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Abstract Optical near-field techniques allow one to over-
come diffraction by positioning an optical element in close
proximity to the surface of interest. In optical trap assisted
nanopatterning, this optical element is a microbead optically
trapped above the substrate in a liquid environment. Using
high-speed microscopy, we show that under certain condi-
tions, the laser pulse creates a gas bubble under the bead and
that this bubble displaces the bead before disappearing. The
bead then returns to its original position under the action of
the scattering force of the optical trap. We measure the bead
vertical trajectory and extract its terminal velocity in order
to calculate the magnitude of the trapping force exerted on
the bead. This work opens the way to a better understand-
ing of the bead-surface interactions under laser irradiation
and, therefore, contributes to the development of near-field
techniques.

1 Introduction

Optical techniques are essential in the field of materials pro-
cessing and imaging. In either case, the light going to or
coming from a sample travels through an objective with a
finite aperture size, causing far-field diffraction to limit the
achievable resolution for patterning or imaging. Diffraction
can be overcome by working in the near field, i.e., within
less that one wavelength away from the sample. Near-field
enhancement causes light incident on a small tip or parti-
cle to be focused to a spot size smaller than the diffrac-
tion limit [1]. If a sample is placed at the location of this
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high-intensity region, material modification will occur at the
nanometer scale. The first use of near-field enhancement for
nanoscale patterning was realized with a scanning tunneling
microscope tip [2]. Since then, several configuration were
used, including atomic force microscopy [3] and near-field
scanning optical microscopy [4, 5]. In the cases cited above,
physical access to the sample surface is required since the
tip is physically connected to the external system. The use
of micron-sized particles, either fixed or floating above the
sample, circumvents this problem. Dielectric beads were
used to realized nanoscale patterns upon irradiation with a
pulsed laser [6, 7]. Large-scale parallel patterns were ob-
tained in this way by irradiating a self-assembled micro-
sphere array [8, 9], and several work has been devoted to
enhancing of the range of achievable features [10, 11] and
operational parameters [12, 13].

In all previous examples, the bead is fixed at a given po-
sition on the substrate. However, it is necessary to trans-
late the bead laterally in order to write user-defined or con-
tinuous patterns. The optical trap assisted nanopatterning
(OTAN) technique was designed for this purpose. In this ap-
proach, a laser is focused in the near field by a dielectric
microbead, which is positioned using a Bessel beam opti-
cal trap. The Bessel beam trap exhibits a strong transverse
gradient that holds the bead tightly in the x–y directions and
allows for controlled lateral translation. However, unlike tra-
ditional optical tweezers, the Bessel beam has almost no gra-
dient in the vertical direction over tens of microns [14, 15].
The effect of this optical 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
interaction, such as Van der Waals, steric, and electrostatic
repulsion [16]. Previously, we have shown the creation of
arbitrary patterns with a resolution of 100 nm on polyimide
[16]. Additionally, by splitting the trapping beam, several
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beads can be trapped simultaneously and parallel features
can be produced over homogeneous surfaces [17]. Finally,
even nonflat substrates can be processed with OTAN [18].

The position of the bead with respect to the surface is
crucial for OTAN in particular, but for all near-field tech-
niques generally. In this paper, we study the bead position-
ing under the effect of a perturbation, with the goal of prob-
ing the bead-surface interaction. We showed previously that
the bead can be displaced or ejected during processing [19].
In this paper, we use high-speed microscopy to elucidate
the origin of the bead movement and to measure the ver-
tical trajectory and the time to revert to the original working
position. While this work has a direct practical interest for
OTAN, it has broader implications for understanding the in-
teraction of a particle and a surface in the presence of laser
irradiation and, therefore, has a potential impact on all opti-
cal near-field techniques in general.

2 Experimental method

2.1 Experimental setup

The experimental setup is shown in Fig. 1. The sample con-
sists in a wet cell where dielectric beads are floating above a
substrate. Polyimide films, which are spin-coated and baked
on glass, and plain microscope glass slides are used as sub-
strate. The beads (0.76 µm diameter polystyrene spheres,
Bangs Laboratories), in the form of an aqueous suspension,
are diluted sufficiently so that only a single bead is trapped
at a time. Surfactant (Triton X-100) is added to the bead sus-
pension (dilution to 10−4 per volume relative to the commer-
cial liquid) to prevent the bead from sticking to the surface.
The sample chamber is assembled by sealing the bead solu-
tion between the sample and a cover slip using a double-
sided tape gasket. This sample chamber is placed facing
down on the piezo stage of an inverted stage microscope
equipped with a 40X/0.6 NA objective that serves to image
and to deliver the laser beams. The trapping laser (1064 nm,
CW) is shaped to a Bessel beam with an axicon while the
processing laser (337 nm, 15 ns) is focused to a spot size
larger than the bead. High speed imaging is achieved by
magnifying 10X the microscope output to the high-speed
camera (Vision Research v7.3 or v9.1). The frame rate is
104 fps with a single frame exposure of 90 µs. A 128 × 128
pixel2 subsection of the sensor is used. The sample is illu-
minated in transmission using the standard microscope illu-
mination optics and a mercury short-arc lamp, providing the
high intensity illumination required for this low exposure
time and high magnification.

2.2 Bead position measurement

The visual aspect of the bead varies with the off-focus po-
sition, therefore, it is possible to calibrate the images and

Fig. 1 Experimental setup

extract the vertical position by image comparison. A calibra-
tion is made by recording a set of reference images at differ-
ent heights. Images of a bead stuck on the surface were taken
for each z position between +5 µm (bead above the surface)
and −2 µm with a step of 0.2 µm. This value corresponds to
the measurement resolution chosen for this experiment. The
bead position during the actual experiment is measured as
follows. The high speed movie is analyzed frame by frame.
For a given data frame, a discrete 2-D cross correlation is
computed between the data frame and each reference frame.
The results is a series of 2-D arrays, for which the maxi-
mum value is extracted. The cross-correlation array that has
the highest value of all is deemed the closed to the data pic-
ture, and the vertical position of its corresponding reference
frame gives the vertical position of the bead for that data
frame. The procedure is repeated for each frame in the se-
quence to get the trajectory.

3 Results and discussion

The positioning of the microsphere used in optical trap
assisted nanopatterning (OTAN) and other near-field tech-
niques is critical for the success of the process. In this pa-
per, we study the vertical position of the bead in response to
perturbations. We first show the mechanism of the bead dis-
placement, and we then take advantage of this displacement
to measure the forces acting on the bead.

3.1 Bubble formation

When ablation occurs during OTAN, the forces involved can
be strong enough to displace the bead from its equilibrium
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Fig. 2 Time sequence of the
bubble and bead evolution. The
trapping laser power is 0.22 W
and the processing laser fluence
is 50 mJ/cm2. The pictures are
6.25 µm wide

position in the optical trap. We previously observed a tem-
porary disappearance of the bead under certain conditions
[19], but we were not able to resolve in time the origin of this
movement. To understand what happens during this time, we
image the bead in situ with a high-speed camera to resolve
the sequence of events that follows the laser pulse. A se-
quence of pictures taken during an experiment is shown in
Fig. 2.

Immediately after the laser pulse, we observe the creation
of a large object with a bright center that is in fact a gas bub-
ble. This bubble initially masks the bead (4–12 ms). Progres-
sively, the bubble moves around and shrinks until the bead
becomes distinct on the pictures. For instance at 20 ms, the
bubble is on the right-hand side, while the bead is in the cen-
ter of the picture. The bubble eventually vanishes after 40 ms
in the present case. The sequence of pictures between 12 and
100 ms shows that the bead, initially out of focus, is coming
back in focus progressively. After 90–100 ms, the bead ap-
pearance does not evolve anymore, as shown by comparison
with the image at 1 s.

The bubble is created by the laser pulse. Our setup did
not enable us to resolve in time the formation of the bubble,
even with pictures taken 100 µs apart (not shown), which
indicates that the bubble forms in less that 100 µs. The out-
of-focus bead visible in the first few tens of milliseconds is
actually located higher up than it was before the laser pulse
because it was displaced by the bubble. This shows that the
bubble is formed underneath the bead, and then upon ex-
pansion, pushes the bead upward. While moving vertically,
the bead stays at the same x–y position due to the action of
the optical trap. Indeed, the Bessel beam creates a cylindri-
cal trap in which the bead can slide vertically, while stay-
ing at the same horizontal position. The bead movement is
reversible, and eventually, the bead comes back to its ini-
tial position under the action of the optical scattering force
provided by the trapping laser. The largest change in bead
appearance occurs between 40 and 90 ms, when the bead is
close to focus and the imaging technique is the most sensi-
tive to height differences. However, the bead already moves
before 40 ms, when it is further away from focus, although
the bead images at different heights are very similar.

To understand the origin of the bubble formation, the pro-
cessing laser fluence is varied. Figure 3 (top) shows images
taken in the presence of the bead for different fluences. Be-
low 11 mJ/cm2, no bubble appears, and the bead does not

move. The onset for the bubble formation is 11 mJ/cm2 and
above this fluence, the size of the bubble scales qualitatively
with the fluence. The bottom row of Fig. 3 shows images
taken under the same conditions but without the bead. When
no bead is present, a bubble is also formed, but the onset flu-
ence is about 6 times higher than in the presence of a bead.

The behavior of the bubble formation, with the existence
of a threshold, is consistent with laser ablation and suggests
that the bubble is formed by absorption of the laser in the un-
derlying substrate, and subsequent heating of the surround-
ing liquid. The smaller onset fluence for bubble formation
in the presence of the bead corresponds to the near field in-
tensification that occurs under the bead and that lowers the
apparent threshold for surface modification [16] and, there-
fore, for bubble formation in our case.

If the bubble is formed due to surface absorption, the sub-
strate material should play a large role in the bubble forma-
tion. To test this effect, the experiment was repeated using a
glass substrate. Figure 4 shows pictures taken on glass after
0.2 ms, in presence (top) and in absence of the bead (bot-
tom). A bubble forms on glass in the presence of the bead,
but at a much higher fluence of 0.8–1 J/cm2 compared to
polyimide. When no bead is present, no bubble is observed
on glass up to 3.6 J/cm2, which is the highest achievable flu-
ence for our system. Here again, the near field intensification
of the bead lowers the bubbling threshold. The surface mod-
ification threshold fluence for glass is much higher than the
one for polyimide; this shows that the bubble is created by
the interaction of the laser pulse with the surface, and is not
formed in the bulk.

3.2 Bead movement

After elucidating the cause of the vertical movement of the
bead, the next step is to quantify the extent of that move-
ment. To do so, the images are analyzed by pattern matching,
as explained in Sect. 2.1. Trajectories for different fluences
are presented in Fig. 5 (top); this data was obtained from a
different set of experiments than the previous figures.

The bead movement consists in a quick upward displace-
ment, followed by a relatively slower return to equilibrium
position. The very fast bead movement, showed by the steep
upward part of the trajectory, corresponds to the fast bubble
formation mentioned above. The bead does not quite revert
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Fig. 3 Bubble formation on
polyimide 0.2 ms after the laser
pulse with (top) and without
(bottom) the bead. The trapping
laser power is 0.22 W and the
pictures are 6.25 µm wide

Fig. 4 Bubble formation on
glass 0.2 ms after the laser pulse
with (top) and without (bottom)
the bead. The trapping laser
power is 0.22 W and the
pictures are 6.25 µm wide

Fig. 5 Bead vertical trajectories measured at a constant trapping
power of 0.26 W. The top graph shows the full measurement set while
the bottom graph shows the linear fit on the slowly reverting motion

back for higher fluences, which is due to permanent surface
modifications that changed the local topology of the surface.

It appears from Fig. 5 that the positions above 2.5–3 µm
have a larger uncertainty. The scatter in the data origi-
nates from the measurement technique that relies on pat-
tern matching. This method has the advantage of not requir-
ing computationally-intensive curve fitting, however, there
needs to be enough difference between the images of two
consecutive calibration steps in order to precisely determine
the position. In the upper part of the calibration, i.e., above

3 µm, the images of the bead at two different heights tend
to look similar, which impedes greatly the precision in this
range. Despite this fact, the present data still show a clear
trend that can be used for further analysis.

The initial vertical displacement depends strongly on the
fluence, as shown by Fig. 5. To quantify the extent of that
initial displacement, we extract the maximum height by fit-
ting to a straight line the part of the trajectory where the
bead moves down at a seemingly constant speed, and taking
the intercept with the time t = 0 s (Fig. 5 bottom). There
are several reasons to do so: first, as mentioned previously,
the data above 3 µm has more uncertainty that the rest, there-
fore, the linear extrapolation enables greater precision in that
range. Secondly, the bubble is still present in the time win-
dow immediately following the laser pulse, which disturbs
the position measurement. Finally, using a fitted line is more
precise than using one single point at time t = 0. The max-
imum height is represented versus fluence on Fig. 6. While
no measurable movement happens at the lowest fluence, the
initial movement is about 4 µm above the equilibrium posi-
tion at 50 mJ/cm2. Figure 6 shows also the bubble diameter
measured from pictures at t = 0.2 ms. The bubble diameter
correlates with the bead maximum height, specially at low
fluences, which suggests that the bead is pushed up by the
bubble. For the higher fluence range, the bead overshoots the
bubble, possibly because the push impinged by the bubble to
the bead is strong enough to kick the bead higher than the
bubble. In conclusion, it is clear that the bead movement is
caused by the presence of the bubble.

3.3 Reverting speed

As a matter of fact, the return of the bead occurs at a con-
stant speed for the first part of the trajectory. An examination
of the force balance explains this fact. After the initial kick
from the bubble, and once the bubble has disappeared, the
bead is left a few µm away from the substrate. The forces
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Fig. 6 Maximum bead height measured as the intersection of the lin-
ear fit of Fig. 5 (bottom) with time t = 0 (blue �) and bubble diameter
measured from the images (red •)

acting on the bead are the laser scattering force, the bead-
surface repulsion, gravity, and the viscous drag force. At this
distance, the bead-surface repulsion is too weak to have an
effect on the bead and can be neglected. Gravity can be ne-
glected as well, because it is much weaker than the laser
scattering force. The only forces acting on the bead are the
vertical downward trapping laser scattering and the viscous
drag. The bead quickly reaches a terminal velocity given by
the balance of the scattering force and the drag force, given
by

Fdrag = Fscatter. (1)

As we use a Bessel beam, which has a negligible gra-
dient in the z direction for the range that we are consider-
ing here, the scattering force is constant and proportional
to the laser power P . The drag force on a rigid sphere at
low Reynolds numbers (Re ≈ 10−4 in our case) is given by
Stokes’s law [20]. Therefore, Eq. (1) becomes

6πμrv = CrpP, (2)

where μ is the dynamic viscosity, r the radius of the bead,
v the velocity, and Crp the radiation pressure constant. Crp

relates the longitudinal force experienced by the bead to the
total beam power and contains factors such as the size and
geometry of the beam. The terminal velocity is then given
by

v = Crp

6πμr
P. (3)

The velocity is therefore constant and proportional to the
trapping laser power, and is measured by fitting a straight
line to the linear part of the trajectory, as shown in Fig. 5
(bottom). The slope is v, while the intercept with time t = 0
corresponds to the maximum height reached by the bead,
discussed earlier. The linear fit holds well down to a separa-
tion distance of about 0.5–1 µm, where the bead start to slow
down. Below this distance, the sphere-surface interactions,
which are separation dependant, become important in such

Fig. 7 Bead terminal velocity in water (blue ◦) and in 20 % glycerol
(red �) in function of the trapping power. The lines are linear fits ac-
cording to Eq. (3)

Table 1 Parameters used for the calculation of Crp

Parameter Value

μ (water) 1.0 · 10−3 Pa s

μ (20 % glycerol) 2.0 · 10−3 Pa s [21]

r 3.8 · 10−7 m

a way that the bead movement is not following Eq. (3) any-
more. This last part of the trajectory contains information
about the sphere-surface interaction potential, and a detailed
description will be the object of an upcoming publication.

All parameters in Eq. (3) except Crp are known or mea-
surable, therefore, Eq. (3) offers a way to determine Crp.
To do this, the terminal velocity is measured as explained
above for various trapping power, while keeping the pro-
cessing laser fluence constant. The results of these measure-
ments is presented in Fig. 7 as v versus P .

The speed ranges from 20 to 200 of µm/s, and as pre-
dicted, increases with the trapping power. Despite some
scatter in the data that originates from the position measure-
ment, as discussed earlier, the trend is clear enough to fit
the data using Eq. (3). In order to calculate Crp, we used the
values shown in Table 1 for μ and r .

The value obtained for Crp in water is 3.0 ± 0.6 pN/W.
This corresponds to a scattering force, and to an equal and
opposite drag force at terminal velocity, of 0.8 pN at 0.26 W,
which is the case presented in Fig. 5. This order of magni-
tude is consistent with the existing literature [22].

As the drag force depends on the viscosity of the sur-
rounding medium, it is interesting to repeat the experiment
in a fluid with a different viscosity. A solution of 20 % per
volume of glycerol in water was used. In this case, the vis-
cosity was twice as large as for water (Table 1). The results
of the terminal velocity measurements are shown in Fig. 7
as well. The corresponding value for Crp in 20 % glycerol
is 3.0 ± 0.6 pN/W, which is the same as found for water.
Crp depends on the refractive index of the sphere relative
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to that of the surrounding medium. In water, this relative
refractive index is ns/nm = 1.59/1.33 = 1.20, while it is
1.59/1.36 = 1.17 in 20 % glycerol (refractive index of glyc-
erol from [23]). The difference in relative refractive index is
only a few percent. Although we did not draw on any partic-
ular model, we expect the resulting difference in Crp to be
within the measurement uncertainty.

4 Conclusions

This work sheds light on the reversible bead displacement
that occurs under certain conditions in optical trap assisted
nanopatterning. The cause of the bead movement is a gas
bubble created underneath the bead by the absorption of the
laser in the substrate. This bubble pushes the bead upward
before vanishing, following what the bead reverts back to its
original position. The measurement of the bead velocity dur-
ing the reverting part of the trajectory allows us to measure
the laser scattering force exerted by the trapping laser. In a
future work, we will analyze the portion of the trajectory
close to the surface, which contains information about the
bead-surface interaction potential. By improving the under-
standing of the interaction of near-field optical particles with
surfaces in the presence of laser irradiation, this work is not
only relevant for OTAN, but also contributes to all near-field
techniques in general.
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