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Abstract The ability to directly create patterns with size
scales below 100 nm is important for many applications
where the production or repair of high resolution and den-
sity features is needed. Laser-based direct-write methods
have the benefit of being able to quickly and easily modify
and create structures on existing devices, but ablation can
negatively impact the overall technique. In this paper we
show that self-positioning of near-field objectives through
the optical trap assisted nanopatterning (OTAN) method al-
lows for ablation without harming the objective elements.
Small microbeads are positioned in close proximity to a sub-
strate where ablation is initiated. Upon ablation, these beads
are temporarily displaced from the trap but rapidly return
to the initial position. We analyze the range of fluence val-
ues for which this process occurs and find that there exists
a critical threshold beyond which the beads are permanently
ejected.

1 Introduction

Direct-write optical methods for achieving patterns on the
size scale of 100 nm and below lead to a number of ad-
vantages for nanoprocessing, where the ability to fabricate
increasingly smaller structures has become necessary in a
wide range of technologies. Laser direct-write processing
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has the ability to add, remove, or modify materials [1], and
by employing advanced methods, the traditional diffraction
limit can be overcome. For instance, multiphoton absorption
takes advantage of nonlinear processes in materials when ir-
radiated with highly focused, ultrashort laser pulses to either
initiate a polymerization reaction or ablate material [2–5].
Alternatively, near-field effects take advantage of evanescent
waves near interfaces and surfaces, focusing the light to size
scales below the diffraction limit [6, 7], and therefore giving
rise to nanometer-scale imaging [8] and materials process-
ing [9, 10].

Patterning by direct material ablation presents certain
unique challenges when using optical methods. For instance,
harnessing near-field effects requires the use of an objec-
tive element that is located in close proximity to the sur-
face [11]. Small beads [12–15], near-field scanning optical
microscopy [16], and atomic force microscopy [17] probes
all have been used for such patterning. However, when abla-
tion occurs, a number of deleterious effects, such as damage
or modification to the probe tips [18] or direct removal of
the small beads from the surface [19], make it difficult to
control the objective spacing and to repeat the process over
large areas or in a parallel configuration.

A new approach for near-field direct-write nanopattern-
ing has recently been developed that uses optical traps to po-
sition small microbeads near the surface to harness the near-
field effects and overcome some of the limitations of other
techniques [20, 21]. In this approach, known as optical trap
assisted nanopatterning (OTAN), a laser is focused in the
near field by a dielectric microbead [22, 23], which is po-
sitioned using a Bessel beam optical trap. The Bessel beam
trap exhibits a strong transverse gradient that holds the bead
tightly in the x-y plane, but unlike traditional optical tweez-
ers, the Bessel beam has almost no gradient in the vertical
direction over tens of microns [24, 25]. The effect of this op-
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tical trap is that the beads are able to achieve an equilibrium
position above the surface due to the balance of the optical
scattering force and the bead-surface interactions, such as
Van der Waals, steric, and electrostatic repulsion [20, 26].
Previously, we have shown the creation of arbitrary patterns
with a resolution of 100 nm on polyimide [20]. Additionally,
by splitting the trapping beam, several beads can be trapped
simultaneously, and parallel features can be produced over
homogeneous surfaces [21].

In this paper, we show that ablative processes can be
used to create nanoscale patterns using OTAN and examine
the effects of material ablation on bead positioning. One of
the key benefits of the self-positioning effect is that, when
a bead is displaced from the equilibrium position, it is ex-
pected to return to the original location due to the balance
of forces acting on it. We show that this process indeed oc-
curs, and we analyze the limits over which ablation leads to
transient bead displacement. We find that there exists a criti-
cal threshold beyond which the bead is permanently ejected
from the trap. Below this threshold, there is a broad fluence
range where the bead reverts to the equilibrium position and
can be further used for patterning.

2 Experimental method

A complete description of the OTAN process can be found
in previously published work [20, 21], and a schematic is
shown in Fig. 1(a). In short, two lasers are used, one to opti-
cally manipulate and position a microbead objective and the
second to initiate ablation in the near field of the microbead.

The optical setup is based on a water-immersion Zeiss Apoc-
hromat 63X microscope objective, through which the trap-
ping and ablation laser beams are directed. In addition, the
process is illuminated and monitored in real time using a
standard charge-coupled device (CCD) camera system. The
trapping laser (1064 nm, CW) is shaped into a Bessel beam
using a 178◦ axicon and demagnified through a telescope
made of a 200 mm lens and the microscope objective. The
trapping power after the objective is about 30 mW. The ab-
lation laser (355 nm, 15 ns) is demagnified 4X and masked
by a circular aperture, and then focused by the microscope
objective in order to give a uniform field over the microbead.

Near-field effects cause a concentration of the UV laser
on a small area below the bead where the fluence is locally
increased above the material modification threshold. Since
the actual fluence below the bead depends on a number of
parameters and cannot be directly measured, we report the
fluence incident on the bead, which can be experimentally
controlled and directly measured. The size of the incident
UV beam is determined by irradiating the sample (without
bead) at a fluence above the modification threshold in order
to produce a damage spot on the substrate. The energy is
measured with an energy meter, and the reported fluence is
determined by the ratio of energy to spot area.

Self-positioning of the microbead is accomplished due
to the nature of the Bessel beam optical trap. Figure 1(b)
presents a schematic of the physical interactions. The large
gradients in the x-y plane allow for accurate positioning in
the plane, while the relative lack of gradient in the out-of-
plane direction causes a constant optical scattering force on
the bead over long distances. This scattering force is bal-
anced by the surface repulsion forces such that the bead can

Fig. 1 Scheme of OTAN. (a) Experimental setup, BS: beam splitter, DM: dichroic mirror. (b) The vertical self-positioning of the Bessel beam
maintains a constant bead/substrate separation and enables the bead to track uneven surfaces
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maintain its spacing above the surface without the need for
active feedback and control over large variations in surface
profile [21].

The sample region contains an aqueous solution of mi-
crobeads (0.76 µm polystyrene) that is dilute enough to
avoid having multiple beads in the optical trap. This solu-
tion is contained in a small cell on top of the substrate of
interest. For these experiments, we use either polycarbonate
or silicon. The cell itself is composed of a gasket made of
double-sided tape and a glass cover slip, and the entire sam-
ple assembly is mounted on a manual and piezo-controlled
x-y-z translation stage. A microbead is brought into the trap
region by translating the sample cell assembly laterally until
a bead is found and trapped.

After OTAN processing, the sample cell is disassembled,
and the substrate is carefully rinsed to remove any beads
or solution from the surface. The surface structure is an-
alyzed using atomic force microscopy (AFM) in tapping
mode. Analysis of the bead displacement/ejection is done
by visually inspecting the CCD feed frame by frame to de-
termine whether the bead has been moved or completely
ejected. Multiple samples are acquired at each fluence to
provide statistics on the displacement process.

3 Results and discussion

Various types of surface modifications can be achieved with
OTAN, including the creation of bumps, pits, and holes, de-
pending on the material and the pulsed laser fluence [20].
When the processing fluence is sufficiently high for a given
substrate material, ablation ensues and subwavelength pits
are created. Figure 2 shows an example of a 100 nm pit that
is approximately 40 nm deep on a polycarbonate surface ir-
radiated through a trapped bead at about 2.4 J/cm2. As we
can see, this feature is less than one-third of the wavelength
of light used. Similar ablation features can be created on
other technologically important substrates such as silicon or
polyimide.

Monitoring the microbead in situ before, during, and after
the ablation pulse reveals the novel self-positioning aspect
of OTAN processing. Figure 3 shows the sequence of events
before and after the irradiation of a silicon substrate through
the bead at a fluence of 1.2 J/cm2. In this case, a large fluence
is used to demonstrate the self-positioning phenomena more
clearly, and the entire surface is modified by the pulse, not
just the region in the near field of the microbead.

In the first frame, prior to irradiation, the bead is trapped
at its equilibrium position approximately 50 nm from the
surface [20]. The ablation laser pulse arrives between the
first and the second frame, and we see that the surface be-
neath the bead is modified while the bead remains in its ini-
tial position. By the next time step, the bead is completely

removed from the focal volume of the camera. Subsequent
frames show the bead reappearing and progressively return-
ing to its initial position within approximately 0.5 to 1 s.
The crosshairs in the image remain fixed on the initial loca-
tion of the microbead in order to guide the eye. We can see
that, in fact, the motion of the bead is predominantly verti-
cal, i.e., in and out of focus, as confirmed by the progressive
blurred image of the bead and the location of the bead in the
final frame. In order to verify that the microbead is still in
the trap and not stuck on the substrate or freely floating in
solution, it is translated in the x-y plane at the end of the
experiment and found to behave accordingly.

This self-positioning in the presence of ablation is a com-
pelling factor for OTAN to become a reliable technique for
direct-write nanopatterning. However, in some cases, we
find that the microbead does not return to its initial position
and instead is permanently ejected from the trap. This ef-
fect is directly correlated to the pulsed laser fluence, and we
find that there is a limited fluence range over which ablation
occurs and the bead remains in the trap.

Figure 4 shows a plot of the relative parameters for mi-
crobead motion when ablating a silicon surface below the
bead. The y-axis denotes the percentage of microbeads that
are either displaced or permanently ejected from the trap af-
ter repeating the experiment 10 times at a given fluence. At
the lowest fluences below 0.2 J/cm2 we observe minimal ab-
lation, and we do not observe any displacement of the bead
in the trap within the limitations of our CCD images. Above
this fluence, we begin to see microbeads temporarily dis-
placed and subsequently returned to their equilibrium po-
sition. Once we get to about 1.0 J/cm2, we begin to see a
small percentage of the beads being ejected from the trap;
ultimately, by about 1.3 J/cm2 all beads are permanently
ejected.

Fig. 2 AFM scan of a hole created in polycarbonate by irradiation of
a bead at 2.4 J/cm2. A cross-profile of the central part is shown at the
bottom
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Fig. 3 Sequence of images taken during the irradiation of a silicon substrate at 1.2 J/cm2 that shows the displacement and reverting back of the
bead along the vertical axis. The crosshairs locate the initial bead center position. The time scale is not calibrated

Fig. 4 Percentage of experiments for which beads are either displaced
(blue, ◦) or permanently ejected from the trap (red, �) versus process-
ing laser fluence incident on the bead

The three regimes of bead behavior demonstrate the flu-
ence ranges over which OTAN is practical for nanopattern-
ing. In the first regime, where the bead is unaffected by
the nanostructuring, minimal feature sizes are obtained and
the bead remains at the equilibrium position, allowing rapid
repositioning and refiring of the pulsed laser. The medium
regime, for which the bead is displaced but returns to the
original position, is also viable for nanopatterning, but the
rate at which the pulsed laser can fire is limited by the time
to return to equilibrium. Finally, ejection of the microbead
in the highest fluence regime is unsuitable for serial pattern-
ing, and establishes an upper limit for processing fluence.
However, as we can see, there is a relatively large range of
fluences for which motion is reversible and the microbead
can be still reused for subsequent processing.

The intermediate fluence regime, in which the bead is
temporarily displaced from equilibrium, presents an impor-
tant limitation for ablative OTAN processing. A proposed
interpretation of the bead movement in this regime is pre-
sented in Fig. 5. Before the pulsed laser hits the microbead,
we assume that it has reached its equilibrium position above
the surface. Upon irradiation, the laser energy is absorbed
in the substrate, and ablation or other surface modifications
occur, accompanied by various effects that exert a net force
on the bead and pushes it upward. Depending on the fluence,
the ablation spot can either be localized to the region below
the bead or extend beyond to the surrounding material. The
vertical bead movement is counteracted by the Stokes drag

force, which eventually stops the motion of the bead. When
the bead is far enough from the substrate, the only remain-
ing force is the scattering force, which pushes the bead back
toward the surface until the surface repulsion stabilizes the
bead at its initial position. The time it takes to return to the
equilibrium position is significantly longer than the time it
takes for the bead to be displaced.

The origin of the upward force on the microbead has
not yet been determined, but it can arise from a number
of effects including optical scattering from the pulsed laser,
ejected material hitting the bead, or shockwave propagation
in the liquid. For instance, an outwardly propagating shock-
wave caused by ablation can push the bead away from the
surface. Such an effect scales with the incident laser fluence
[27], which agrees with our experiments. In addition, one
might expect the scattering force from the pulsed laser to
push the bead closer to the surface, leading to recoil after
the pulse is completed. This force is comparable in magni-
tude to the trapping force [26] and scales linearly with the
laser fluence. However, the interaction time is only nanosec-
onds and so the total impulse is small. Similarly, the im-
pulse caused by the ejected material would be expected to
be small, since only a limited amount of ablation occurs and
the liquid serves to slow the ejecta.

The ability to keep the microbead in the optical trap is de-
pendent on the strength of the optical trap and on the initial
displacement provided. Although the net motion of the bead
is vertical, it is possible that this arises as a consequence of a
stiff trap in the x-y direction that cancels any in-plane com-
ponents of the displacing force. In fact, there may be lateral
bias on the ejection impulse, due to defects or nonplanar fea-
tures in the substrate surface, or misalignment in the lasers.
If these lateral forces become too large, then the bead can
be ejected laterally. In addition, although the optical trap is
assumed to be free of gradients in the z direction, in real-
ity, this only holds over a limited distance [25]. Therefore, if
the initial displacement pushes the bead beyond this region,
Brownian motion as well as lateral forces can easily remove
the bead from the trap. As the pulsed laser fluence is in-
creased, the force generated by the ablation event increases
until either of the above conditions is violated. In this way,
we expect a transition from reversible displacement to total
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Fig. 5 Interpretation of the bead movement. The top curve is a quali-
tative estimation of the bead vertical trajectory, and the cartoons show
selected instants. The arrows represent the vertical forces exerted on
the bead, with the dominant force in red. Upon irradiation at a suffi-

cient fluence, the force equilibrium on the bead is perturbed, and the
bead is pushed up. The drag force brakes the bead, until the net force
is dominated by the downward laser scattering which brings the bead
back to the equilibrium position

microbead ejection as shown in Fig. 4 as a function of laser
fluence.

4 Conclusions

Optical trap assisted nanopatterning (OTAN) provides an
easy and scalable method of producing nanoscale direct-
write patterns on a surface. We show that the process is
sufficiently robust that ablative mechanisms can be used for
modifying surfaces using polystyrene microbeads as near-
field focusing objectives. Where many probe-based nanopat-
terning approaches have difficulty handling the detrimental
effects of ablation on the probe tips, self-positioning asso-
ciated with the Bessel beam optical trap used in the OTAN
process allows the objective element to be displaced from
its equilibrium position due to ablation and subsequently
return to its initial location above the surface. We observe
this phenomenon optically with in situ imaging to find that
there are three specific regimes corresponding to no dis-
placement, reversible displacement, and permanent ejection
of the microbead. Although the permanent ejection regime
is not practical for OTAN processing, there is a large flu-
ence window for which the other two regimes occur, and
we find that the minimum features can be created in the no
displacement regime. In the specific case of ablation from a
silicon surface, we find the critical fluence to be 1.3 J/cm2

for complete ejection and 0.2 J/cm2 to initiate reversible dis-
placement. The amount of time for the bead to return to the
equilibrium position depends on the parameters of the lasers
as well as the bead solution, and for this case we measure ap-
proximately 0.5–1 s for the bead to stabilize. Although this
is a relatively long time, the strong in-plane trapping pro-
vided by the Bessel beam optical trap allows one to reposi-
tion the trap while the bead is displaced in the z-direction

without losing the bead from the trap. Future experiments
seek to probe the fundamental forces leading to bead dis-
placement and a more complete study of the parameter space
over which OTAN provides a practical and viable method
for nanomanufacturing applications.
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