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ABSTRACT: The advent of nanophotonic evanescent field
trapping and transport platforms has permitted increasingly
complex single molecule and single cell studies on-chip. Here,
we present the next generation of nanophotonic Standing
Wave Array Traps (nSWATs) representing a streamlined
CMOS fabrication process and compact biocompatible design.
These devices utilize silicon nitride (Si3N4) waveguides,
operate with a biofriendly 1064 nm laser, allow for several
watts of input power with minimal absorption and heating, and
are protected by an anticorrosive layer for sustained on-chip microelectronics in aqueous salt buffers. In addition, due to Si3N4’s
negligible nonlinear effects, these devices can generate high stiffness traps while resolving subnanometer displacements for each
trapped particle. In contrast to traditional table-top counterparts, the stiffness of each trap in an nSWAT device scales linearly
with input power and is independent of the number of trapping centers. Through a unique integration of microcircuitry and
photonics, the nSWAT can robustly trap, and controllably position, a large number of nanoparticles along the waveguide surface,
operating in an all-optical, constant-force mode without need for active feedback. By reducing device fabrication cost, minimizing
trapping laser specimen heating, increasing trapping force, and implementing commonly used trapping techniques, this new
generation of nSWATs significantly advances the development of a high performance, low cost optical tweezers array laboratory
on-chip.
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Optical trapping utilizes the gradient forces of an
electromagnetic field to trap and manipulate small

dielectric particles.1−9 A traditional free-space optical trap is a
sensitive tool generated by a tightly focused laser beam using
table-top optics. These traps can generate piconewtons (pN) of
force and detect nanometer (nm) displacements3,5−9 and have
become indispensable tools in physics, chemistry, biology, and
particularly in single molecule biophysics. Despite their
significant utility, these large instruments are impeded by low
throughput and an inherent susceptibility to environmental
noise, and exceptional measures must be implemented to
ensure their stability.10−13 To increase throughput, holographic
and time-sharing techniques have been used to generate tens to
hundreds of traps in a single instrument, but this also requires
increasing the laser power proportionally to the number of
traps.14−20

An entirely different platform, driven by recent advances in
nanophotonics, now permits on-chip trapping and transport via
evanescent fields on nanophotonic waveguide surfaces (e.g.,
linear waveguide,21,22 resonator ring,23 photonic crystal
resonator,24 and liquid core waveguides25) . Compared with
free-space optical traps, these nanophotonic platforms offer the
advantage of scalability, as the same evanescent field can trap
multiple particles, as well as potential for high stability due to

the compact on-chip photonic designs. However, major
challenges still face the application of nanophotonic traps for
single biomolecule manipulation, namely in the realization of
controllable, precision manipulation schemes for trapped
objects at biologically relevant ambient conditions and forces.
To deal with these challenges, we have recently developed a

nanophotonic standing-wave array trap (nSWAT) that
generates an array of traps at the antinodes of a standing-
wave evanescent field of a nanophotonic silicon (Si) wave-
guide.26 Representing the first nanophotonic device allowing
controllable positioning of multiple, stably trapped objects, the
entire trap array can be precisely manipulated by thermo-
optical modulation of the phase difference between two
counter-propagating laser beams via an on-chip microheater.27

Both nSWATs and previous free-space optical trapping using
holographic/time-sharing methods allow the formation of a
trapped array of tens to hundreds of traps. The advantage of the
nSWATs is that it can do so without the need of increasing the
laser power as the laser is recycled for multiple uses, although
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the trap spacing in an nSWAT cannot be readily varied and
individually addressed, as would be possible for a trap array
generated by holographic/time-sharing methods.
To make nSWAT devices more broadly accessible and

biologically applicable, several measures are called for: a
reduction in device fabrication cost, minimization of specimen
heating by the trapping laser, an increase in trapping force, and
implementation of various modes of operation commonly used
in optical trapping. In this work, we achieve these features with
a new generation of nSWATs enabling high-stiffness and long-
range precision manipulation with increased modes of
operation, most notably constant velocity12,28−42 and constant
force,12,43−57 the two most commonly used manipulation
schemes for single molecule studies. These critical abilities are
novel in an on-chip environment and, when coupled with a
streamlined, lower cost fabrication process results in an
important milestone in creating a full optical tweezers array
laboratory on-chip.
Figure 1a shows a concept schematic of the core components

of the new nSWAT devices. They were fabricated using deep-
ultraviolet (DUV) lithography, versus the electron-beam
lithography of the previous generation (Figure 1; Supporting
Information). This significantly reduces device cost and
processing time while retaining the high quality photonic
performance typical of electron-beam lithography, as demon-
strated by the smooth surfaces and straight side walls (Figure
1b,c) and a measured waveguide propagation loss of 0.44 dB/
cm (Figure S1). Additionally, the previous generation Si
waveguides are replaced by Si3N4 waveguides. Silicon nitride
waveguides offer multiple practical advantages over silicon ones.
They can operate with a laser of much shorter wavelength (e.g.,
1064 nm used here versus 1550 nm used previously) with

minimal nonlinear absorption.58,59 These features not only
reduce specimen heating by 2 orders of magnitude, but also
permit an order of magnitude increase in laser power at the
trapping region. These waveguides sustained up to 3 W of input
laser power (the limit of our current laser source) for high trap
stiffness measurements without detectable damage, which is
significantly more power tolerance than previously attainable
with Si3N4 waveguides.60 Finally, the microheaters, used to
reposition the trap arrays via the thermo-optic effect (Figure
S2), were protected by an anticorrosive layer from the corrosive
aqueous salt buffer and sustained voltage application of 10 V
over many tens of hours of experiments with no detectable
corrosion in a 10 mM Tris (HCl) pH 8.0 buffer containing 100
mM NaCl.
The microheater also responds to the control voltage at a 30

kHz rate (Figure S3), comparable to what is typically attainable
by the AODs or piezo stages commonly used to steer a trap in
benchtop optics.29,30 This speed is crucial for transport of an
array of trapped beads over a long distance where the
microheater’s voltage must be rapidly reset to zero each time
the trap array is transported by one spatial period λz of the
standing-wave trapping potential before reramping the
voltage.26

Such a method requires a precise knowledge of λz, which may
differ somewhat from device to device. Here, we demonstrate a
new method of phase tuning and its application in a constant
speed mode. Using this phase tuning, the periodicity may be
determined from just a single trapped bead, simplifying
characterization while increasing precision. In this approach, a
trapped bead is transported along the waveguide at a constant
speed over a defined distance d by increasing the voltage before
the voltage is reset and reramped. As shown in Figure 2a−c,

Figure 1. Si3N4 nSWAT design and characterization. (a) Schematic of the core components of a Si3N4 nSWAT device. A 1064 nm laser is coupled
into the TM mode of a Si3N4 waveguide through a tapered single mode fiber. After the laser passes through a 50/50 splitter, two counter-propagating
waves form a standing-wave in the loop where a fluid pool region for trapping is also located. The standing-wave creates a periodic trapping potential
along the waveguide, with the periodicity being the spacing between two adjacent antinodes. A microheater modulates the phase of one counter-
propagating wave relative to the other via the thermo-optic effect, and thus repositions the trap array in response to an applied voltage. Inset to the
right is a cross section of the electric field profile from a 3D full-wave electromagnetic simulation in the presence of a 349 nm polystyrene bead
trapped at one of the antinodes of the standing-wave formed along the Si3N4 waveguide. Color scale from blue to red is 0 to 7 × 107 V/m,
respectively. (b) SEM micrograph of the top view of the fluid pool region of a Si3N4 device. The fluid pool is etched down to expose the Si3N4
waveguide for bead trapping. Small circles are fiducial markers used for position tracking. (c) SEM micrograph of the cross section of a fabricated
Si3N4 waveguide. The waveguide has a cross section of 660 nm in width and 250 nm in height.
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when d = λz, the bead moved forward seamlessly at the voltage
resets. When d > λz, the bead position back-tracked along the
waveguide at the voltage reset, whereas when d < λz, the bead
forward-tracked at the voltage reset. Thus, by minimizing the
seams in the bead position at the voltage resets, the periodicity

of the trapping potential can be precisely determined. Using
this method, we found λz = 360 ± 5 nm, which is in agreement
with simulated results that give λz = 355 nm (Figure S4). Once
the periodicity is determined, the bead may be precisely moved
at any constant or variable rate over a long distance along the

Figure 2. Phase-tuning for long distance transport. (a) Periodic waveform of the voltage applied to the microheater for transport. Three different
voltage amplitudes are shown. (b) Corresponding measured position of a trapped bead along the waveguide, in response to (a). (c) Corresponding
phase change in the standing wave. (d) Example of a long-range transport of an array of trapped beads. The top plot shows positions of a trapped
bead array versus time, with an image of the initially trapped bead array shown to the left. The bottom plot shows the corresponding phase change
introduced by the microheater. Measurements were conducted at 16.6 mW of laser in the trapping region.

Figure 3. All optical constant force mode. (a) Motion of a trapped bead under the constant force mode. Under 10.4 mW of laser power in the
trapping region (corresponding to a critical frequency of 166 Hz), a trapped bead was moved in the forward direction along the waveguide under
three different trap movement frequencies. (b) Mean squared displacement (MSD) from the linear drift. Experiments were conducted with five
different trapped beads (five gray curves) at the 250 Hz trap movement frequency. Each trace of bead position versus time plot was fit by a line which
represents the drift due to the force. The mean squared displacement from this fit was then computed. The average MSD from these traces (solid
black) was fit to a line (red) to obtain the one-dimensional diffusion coefficient (4.1 ± 0.1 × 105 nm2/s). Viscous drag force was determined based
on the bead speed and the measured diffusion coefficient. (c) Corresponding viscous drag force on the bead from (a). Viscous drag force was
obtained as a cumulative moving average of the bead speed. (d) Trapped bead speed and corresponding viscous drag force versus trap speed and
corresponding trap movement frequency. Data were taken under three different laser powers. Dots indicate measurements and solid curves are fits to
eq 2.
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waveguide. Figure 2d shows an example of long distance
transport in a constant velocity mode, where an array of
trapped beads was smoothly moved along the waveguide at 3.6
μm/s over an 18 μm range before the direction was reversed
(see also Figure S5). Such an approach will enable
manipulation of an array of biomolecules in a constant velocity
mode.
Because the trap speed is modulated by the microheater

voltage which can take a broad range of waveforms, nSWAT
also allows the generation of user-specified variable velocity
modes, such as sinusoidal velocity,61 which is another mode of
operation that has been exploited in optical trapping.
In many assays performed with traditional trapping plat-

forms, it is important to maintain a constant force on the
trapped object. This is typically achieved via active force
feedback,29 which, however, may introduce feedback noise in
the force.62 Current methods for all-optical constant force
require either modifications of the trapping beam profile or
limited bead motion in a trap.63,64 Here, we demonstrate that
the nSWAT can readily operate in an all-optical, constant-force
mode, without the need for any active feedback. Such a mode
comes naturally out of the periodic feature of the trapping
potential and is achieved when the array trap is moved more
rapidly than a bead can respond to. This can be understood by
considering the equation of motion for a bead in an array trap
that is moved at a speed vtrap
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where z is the bead position along the waveguide, β the viscous
drag coefficient for the bead, and f trap = vtrap/λz the equivalent
frequency of the trap movement. This equation describes a
damped-forced oscillator65 at low Reynold’s number, where the
viscous drag force balances the optical force. Below a critical
trap speed, vcritical = Fmax/β, or a critical trap movement
frequency, fcritical = Fmax/(λzβ), the bead tracks the trap motion
except for a force-dependent offset. Note that fcritical = fcorner is
the corner frequency of the Brownian motion of a bead held in
a trap of a stationary array. However, above the critical trap
speed, the bead can no longer fully track the trap motion. When
vtrap ≫ vcritical, the array trap effectively scans a quasistationary
bead and the array trap exerts a constant force on the bead in
the direction of trap motion
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This is a direct analogy to the passive torque wrench that we
previously developed for the angular optical trap32,66 to exert a
constant optical torque on a trapped particle without the need
of any feedback.
Using this method, we show that when vtrap ≫ vcritical, a

trapped bead moved at a nearly constant speed with only a
small, detectable drift from the expected baseline (Figure 3a).
The resulting mean squared displacement (MSD) of the drift
shows a linear dependence on time (Figure 3b). These features
are characteristic of a particle undergoing purely diffusive
Brownian motion biased by a constant force. The diffusion
constant measured in this way is, D = kBT/β = 4.1 ± 0.1 × 105

nm2/s, in agreement with that determined from the power
spectrum analysis of a bead held in one of the traps of a
stationary array: D = 4.4 ± 0.7 × 105 nm2/s (Figure S6). When

Figure 4. Parallel precision measurements. (a) Array of beads trapped on the waveguide. Their positions were monitored over time. The middle
panel provides a zoomed in view of the position of each bead versus time, with its stiffness per watt of laser power at the trapping region shown to
the right. The images were acquired at 540 Hz. The black scale bar corresponds to 100 nm. (b) Trap stiffness measurements using three different
methods: the power spectrum method, the variance method, and the critical frequency method described in this work. The linear fits for the three
methods are 1.01 pN/nm/W for the variance analysis method, 0.87 pN/nm/W for the power spectrum method, and 0.82 pN/nm/W for the critical
trap movement frequency method. Error bars are standard errors of the means.
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this diffusion coefficient is used, the optical force may be
estimated from the viscous drag force (Figure 3c). Although
these results illustrate the diffusive motion of a free particle
under a constant force, once the particle is attached to a
biological system and becomes constrained, for example, via a
DNA molecule that is tethered to another surface,38,41 the
Brownian motion of the particle will then be greatly suppressed
by the biological molecule.
Figure 3d shows the optical force as a function of trap speed

and is in agreement with theoretical predictions. As expected,
the measured critical speed increases linearly with the laser
power. Furthermore, because a trapped bead can be moved in
both directions, the quality of the standing wave may be
directly assayed by the degree of antisymmetry in the force
versus trap speed relation. The highly antisymmetric relation in
Figure 3a suggests an excellent standing-wave quality of the
fabricated nSWAT, that is, the 50/50 beam splitter has created
two counter-propagating waves of essentially identical
intensities.
Although both the constant velocity mode and the constant

force mode are generated under a constant trap speed, the
constant velocity mode is intended to operate below the critical
trap frequency such that the particle and trap motions remain
essentially in sync. In contrast, the constant force mode
operates above the critical trap frequency, where the particle
and trap motion are no longer in sync, and the particle, instead,
experiences a constant force.
A distinctive feature of the nSWAT device is its built-in

capacity for parallelized precision manipulation and measure-
ments. We demonstrate here that this new generation of
devices has achieved the benchmarks of a single, high-end
precision optical trap, but in a high throughput fashion. To
determine the spatial resolution of the trap movement, we
generated square-wave steps of trap motion using the
microheater and measured the response of bead motion. As
shown in Figure S7, 3.4 nm steps are readily detectable and
0.85 nm steps can be discerned. These data show that the
spatial resolution of this current generation of nSWAT is
comparable to that of benchtop optical traps typically used in
single-molecule manipulation experiments.12,30,36 However,
though the nSWAT resolution is on par with traditional high-
end optical tweezers, the nSWAT platform is inherently more
noise-resistant than free space platforms due to the short
optical path difference between the two counter-propagating
trapping waves generated on chip.26 Figure 4a shows the
measured positions of an array of beads in an nSWAT over
time, demonstrating that an entire bead array can be stably
trapped with minimal drift. In another example, while the
positions of the trapped beads were monitored, an additional
bead in the solution became trapped on the waveguide (Figure
S8). However, the positions of the existing beads in the array
showed no detectable changes (<1 nm) upon this new addition,
indicating minimal cross-talk among the trapped bead
positions. This is due to the majority of the laser power
(78%) being confined within the waveguide core (Figure S4),
making the waveguide mode insensitive to small perturbations
around the waveguide. In addition to trap stability, this power
confinement isolates the trapping region from the laser path
and further reduces sample heating, another fundamental
advantage of the nanophotonic waveguide platform compared
with free-space traps.
To determine the force generation capacity, the trap stiffness

values of an array of trapped beads were also simultaneously

measured (Figure 4a). We found a stiffness variation from bead
to bead of about 5% (Figure S9). The consistency in the trap
stiffness along the waveguide is a further indicator of the quality
and uniformity of the waveguide. It also indicates that the
trapping power among all traps in the array was rather uniform.
This was only possible because of the low loss waveguides
(Figure S1) and minimal scattering by the trapping particles.
Furthermore, we have compared trap stiffness using three
different methods (Figure 4b): the power spectrum method
and the variance analysis method as well as the critical trap
movement frequency method described in this work. The latter
methods also allow for a broader survey of the trapping quality
and uniformity. The results from all three methods are in
agreement. The trap stiffness of ∼1 pN/nm per watt of power
in the waveguide at the trapping region is of the same order of
magnitude as that of a single conventional optical trap,7,36,41,67

whereas the same laser in an nSWAT is recycled to generate an
entire array of traps, each with a comparable stiffness. For each
trap in the array, the estimated maximum force Fmax = ktrapλz/
(2π) is ∼60 pN per watt. This, in combination with the high
power tolerance of this new generation of the nSWAT, enables
parallel high-stiffness trap array.
We have developed and characterized a significant new

generation of nanophotonic trapping devices operating at a
biocompatible 1064 nm laser wavelength. An individual device
contains an array of several hundred simultaneous, stable, and
fully positionable trapping centers, each with biologically
relevant trapping force, negligible specimen heating, and
efficient laser power use. Additionally, we have established
the ability to readily switch between two useful modes of
operation within the platform: constant velocity mode and
constant force mode. These devices match or surpass current
table-top laser traps in terms of subnanometer manipulation
resolution, long-range manipulation ability, and scalability of
the numbers of traps without loss of trap stiffness and
maneuverability, all while yielding increased noise resistance
and stability due to the short optical path length. Taken
together, these features have made the Si3N4 nSWAT a
compelling high-throughput, on-chip alternative to traditional
free-space optical traps.
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