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Abstract
There exist many optical lithography techniques for generating nanostructures on hard, flat
surfaces over large areas. However, few techniques are able to create such patterns on soft
materials or surfaces with pre-existing structure. To address this need, we demonstrate the use
of parallel optical trap assisted nanopatterning (OTAN) to provide an efficient and robust
direct-write method of producing nanoscale features without the need for focal plane
adjustment. Parallel patterning on model surfaces of polyimide with vertical steps greater than
1.5 µm shows a feature size uncertainty better than 4% across the step and lateral positional
accuracy of 25 nm. A Brownian motion model is used to describe the positional accuracy
enabling one to predict how variation in system parameters will affect the nanopatterning
results. These combined results suggest that OTAN is a viable technique for massively parallel
direct-write nanolithography on non-traditional surfaces.

(Some figures may appear in colour only in the online journal)

1. Introduction

The desire to modify macroscopic material properties
through the control of nanoscale features requires the ability
to produce well-defined nanostructures over large areas.
Whereas lithography [1–3] can create uniform nanoscale
features over large areas, there are particular advantages
to being able to directly write arbitrary nanopatterns in a
high-throughput fashion [4]. For example, rapid prototyping,
repair of photo-masks, data storage and production of
functional surfaces require a robust and efficient structuring
technology at high resolution. Several direct-write probe-
based techniques [5–8] have been developed to achieve
sub-micron resolution by utilizing near-field effects. These
techniques use objectives such as fine tips or apertures,
brought in close proximity to a surface for focusing a pulsed
laser. Due to the small distance between the focusing objective
and the surface to be processed, near-field components
of the laser radiation enable extremely tight focusing

[9–11]. Although these techniques are capable of generating
nanopatterns, one limitation associated with such probe-based
methods is the need for a flat substrate. In many real world
applications nanoscale structuring is desired on surfaces with
pre-existing features [12, 13], but is not easily achieved by
existing techniques.

Optical trap assisted nanopatterning (OTAN) [14–17] is
a promising technique that has recently shown the ability to
directly write nanoscale features over rough surfaces [18].
In this near-field approach, a small microsphere (∼1 µm)
is positioned close to a surface, acting as a near-field
objective for pulsed laser processing. The use of an extended
depth-of-focus beam to optically manipulate the microbead
generates cylindrically symmetric trapping forces, confining
the particle in the x–y plane. In the z direction, there exists
a constant scattering force [19, 20] which pushes the bead
toward the surface until electrostatic, van der Waals, and
steric forces [21] act to balance the system. This establishes a
potential well with an equilibrium location at a fixed distance
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Figure 1. (a) Principle of parallel optical trap assisted
nanopatterning (OTAN): two microspheres trapped by Bessel beam
optical tweezers are used for focusing of pulsed laser radiation.
(b) Experimental setup for the OTAN system.

(about 50 nm) above the surface and enables the characteristic
self-positioning effect of OTAN [14]. By using multiple traps
and beads it is possible to create an array of self-positioned
microsphere objectives enabling parallel nanopatterning [15].

In this paper, we investigate the benefits of OTAN to
create parallel nanofeatures on rough surfaces. A step edge
serves as a model system for more complex, rough structures
and allows us to explore the range and viability of OTAN in
these cases. We create two identical optical traps, and with
a single processing laser, we simultaneously illuminate the
beads, creating parallel lines across vertical steps. We use the
correlation between parallel features to numerically separate
the contribution of external forces and find the fundamental
limits of Brownian motion on the positional accuracy. Based
on these results we can model and predict how changes in the
trapping parameters will affect patterning.

2. Experiments details

Our experimental setup consists of two lasers as shown in
figure 1. One laser with output power up to 2.5 W (Nd:YVO4,
1064 nm) is shaped by an axicon with 178◦ cone angle to
generate a Bessel beam. The beam is then split into two
parallel beams by a misaligned Mach–Zehnder arrangement.
The two Bessel beams are demagnified using a telescope
configuration where the first lens is a 200 mm converging lens
and the second lens is a 63X/1.3 water immersion objective.
The second laser (355 nm, 15 ns) is imaged to the processing
surface by the objective. The size of the incident pulsed laser

Figure 2. (a) Snapshots of a pair of microspheres moving across a
1.5 µm rough surface. (b) SEM scan of parallel patterns.

beam is determined by ablating polyimide surfaces without
microspheres at a fluence above the modification threshold
(48 mJ cm−2) [22, 23]. The pulsed laser energy is measured by
an energy meter, and the reported fluence is determined by the
ratio of energy to the ablation area. Illumination is performed
in transmission mode using a fiber light source focused by a
25 mm lens.

Rough polyimide surfaces are prepared by molding. A
silicon wafer is first etched with a line width of 10 µm and
depth of 0.5–1.5 µm. The polyimide solution is poured on the
silicon wafer and spread evenly on top by a pipette. Before
peeling off the polyimide film from the silicon mold, the film
is baked for 90 min at 180 ◦C. A sample chamber is formed by
placing a double-sided tape gasket between a glass coverslip
and the polyimide substrate. Prior to sealing the chamber, an
aqueous solution of polystyrene microspheres with a diameter
of 0.76 µm and a refractive index of 1.59 [24] is added.

Before the nanopatterning begins, the user moves the
stage manually until microspheres are found and trapped in
the central lobe of each Bessel beam. A user-defined pattern
is created using a computer-controlled piezo stage to translate
the sample beneath the optically trapped bead. The process
is monitored in situ by a CCD camera while patterns are
analyzed ex situ using a scanning electron microscope (SEM)
and atomic force microscope (AFM). For statistical purposes,
the feature position and width are determined by fitting a 2D
Gaussian function to the AFM profile of individual bumps.

3. Results and discussion

Monitoring a pair of microspheres in situ reveals both the
self-positioning and parallel aspect of OTAN (figure 2). The
apparent color of the microspheres varies from light to dark as
the bead moves across the surface and correspondingly moves
in and out of camera focus [16, 18]. In our experimental setup,
the darker color corresponds to a microsphere that has moved
closer to the CCD (i.e. moved up) while the brighter color
corresponds to a microsphere in the proximity of the focal
plane of the CCD.
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Figure 3. OTAN generates nanofeatures over rough surfaces:
(a) SEM images of user-defined L-shaped features on rough
surfaces. (b) AFM images of user-defined L-shaped features.

As a pair of beads is translated across the surface, a pulsed
laser creates the nanoscale features shown in figure 2(b). As
we can see in the image, the microbeads can not only traverse
rough surfaces, but can create similar features on either side
of the step simultaneously. In other words, even if one bead is
on top of the step and one is on the bottom, similar features
are produced by the pulsed laser. Figure 3 demonstrates this
point more clearly. In this case, an ‘L’-shaped pattern is
generated and the SEM image and AFM scan show uniform
features across the step. This is possible because the Bessel
trap confines a pair of microspheres in the x–y direction while
independently regulating the microspheres in the z direction
without any feedback controls.

Any viable direct-write method of producing nanofea-
tures over large areas must show high accuracy and
repeatability. In the case of OTAN on flat surfaces, it has
been previously shown that the fundamental limiting factor for
positional accuracy is the Brownian motion of microspheres
in the optical trap [15]. In the case of rough surfaces, we must
examine the dependence not only on Brownian motion but
also on the z position along the surface.

By using multiple beads, any correlated positional
uncertainty due to external forces such as mechanical
vibrations or translation stage errors can be removed from the
analysis, leaving only uncorrelated positional errors. These
uncorrelated errors can be grouped into positional errors
associated with the different z positions of the beads, the
symmetry of the OTAN system, and those associated with
Brownian motion of the trapped beads. In order to get a

Figure 5. Dependence of laterally positional accuracies associated
with Brownian motion, z positions, and the symmetry of an OTAN
system on a 0.5 µm step on various trapping powers. The top x axis
represents the stiffness of the trapping. The stiffness is scaled by
multiplying the spring constant K = 175 f Nnm−1 W−1, with the
corresponding trapping power. The legend shows cartoon
representations for four configurations of a pair of beads on a step.

statistical sense of these uncorrelated errors, for each trapping
power we position a pair of beads in the configurations shown
in figure 5. For example, in figure 4(a), a pair of parallel
straight lines composed of isolated humps is generated
simultaneously by one bead on the top and one bead on the
bottom of a 0.5 µm step at a trapping power of 28 mW.
Finally, we repeat the full set three times, and measure the
positional accuracy based on these isolated spots.

The method to get the positional accuracy is as follows.
In figure 4(b), we fit each isolated hump with a 2D
symmetrical Gaussian function to find its central location.
Next, we calculate the distance between each pair of isolated
humps generated at the same time, and then we take the
standard deviation of these distances, denoting it as the lateral
positional accuracy in the presence of the Brownian motion.
The average of these sets of measurements is plotted as a data
point for each trapping power and the standard deviation of
these three measurements is the error bar associated with the
data point.

In order to isolate the effects of Brownian motion and
z location, we position a pair of beads in the first two
configurations shown in the legend of figure 5. In such a
case, we can conclude that the remaining positional accuracies

Figure 4. (a) AFM scan of isolated humps on the top and bottom plateau of a 0.5 µm step. (b) 2D Gaussian fitting points of measured
humps.

3



Nanotechnology 23 (2012) 165304 Y-C Tsai et al

are associated with Brownian motion and not the z position.
In figure 5, the open and shaded triangle data points and
their associated error bars represent the measured positional
accuracy versus various trapping powers when two beads
are either on the top or the bottom of a 0.5 µm step. One
can observe that open and shaded triangles overlap well at
various trapping powers, suggesting that the two Bessel beams
establish similar confinements on the top and bottom of a step
that leads to similar positional accuracies.

In order to explore the dependence of z positions and the
symmetry of our systems on the lateral positional accuracy,
we position a pair of beads in the last two cases shown in the
legend of figure 5. In such a case, the positional accuracies are
coupled with Brownian motion, the symmetry of our system,
and z positions. In figure 5, open and shaded circles represent
cases where one bead is at the top of a step and one bead
is at the bottom of a step. One can observe that either open
or shaded circles overlap well with triangular data points
at various trapping powers, suggesting the z position does
not have a significant effect on the positional accuracy. We
attribute this to the fact that the central lobe of a Bessel beam
has a relatively long depth of field (tens of µm) relative to
the step height (0.5 µm) such that the trapped microspheres,
though at different z heights, are confined with similar optical
force. Finally, one can observe minor differences between
open and shaded circles over all trapping powers, and we
demonstrate excellent consistency in positional accuracies
over various trapping powers, suggesting a high degree of
symmetry between a pair of Bessel beams in our system.

These positional errors, 〈r〉, can be modeled by [15]:

〈r〉 =

√
πkT

2K
, (1)

where k is Boltzmann’s constant and T is the temperature in
kelvin.

The effective spring constant K is:

K =
2nmR3ρ4

1 Pb

cw4
0ρ

2
NJ2

1(ρN)

(
m2
− 1

m2 + 2

)
, (2)

where nm is the refractive index of the surrounding medium
(water), m is the ratio of the refractive index of the particle
to the surrounding refractive index, Pb is the total power in
a single Bessel beam of the pair, ρi is the location of the ith
zero of J0(ρ), c is the speed of the light in a vacuum, w0 is the
radial location of the first zero of the Bessel beam, and N is
the number of rings [15].

By using a CCD camera, we can capture an image of
the Bessel beam on a sample surface and find the size of
its central lobe and the number of rings including the central
lobe. Substituting all the parameters needed into equation (2),
we find the spring constant K is 175 fN nm−1 W−1. The
solid black line figure 5 represents the model calculation using
this effective spring constant. We note that the positional
accuracies follow the model prediction across the full range
of trapping powers tested. In addition, one can notice that the
positional error is minimized to 30 nm, which is about one
third of the smallest feature OTAN can generate [14] using a
80 mW trapping power.

Based on the understanding provided by our model, we
can identify a number of ways to improve the positional
error [15]. If we increase trapping powers or the bead
radius R, the positional error is decreased. Similar effects
occur if we decrease the temperature or the number of
rings. However, increasing the trapping power reduces the
microsphere and substrate distance, increasing the likelihood
of an undesirable situation where microspheres stick onto
substrates. Decreasing the temperature requires cryogenic
liquids which add another layer of complexity into the current
system. Therefore, the most promising method is to reduce the
diameter of the central lobe of a Bessel beam, w0, for instance,
by increasing the demagnification of the telescope. This will
allow a larger effective spring constant which better confines
a bead, leading to smaller laterally positional errors.

4. Summary

We have demonstrated the use of parallel OTAN for producing
parallel arbitrary nanofeatures on surfaces with sharp edges up
to 1.5 µm. This stepped surface model presents a preliminary
demonstration that parallel OTAN can be applied to generally
wavy, rough, or uneven surfaces that might be encountered
during the fabrication of emerging technologies. Comparing
a pair of identical patterns enables one to predict the
fundamental limitations on the accuracy of the technique. We
expect improvements on the positioning accuracy with the use
of a smaller central lobe of the Bessel beam optical trapping
and higher trapping powers. Together, these results suggest
OTAN is a promising approach for robust, high-throughput
direct-write nanopatterning on rough surfaces.
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