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While nanofabricated structures find an increasingly large number of applications, few techniques
are able to pattern rough or uneven surfaces, or surfaces with pre-existing structure. In this letter
we show that optical trap assisted nanopatterning �OTAN�, a near-field laser based technique, is able
to produce nanoscale features on surfaces with large roughness but without the need for focus
adjustment. Patterning on model surfaces of polyimide with vertical steps greater than 0.5 �m
shows a high degree of uniformity, demonstrating that OTAN is a suitable technique to pattern
nontraditional surfaces for emerging technologies. © 2011 American Institute of Physics.
�doi:10.1063/1.3598427�

The fabrication of structures smaller than 100 nm is re-
quired by an increasing number of applications in optics,1

photonics,2 microfluidics,3 biology,4 and other emerging ar-
eas. In such cases, nontraditional substrates such as soft or
flexible materials with existing waviness and roughness or
surfaces with existing structures5 need to be accommodated
but these needs cannot be met easily with traditional nano-
scale lithographic processing. In contrast, laser-based tech-
nologies have demonstrated the ability for rapid prototyping
in these types of systems,6 however in most cases, diffraction
limits the feature sizes that can be obtained.

Several advanced direct-write techniques based on either
near-field or nonlinear effects allow one to overcome the
classical diffraction limit and achieve direct write nanopat-
terning. For instance multiphoton absorption during ultrafast
laser processing,7 optically excited atomic force microscope
�AFM� probes,8 near-field scanning optical microscopy
fibers,9 or a combination of these techniques,10 have all dem-
onstrated their ability to create nanoscale features. However,
the need for active feedback to accurately control vertical
position of the probe tip or focus point presents certain chal-
lenges when dealing with nontraditional substrates.

Optical trap assisted nanopatterning �OTAN�11–13 is a re-
cently developed laser-based nanopatterning technique that
offers the ability to position objective elements within the
near-field regime without active feedback. It uses a dielectric
microsphere as an objective,14 which is positioned by a
Bessel beam optical trap �Fig. 1�. The Bessel beam exerts an
in-plane gradient force that traps the microsphere in the x-y
direction. In the z direction, there exists an approximately
constant scattering force on the bead, regardless of z posi-
tion, due to the small gradient along the optical axis,15,16

which pushes the bead toward the surface. Near the surface,
electrostatic, Van der Waals, and steric interactions act be-
tween the bead and the surface and the balance of these
forces with the laser scattering force establishes a potential
well with an equilibrium location at a fixed distance above
the surface.11 We denote this effect self-positioning as the
microbead will find and remain in this location without the
need for external feedback and control. By choosing the ap-
propriate experimental parameters, the bead-surface separa-

tion can be set to a few tens of nanometers, the distance at
which near-field effects take place. Finally, the trapped mi-
crosphere is illuminated with a pulsed Gaussian beam to gen-
erate optical near-field focusing17 in order to locally modify
the surface with nanoscale resolution.

The ability to self-position the sphere at a constant dis-
tance above the surface allows one to accommodate varying
surface heights without refocusing the system. In this letter,
we investigate the ability of OTAN to create nanoscale fea-
tures on surfaces with pre-existing texture in the form of
vertical step edges. Such surfaces serve as a model system
for more complex, rough and wavy substrates and allow us
to probe the range and viability for OTAN in these systems.
We demonstrate uniform patterning over steps that are one
order of magnitude larger that the feature size, showing
OTAN to be a promising technique for nanopatterning non-
traditional surfaces.
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FIG. 1. �Color online� Scheme of OTAN. �a� Experimental setup. �b� The
vertical self-positioning of the Bessel beam maintains a constant sphere/
substrate separation and enables the sphere to track uneven surfaces.
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The structured polyimide substrates are prepared by cre-
ating silicon molds with 10 �m pitch grating, 0.5–1.7 �m
depth. Polyimide solution is poured on the mold and spread
evenly using a pipette. After soft baking at 180 °C, the grat-
ing structure is peeled away from the silicon wafer, resulting
in a textured substrate with 60° wall angle and the desired
depth.

The sample is then assembled in the form of a wet cell
filled with an aqueous solution containing polystyrene micro-
spheres �Fig. 1�. The commercially available microsphere so-
lution is diluted by a factor of 6�106 and placed on the
polyimide surface. The cell is completed by sealing a top
glass cover slip with a double-sided tape gasket. This assem-
bly is then mounted onto a manual or computer controlled
piezoelectric x-y-z stage, in the focus of a 63� microscope
objective.

The optical trap is generated by a 1064 nm cw laser
shaped by an axicon to create a Bessel beam that we demag-
nify and send through the objective. The trapping power used
for this letter is 17 mW.

The entire direct-write process is illuminated and moni-
tored in situ with a charge-coupled device �CCD� camera.
Since the image intensity changes as the bead moves in and
out of focus, the vertical position can be inferred from these
images. In our experimental setup, the darker color corre-
sponds to a microsphere closer to the camera �i.e., moved up�
while the brighter color corresponds to a microsphere in the
proximity of the focal plane of the camera.

Evidence of the ability for OTAN to move a bead across
a step without sticking is shown in Fig. 2. In this case a step
of 1.7 �m is used and we see a change in the intensity from
light to dark corresponding to the bead following the surface
profile.

In order to verify the self-positioning and the ability to
create uniform patterns across different surface heights, we
use a second laser, focused by the trapped microspheres. A
355 nm, 15 ns pulse beam is directed through the microscope
objective over the area where the bead is trapped, thereby
taking advantage of the near-field intensification to perform
material processing with nanoscale resolution beneath the
bead while having no effect elsewhere on the surface. Pat-
terns are realized by translating the bead as the laser is fired.
Discrete or quasicontinuous patterns can be made, depending
on the chosen overlap.11

The size of the incident pulsed beam is measured from
ablation spots created in the polyimide surface without mi-
crospheres at a fluence above the modification threshold
�48 mJ /cm2�.18,19 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.

After processing, the polyimide surface is rinsed with
ethanol to remove any microspheres or tape residue from the
surface. Finally, the patterns are characterized by environ-
mental scanning electron microscopy �E-SEM� and atomic
force microscope �AFM�.

Figure 3 shows the AFM scan of OTAN-generated pat-
terns across a 1.5 �m step. Two parallel lines are written, by
moving the bead up the hill �a� in one case, and down the hill
�b� in the other case. In both cases, we observe features on
both top and bottom of the steps without loss of horizontal
precision. Looking more carefully at Fig. 3 reveals that there
are no significant features at the step side wall. Although for
narrow angle differences between the incident laser and sur-
face normal, it is possible to create features,20 in this case,
the 60° wall angle is too large.

Profiles of the top and bottom region are shown on the
right side of Fig. 3. They demonstrate that features are uni-
form across the step. To further confirm the similarity, the
mean diameter of features is quantified by statistical analysis.
A series of isolated humps are generated on the top and bot-
tom plateaus of a 0.5 �m step to characterize individual
feature sizes. Statistical data on spot sizes �Fig. 4� is obtained
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FIG. 2. �Color online� In situ images of a microsphere crossing a prepat-
terned 1.7 �m step in polyimide. The change in the bead brightness corre-
sponds to movement in and out of focus.

FIG. 3. �Color online� Nanohumps are generated by 20 mJ /cm2 pulses
while a microsphere goes up �a� and down �b� a 1.5 �m step. Left: three-
dimensional AFM scan shows the features on top and bottom plateaus.
Right: profiles extracted form the AFM scan at the locations indicated by the
gray lines.
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FIG. 4. �Color online� �Left� AFM scan of isolated bumps created across a
0.5 �m step, processed at 20 mJ /cm2 incident laser fluence. Histograms of
the feature size for the top of the step �center� and bottom of the step �right�
with average and standard deviation.
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by capturing a single two-dimensional AFM scan of spots
and subsequently using surface fitting tools.

Figure 4 shows a histogram of the feature sizes created
above and below the step edge. We see that the average size
difference is 3.3%, which is well within the uncertainty, con-
firming the similarity between the two regions. Because the
feature size depends on the separation distance between the
bead and the substrate,12 this size uniformity verifies the
bead’s self-positioning.

The accessible range in z direction for the creation of
uniform patterns is limited by either the maximum depth of
field for the trapping laser, or that of the processing laser,
whichever is smallest. In our experiment, the Gaussian pro-
cessing laser has the smaller range of approximately 1.5 �m
as compared to greater than 10 �m for the trapping laser.
We find that for steps heights greater than 1.5 �m, there is a
measurable difference in feature size above and below the
step edge. This limiting value can be significantly increased
by using a Bessel beam or other more advanced beam shap-
ing techniques for the processing laser.

We have demonstrated that the vertical self-positioning
in OTAN allows one to produce nanoscale features over sur-
faces with sharp step edges. Features created in this way are
uniform above and below the step as the focusing micro-
sphere follows the surface contour in the z direction while its
position in the plane is unaffected by this texture. We find
that for our particular experimental conditions, 0.5 �m steps
have no measurable effect on the features generated while
similar results are found for steps as high as 1.5 �m. The
implication of this result is not limited to surfaces with steps,
but rather, applies to any generally rough, wavy, or uneven
surfaces that may be encountered during the processing of
nontraditional substrate materials. In these cases, OTAN pro-

vides a unique and promising technology for advanced nano-
patterning.
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