a heterogeneous mixture.

Figure 1A depicts the experimental setup (see Methods
section for details). Au bipyramids are observed to deposit on
glass coverslips upon exposure to the NIR laser beam undergoing
TIR. Blocking the reflected beam (see Figure 1A) creates a dark-
field condition, allowing the light scattering from the nanopar-
ticles to be observed on a CCD camera in real time as they
deposit (see Figure 1C, and movie file in Supporting In-
formation). The nanoparticles are observed to deposit in a
crescent pattern on the coverslip surface only while exposed to
the trapping laser. The nanoparticles appear to deposit in a
sequential manner, as illustrated by three successive frames from
a video (30 Hz frame rate) that are shown in Figure 1D. During
the deposition process, Au nanoparticles are observed to rapidly
stream through and often away from the illuminated area in the
direction of the laser beam’s propagation. This motion is highly
directional (i.e., like short meteoric streaks). As discussed below
in conjunction with the FDTD simulations and results from
an analytical model, the directional motion results from the
momentum imparted to the nanoparticles from the evanescent
laser light.43

Depending on the deposition conditions (i.e., power and
wavelength of the trapping laser), after ∼30 s a portion of
the illuminated area becomes coated with Au nanoparticles
(see Figure 1C). Due to both the subdiffraction-limited size of
the deposited nanoparticles and their high density on the surface,
we find that an ex situ measurement with nanoscale resolution

(versus analysis of the optical image with its striking interference
patterns) is necessary in order to determine the spatial and
orientational characteristics of the particles deposited. Therefore,
after a given amount of TIR laser exposure time (e.g., 10�30 s),
the sample is removed from the optical microscope, cleaned,

Figure 1. (A) Schematic of the total internal reflection (TIR) setup: C,
coverslip; OL, 100� oil immersion objective lens (Olympus, UP-
LSAPO); R, inconel-coated reflective neutral density filter; BB, beam
block. (B) Cartoon depicting observed particle trajectories; some
particles deposit on the surface toward the edge of the evanescent field
area, while others stream past. (C) Dark-field optical images of bipyramid
deposition at different times after the start of laser exposure (denoted as
minutes:seconds). The laser propagation direction parallel and perpen-
dicular to the surface, k ) and k^, and electric field polarization direction
E are indicated on the figure. (D) Three successive frames (taken at
30 frames per second) showing a nanoparticle (highlighted with red arrow)
accelerating toward the surface and depositing. Time is denoted on
figure as minutes:seconds.centiseconds.

Figure 2. SEM image of Au bipyramids deposited by TIR. Laser
propagation direction parallel to the surface k ) and electric field
polarization direction E are denoted. Inset: Detail of a portion of the
image, scale bar is 500 nm.
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sputtered with a thin layer of Pt/Pd, and imaged by scanning
electron microscopy (SEM, see Methods). Figure 2 shows an
SEM image of a typical result of particles deposited by TIR
trapping on a glass surface, with the directions of the propagation
vector k and the electric field vector E denoted. Actually, the
density of particles shown in Figure 2 gives rise to an optical dark
field image similar to that shown in Figure 1C. As observed
during the optical trapping experiment, the particles deposit in a
crescent pattern near the perimeter of the laser illumination (and
evanescent field). Moreover, the crescent forms at the leading
edge of the illumination spot (see Figure 1B); i.e., most particles
appear to deposit as soon as they enter the illumination region, as
shown in Figure 1D.

Au bipyramids were suspended in deuterium oxide (D2O) to
test the possibility of direct laser heating of the solvent (water).
At near-IR wavelengths, D2O has an absorbance of∼0.004 cm�1

compared to 0.03 cm�1 for water.53,54 Thus, any direct optical
heating of the solvent will be suppressed by an order of
magnitude in D2O compared to H2O. However, Au bipyramids
suspended in D2O yield qualitatively similar results in terms of
the observed crescent deposition pattern, the magnitude and
wavelength dependence of the nanoparticle deposition rate, and
the selectivity toward bipyramids over spheres (see Figure S1,
Supporting Information), suggesting that direct solvent heating
is not a significant factor in the deposition process. Moreover, the
similar (crescent) deposition patterns observed when trapping
particles suspended in H2O and D2O imply that this pattern is
not a result of thermal convection.

An important result is the absence of deposition of spheroidal
Au particles on the glass surfaces. Although the chemical synth-
esis of Au bipyramids produces a mixture of bipyramids and
spheroidal shapes in roughly equal proportion,55 the deposition
is exclusively of Au bipyramids; i.e. no single spheroidal particles
were observed! Figure 3A shows that the relative deposition rate
of bipyramids depends strongly on the laser detuning from the
ensemble bipyramid extinction peak. The marked dependence
on the excitation wavelength demonstrates that the resonant
optical excitation of the bipyramid plasmon is necessary for the
deposition to occur.

The laser-power-dependent deposition rate, R(P), as well as
the number of particles deposited measured as a function of
laser illumination time, N(t), are plotted in panels B and C of
Figure 3, respectively. The power densities represented in
Figure 3B range from 3.9 to 10.8� 105 W cm�2 (see Methods
section). Both R(P) (Figure 3B) and N(t) (Figure 3C) exhibit
a linear dependence on the power and exposure time, respec-
tively. In the case of R(P), a threshold value of ∼40 mW total
power is necessary to induce Au bipyramid deposition (this
will be discussed below). That is, the repulsive electrostatic
interactions of the surface coating and the CTAB on the
bipyramids are sufficiently large that random thermal motion
and energy (1/2kBT) is insufficient to bring them to the surface
and have them adhere.

Figure 4 displays the dependence of the size of the bipyramid
deposition pattern on the total laser power. At lower powers (40
and 60mW), the bipyramids deposit near the center of the region
of laser illumination (i.e., where the evanescent field is most
intense), while at higher powers (80�100 mW) the deposition
occurs at larger distances from the center of the illuminated area.
For the experimental conditions studied, the particles are never
observed to deposit outside of the evanescent field area on the
glass coverslip.

Figure 3. (A) Normalized deposition rates for three different Au
bipyramid samples (symbols) as a function of laser detuning from the
bipyramid longitudinal plasmon peak (un-normalized deposition rates
vary from 0.2 to 3.8 particles s�1). The solid line is a typical Au bipyramid
ensemble extinction spectrum. (B) Au bipyramid deposition rate mea-
sured as a function of power, R(P), at a trapping laser wavelength of
817 nm (+20 nm detuning from the ensemble bipyramid plasmon peak).
(C) Number of nanoparticles deposited as a function of time, N(t), at a
total laser power of 110 mW. Solid lines are linear fits to the data, with
correlation coefficients R2 = 0.98 for R(P), and R2 = 0.99 for N(t).

Figure 4. Optical images of laser scattering from Au bipyramids
deposited at several optical power levels. Red circle indicates the location
of the evanescent field determined independently (see Methods).
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By spatially correlating SEM imaging with dark-field imaging
and spectroscopy,45,46 we find that the bipyramids deposited by
TIR have reduced aspect ratios and blue-shifted scattering
spectra relative to the original ensemble. Figure 5A shows
dark-field scattering spectra of bipyramids deposited at trapping
laser wavelengths on either side of the bipyramid plasmon peak.
The SEM images of the sample reveal that each deposited spot
consists of∼10�100 bipyramids, depending on the detuning of
the trapping laser from the bipyramid plasmon peak. The
variation in the number of deposited particles reflects the changes
in the deposition rate as a function of laser detuning from the
bipyramid plasmon peak (see Figure 3A).

The dark-field spectra in Figure 5A show a blue-shifted
resonance relative to the bipyramid ensemble plasmon resonance
peak (plotted in Figure 5B). The blue-shifted peak could occur
by photothermal annealing of the bipyramids that results in a
lower aspect ratio. There is also a red-shifted scattering peak at
wavelengths longer than 800 nm that is particularly pronounced
for trapping laser wavelengths of 765 and 775 nm. This peak has
been observed in previous measurements of dark-field scattering
from Au bipyramids.6 In the present case, the red-shifted peak is
caused by chevron-shaped bipyramid dimers49 observed to be
present among the deposited bipyramids (see inset to Figure 2).
On the basis of the comparison of the scattering spectra in
Figure 5A with the ensemble spectrum in Figure 5B, we believe
that these dimers form during trapping and deposition, since it is
clear that their concentration on the surface is significantly
enhanced relative to the ensemble.

The ensemble spectrum of the bipyramid sample is shown in
Figure 5B, along with the average aspect ratio of the deposited
bipyramids obtained via SEM imaging of the same sample. For
trapping laser wavelengths close to the ensemble plasmon
extinction peak, specifically 765�795 nm, the average aspect
ratio of the deposited bipyramids shows a marked reduction to
∼2 from 2.5 to 3.0. This structural rearrangement is reflected in
the dark-field scattering spectra in Figure 5A, which show a blue-
shift for the bipyramids with the reduced aspect ratio. The data of
this and the previous two paragraphs suggest that photothermal
annealing of the Au bipyramids is occurring and this is a step in
the proposed mechanism of deposition discussed below.

The observation of directional nanoparticle motion in our
system has parallels to the phenomenon of light-induced drift,
in which a chamber filled with an atomic or molecular gas will
exhibit a measurable pressure difference due to momentum
transfer from a laser to the absorbing species.56However, compared

to molecules in the gas phase, the Au bipyramids will experience a
significantly enhanced viscous (Stokes) drag force.

Assuming that the nanoparticle (NP) can be approximated as
an equivalent volume sphere, the drag force equal and opposite
to the optical force will be F = 6πηRv, where η is the dynamic
viscosity of water, R is the radius of the equivalent volume sphere
(15 nm), and v is the velocity of the particle. An estimation of the
viscous drag force acting on the Au nanoparticles can be obtained by
analyzing the particles’motion as captured by video (see movie file,
Supporting Information). Analysis of six particle trajectories near
the beginning of the video reveals a viscous drag force of 6.4 (
3.7 fN (mean plus or minus standard deviation). However, it
should be noted that most particles that deposit simply appear
and thus are moving faster than the camera’s inverse frame rate
(i.e., 30 frame s�1; see Figure 1D), implying that some particles
experience a significantly enhanced optical force relative to
others. Nonetheless, assuming that the analyzed particles were
experiencing a smaller force relative to most of the other particles
under the influence of the TIR field, it can be concluded that the
opposing (optical) force must be g6 fN in magnitude.

In order to obtain an idea of the optical forces acting on
the bipyramids, we carry out three-dimensional finite-difference time-
domain (FDTD)57 electrodynamics simulations (see Methods).
We consider two cases: incident light polarized along the long
axis, Figure 6A, and incident light polarized along the short axis,
Figure 6B, of the nanoparticle. For each case, we obtain the
optical force components normal to the glass surface (z direction
in Figure 6) and parallel to the propagating direction of the
evanescent wave (x direction in Figure 6). These normal and
parallel force components can be roughly thought of as gradient
and radiation pressure forces, respectively, although it is impor-
tant to note that they are obtained with a full electrodynamics
formalism and so are not exactly these simpler forces. To
complement these calculations, we also adapted the TIR-induced
optical force model of Arias-Gonzalez and Nieto-Vesperinas,58

approximating the bipyramidal particles as prolate ellipsoids that
are of the same volume and give a long-axis resonance near
810 nm in water (see Supporting Information). In this model, the
parallel force is proportional to the imaginary part of the
polarizability, i.e., the absorbance, and the normal force is
proportional to the real part of the polarizability.

The FDTD results are given in panels C and D of Figure 6 for
the case of the bipyramid (center) being at a distance of 30 nm
(center to interface) from the interface. The optical forces are
markedly different depending on the orientation of the nano-
particle relative to the incident polarization. For the case of
polarization parallel to the nanoparticle’s long axis (Figure 6C),
the parallel force is always positive (i.e. repulsive) and peaks near
850 nmwith a magnitude of∼0.5 pN. This behavior is qualitatively
consistent with the simple model discussed in the Supporting
Information. In pure water and plane wave illumination, the FDTD
absorption has a maximum at≈820 nm, and so the maximum in
the parallel force for TIR illumination is just slightly to the red of
the absorbance maximum in pure water. The proximity to the
glass surface shifts the bipyramid absorbance to the red owing to
the higher index of glass. On the other hand, for electric field
polarization perpendicular to the bipyramid’s long axis, Figure 6D,
the parallel force effectively goes to zero. This is because the
effective absorbance is now dominated by the bipyramid’s short
axis and is significant only at much shorter wavelengths.

The normal force shows different behavior in the wavelength
range of interest. From Figure 6C we see that when light is

Figure 5. (A) Dark-field scattering spectra collected from Au bipyramids
deposited at different trapping laser wavelengths. (B) Symbols: Aspect
ratio of Au bipyramids deposited at different trapping laser wavelengths
derived from SEM imaging (error bars are standard deviations). Solid line:
Ensemble extinction spectrum of Au bipryamid sample.
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polarized along the long bipyramid axis, the normal force is
positive (i.e., repulsive) for λ < 835 nm and negative (i.e.,
attractive) for λ > 835 nm. Again, this behavior is qualitatively
consistent with the simple model (Supporting Information).
Furthermore the forces from FDTD and the analytical model are
comparable.

The magnitude of the parallel force for the case of polarization
parallel to the bipyramidal long axis (Figure 6A) is significantly
larger than the experimental estimate based on a steady-state
solution of the viscous drag force from a Langevin equation, as
given above. There are several possible reasons for this. First, the
bipyramids in solution will be tumbling due to thermal motions
and thus will experience a time-varying optical force as their long
axis comes into and out of alignment with the laser polarization.34

It should be noted as well that even when the bipyramid is
perpendicular to the laser polarization, it should still experience a
nonzero normal or gradient force driving it toward the surface;
see Figure 6Dwhich shows negative (i.e., attractive) normal force
for all wavelengths of interest. These forces are significantly lower
in magnitude relative to the aligned case. Another reason for the
discrepancy can be explained by the nature of the photothermal
annealing process. Rapid heating of the bipyramids will likely
take place within 10s of nanoseconds of their exposure to the
laser beam.59,60 Afterward, photothermal annealing will reduce
the bipyramids’ aspect ratio and thus cause a blue-shift in their
longitudinal resonance peaks. As shown in Figure 6C, a blue-shift
of the longitudinal plasmon resonance relative to the trapping
laser wavelength will (a) reduce the parallel or scattering force
and (b) enhance the normal or gradient force toward the surface,
assuming that the annealed bipyramid’s peak is now blue of the
laser line.

The actual temperature rise occurring at the bipyramids’
surfaces as they deposit is difficult to access experimentally,
although a few techniques have been recently developed, e.g.,
utilizing fluorescence anisotropy or vesicle cargo release.61,62

Several theoretical models have been developed to describe the

temperature increase of spherical Au nanoparticles exposed
to either continuous or pulsed laser excitation.59,60,63�65 The
release of heat from optically excited Au nanoparticles can take
place by radiation, convection, and conduction, with the latter
twomechanisms expected to take precedence over the former for
the case of Au nanoparticles dissolved in water.60

Since the details of convective heat transfer from nanoparticles
are at present poorly understood66 and are the subject of current
research, we will make an upper limit estimate of the nanoparticle
surface temperature ignoring convective and radiative heat
transport (see Supporting Information for details of the calcula-
tion method). In the range of radial distances at which bipyr-
amids are observed to deposit, r∼ 1�3μm, the rise of the surface
temperature of the nanoparticle above room temperature ΔT at
the glass surface (z = 0) is large,∼300 K. However, farther from
the surface ΔT is smaller due to the diminished evanescent field
magnitude, reaching a maximum of 205 K for z = 200 nm. These
calculations show that significant thermal energy can be absorbed
by the bipyramids from the optical field intensities present in the
experiment. However, thermally induced annealing, which has
been reported to take place at temperatures as low as 60 �C in Au
nanorods,67 would likely occur before the previously mentioned
values of ΔT are reached. Furthermore, any shape change of the
Au bipyramids will shift their resonance away from the trapping
laser; thus the optical heating is self-limiting.

We have considered many possible explanations of the
observations. However, the totality of the experimental and
simulation results suggest a two-part mechanism for the deposi-
tion of Au bipyramids. First, radiation pressure and the gradient
force act to transport the bipyramids toward the surface. Next,
photothermal heating causes a loss of stability of the bipyramids’
ligand coating, allowing them to deposit irreversibly on the glass
surface. Thus, bipyramid deposition will only take place when the
induced photothermal heating is sufficient to overcome the
energy barrier for the dissociation of the ligand coating (cetyl
trimethylammonium bromide, CTAB). This reasoning could

Figure 6. Schematic of FDTD simulation geometries for Au bipyramid long axis oriented (A) parallel and (B) perpendicular to laser polarization. The
angle of incidence θi and incident wave vector ki are noted. The polarization direction is perpendicular to the page. (C, D) Force spectra for parallel and
perpendicular orientations, respectively. Note that negative values of the force mean attraction to the surface.
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account for the “threshold” behavior of the power-dependent
deposition rate R(P), although the threshold could also be the
result of the optical potential being smaller than 1/2kBT. At
optical powers greater than that necessary for CTAB dissocation,
the linear behavior of R(P) is most likely due to the greater flux of
bipyramids into the evanescent field area due to the increased
scattering force.

The observed crescent-shaped deposition pattern is a result
of the optical forces acting of the Au bipyramids in solution.
The optical force vector contains components both normal and
parallel to the surface. Particles (i.e., bipyramids) that are resonant
with the laser light entering the evanescent field area from
upstream of the scattering-induced flow experience an increasing
electrodynamic (plasmonic) force that accelerates them toward
the surface, where they deposit. On the other hand, particles
entering the evanescent field area from any other direction are
pushed to a region of lower optical intensity by the scattering
force, which can be significantly larger than the gradient force.
The result is that particles deposit only near the periphery of the
illuminated area that is upstream from the scattering-induced
flow, forming the observed crescent shape on the surface.

The role of a threshold for bipyramid deposition is apparent in
the power-dependent pattern formation shown in Figure 4. At
lower powers the bipyramids’ surface temperatures increase
sufficiently to cause deposition only near the center of the
evanescent field area. On the other hand, in the high-power
limit, the bipyramids deposit rapidly; for our measurement time
resolution (30 ms), as soon as they come in contact with the
evanescent field. The acceleration and directional motion leads
to deposition at the perimeter of the evanescent field area, as
previously mentioned. At the lowest optical power tested in
Figure 4, 40 mW, the deposited bipyramids appear clustered near
the center of the evanescent field spot. This combined with R(P)
in Figure 3B indicates that for the experimental parameters given
40 mW is a threshold power for deposition.

In conclusion, we have shown in experiments that near-IR
laser light undergoing TIR at a glass�water interface can be used
to controllably deposit bipyramidal Au nanoparticles on trans-
parent (i.e., glass) surfaces. Together with FDTD simulations
and from analytical model calculations of the optical forces, we
conclude that the process is plasmon resonance selective. A clear
corroboration is the selective (even exclusive) deposition of Au
bipyramids versus nonresonant spheroidal Au nanoparticles.
Combined with the highly wavelength-dependent deposition
rate, this shows that the deposition is due to resonant absorption
of the bipyramids. The deposition mechanism involves driven
particle motion, as elucidated from experimental results and from
electrodynamic simulations of the optical forces on the particles,
with a significant gradient force toward the surface and resonant
heating of the bipyramids. The latter causes a loss of colloidal
stability that allows irreversible binding to the glass surface. Model
calculations show that there is more than sufficient heat to promote
thermal annealing of the bipyramids upon resonant absorption of
the evanescent optical field. Direct correlation of the dark-field
spectra of deposited bipyramids with structural data obtained by
SEM reveals a wavelength-dependent reduction in aspect ratio,
further confirming the proposed photothermal annealing.

The results presented herein have several important ramifica-
tions. To our knowledge this is the first demonstration of the
plasmon-selective deposition of metal nanoparticles, a discovery
that could accelerate the development of devices such as multi-
plex biosensor arrays based on these particles. In particular,

considering the difficulty of synthesizing high aspect ratio Ag
nanoparticles (such as rods and wires) with well-controlled
lengths, TIR trapping could be used to deposit only particles
with the desired plasmon resonance peak from a heterogeneous
mixture of nanoparticle shapes. More generally, TIR trapping
could be used to pattern the same surface with a wide variety of
different types of plasmonic metal nanoparticles, varying by
composition, shape, size, dielectric coating, state of aggregation,
or any other variable that alters the plasmon absorption peak in
the near-IR. Deposition patterns of controlled shape should be
obtainable with actively steered beams while standing wave
excitation should eliminate the driven motion parallel to the
surface. Finally, although the results from the current experiment
show some orientational order, the opposing orientaional ten-
dencies of the scattering and gradient forces need to be elimi-
nated. Illumination with structured optical beams should allow
gaining the desired control.

Furthermore, this work illustrates the important consideration
of photothermal annealing of high-aspect ratio metal nanostruc-
tures for both fundamental and applied plasmonic research. For
example, for applications that rely on the local heating generated
by metal nanoparticles such as photothermal cancer therapy,68

annealing will shift the plasmon off resonance with the exciting
field, limiting the effectiveness of the therapy. Similarly, the
potential use of high-aspect ratio metal nanoparticles for photo-
thermal catalysis69 could encounter the same problem. Coating
the Au bipyramids with a layer of silica could prevent thermal
annealing by locking the structure.70

Methods. Materials. Au bipyramids were synthesized accord-
ing to literature protocols.55 Excess CTAB was removed by
centrifugation and resuspension in a manner similar to what has
been previously described.6 Briefly, the excess CTAB in solution
after synthesis was allowed to precipitate either at room tem-
perature overnight or at 4 �C for a few hours. The remaining
solution was then decanted and centrifuged at 9500 rpm for
10min. The precipitatewas resuspended in 18MΩ resistivitywater.
Number 1.5 glass coverslips (∼170 μm thickness) were used

as received fromCorning. A clean silicone gasket was sandwiched
between two coverslips to form the sample cell. This formed a
watertight seal between the silicone and the glass surface and
allowed for easy disassembly of the sample cell after the experi-
ment. After the deposition was performed, the coverslip was then
washed thoroughly with 18 MΩ water in order to prevent any
particle left in solution from depositing, dried using compressed
air, and stored under vacuum until imaged. Following TIR
trapping/deposition, the coverslips were sputtered with a thin
(∼4 nm) layer of Pt/Pd to prevent charging during SEM
imaging. The washing procedure did not appear to remove any
particles that had been deposited, as judged from the fact that the
same crescent patterns observed in the optical experiment were
reproduced under SEM imaging.
FDTD Simulations. Three-dimensional FDTD simulations57

are performed with the commercial code FDTD Solutions
(Vancouver, Canada). We consider a gold bipyramid (84 nm
long, and maximum pentagonal radius 15 nm) in water
(refractive index 1.33) above a glass substrate (refractive index
1.5). An auxiliary differential equations model that closely fits the
Johnson-Christy complex, dispersive refractive index data for
gold71 is used and the long axis of the nanoparticle is parallel to
the glass surface. In these calculations, a time-windowed plane
wave from the glass side (s-polarized), with incident angle θi =
70� relative to the surface normal is used to generate evanescent
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waves emanating from the glass/water interface and extending
into the water. The incident field is actually spectrally broadband
as obtained from a short (few fs) duration pulse. We orient the
nanoparticle such that either its long axis or its short axis is aligned
with the incident polarization direction; see, e.g., panels A and B of
Figure 6. The optical forces are obtained from the electric and
magnetic fields by integrating the Maxwell stress tensor across a
closed surface containing a bipramid.49,72 This analysis is performed
so as to reveal the wavelength dependence of the force.
Laser System and Imaging. The laser system employed is a

home-built wavelength-tunable (740�840 nm) continuous-
wave (CW) Ti:sapphire pumped by a 5 W capable Nd:YVO
laser (Millenia; Spectra Physics). After spatial filtering with a 50
μm diamond pinhole, the beam was focused onto the edge of the
back aperture of a 100� oil immersion objective lens (Olympus
UPLSAPO). A reflective neutral density filter (Edmund Optical)
mounted in an Olympus IX71 inverted microscope was used to
reflect ∼50% of the beam power into the microscope objective.
The laser polarization was “S” with respect to the coverslip
surface (electric field in the plane of the coverslip).
Au bipyramid deposition on the coverslip surface was ob-

served by blocking the internally reflected beam immediately
after its exit from the back aperture of the objective lens. This
configuration allowed for any scattering (from a nanoparticle)
within the evanescent field volume to be imaged onto a Watec
902B CCD camera. The size of the evanescent field area was
measured via collecting several images of scattering from non-
specifically (i.e., randomly) deposited metal nanoparticles and
summing the images together using image processing software
(ImageJ). The resulting image reflects the spatial profile of the
evanescent field. The central part of this image was integrated
about the azimuthal angle to determine its radial profile, which
was fitted to a Gaussian function with a full width at half-
maximum (fwhm) of 5.7 μm.
The total power delivered to the sample was estimated based

on the manufacturer’s specification for transmission at 800 nm
(∼70%) and the optical power measured entering the micro-
scope objective.
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