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Abstract
Although laser surface nanopatterning by particle lens arrays (PLA), utilizing near-field
enhancement, has been extensively utilized previously, a suitable technique for the deposition
of PLA on the curved surface of a cylinder was not available. In this paper, a novel technique
for nanopatterning on curved surfaces using PLA is demonstrated. In the proposed technique,
a hexagonal closed pack monolayer of SiO2 spheres is first formed by self-assembly on a flat
glass surface. The formed monolayer of particles is then picked up by a flexible optically
transparent sticky surface and placed on the substrate to be patterned. A 532 nm wavelength
Nd : YVO4 laser was used to irradiate the substrate with the laser passing through the flexible,
transparent surface and the particles. Experimental investigations are made to ascertain the
properties of the patterns. In addition, the optical near-field distribution around the particles is
numerically simulated. The proposed technique is validated for nanopatterning of the curved
surface of a cylinder.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The surge in the development of miniaturized devices over
the last two decades has led to further research in novel
manufacturing techniques on nano and even atomic scale.
With the reducing size of devices, surface patterning is also
gaining considerable importance. Within the last three decades
lasers have been extensively used for surface patterning at
micrometre scale [1–3]. However, due to the diffraction
limit, light cannot be confined to a lateral dimension smaller
than half its wavelength [4] and this limits the direct use
of laser in nanopatterning. One method for overcoming
this limitation is to utilize the near field. Laser processing
in the near field can generate features with sizes below
100 nm [5]. Several techniques for utilizing near-field effects
have been developed such as near-field scanning optical
microscope (NSOM) patterning [5, 6], laser in combination
with scanning probe microscopy (SPM) for tip patterning [5,
7, 8] and plasmonic lithography [5, 9, 10]. However, all these
techniques share the same disadvantages of low throughput

and the sophisticated equipment required to control distances
between optical components and the workpiece to within
several hundred nanometres. Hence, there is an urgent need
for a low cost, high speed nano-processing technique which
could satisfy the industrial demands.

One near-field technique which was introduced recently is
the particle lens arrays (PLA) technique. With this technique
features can be generated in parallel over large areas at a very
high speed. In this technique particles are first deposited over
the surface to be patterned in the form of a monolayer array
by self-assembly. The monolayer of particles is generated by
drying a solution of the particles spread over the substrate.
During the drying process, the particles arrange themselves
in a monolayer array due to capillary forces [11]. The self-
assembly process is heavily dependent on the surface quality.
Monolayer can only be generated on flat, smooth, hydrophilic
surfaces [12, 13]. The surface with the monolayer array is
then scanned by a laser. From the interaction of the laser with
the particles, evanescent waves are generated in the near field
[14]. The high intensity evanescent waves in the near field are
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utilized for surface patterning. Thus the laser is effectively split
into hundreds of high intensity spots with nano-size diameters,
each generating a feature on the substrate surface. These nano-
size features can be generated in parallel on the substrate with
a very high speed, typically several million similar patterns in
a few seconds. Moreover, angular beam scanning of the PLA
can be utilized to create high-density, user-defined patterns and
features [15].

Although patterning by PLA is an efficient technique, its
industrial applications are limited because the monolayer, and
hence the process, can only be applied to ideal surfaces, i.e. flat,
smooth and hydrophilic. To the best of the authors’ knowledge,
there is no known method which could deposit particles on a
non-ideal surface. To overcome this problem, it is proposed in
this paper that a monolayer is first deposited on an ideal surface
and then transported to a non-ideal surface (curved surface of
a cylinder) for patterning.

Although attempts have been made previously by
Burmeister et al [12, 13] to transport a monolayer of PLA
but the process required sophisticated equipment. Moreover,
the process was applicable only to polystyrene particles
and patterning was not demonstrated. Recently, O’Connell
et al [16] devised a method by which they transported a
monolayer array and utilized it for surface patterning but
their procedure was only applicable to the patterning of a
smooth and flat surface. In our work presented in this paper,
a monolayer of silica particles is first deposited on a flat,
smooth and hydrophilic glass surface using a conventional
method. A flexible sticky surface (referred to as the ‘ribbon’)
is pressed/superimposed on top of the monolayer and then
peeled off in such a way that the particles are mounted and
adhered to the ribbon. The sticky surface is then placed
around the curved surface of a Ti tube and irradiated by a
laser which passes through the ribbon. It is shown that good
quality, large area nano-patterns are generated which are then
investigated by scanning electron microscopy (SEM) and 3D
optical microscope.

The novelty of the technique proposed in this paper is that
it is simple, fast and allows large area monolayer arrays to
be transported, is not restricted to low melting point materials
(as initially expected), is independent of the material of the
particle. Also, it does not require long waiting periods for
drying of the particles’ solution on the surfaces to be patterned.
It is expected that with this technique surfaces that might be
damaged by water drying on them can also be textured. Also it
is expected that surfaces with hydrophobic characteristics can
also be patterned.

2. Experimental procedures

2.1. Materials

The curved surface of a high-purity Titanium (Ti) tube
(diameter = 1 cm, refractive index η = 1.8465 + 2.5365i)
was chosen as the surface to be patterned. As a solution of
the particles cannot stay on the curved surface of the tube,
the formation of a monolayer of PLA by self-assembly is not
possible. To the best of the authors’ knowledge, there is no

known method by which a monolayer could be formed on this
surface. Moreover, the reason for choosing Ti in this study is
to demonstrate that the proposed technique works for materials
with high melting point and that the surface of such materials
can be textured without melting the ribbon (flexible surface).
This demonstration is essential as it is normally thought that for
materials with high melting point there may not be a feasible
window for the laser fluence to pass through the ribbon surface
without damaging it and still have sufficient intensity to texture
the surface. Pure Ti has a melting point of ∼1870 ◦C [17]
which is 480 ◦C higher than that of one common stainless steel,
316L ∼1387 ◦C [18]. Therefore, if the technique is successful
for Ti patterning, it can be expected to work satisfactorily for
a wide range of materials.

The PLA is formed from silica spheres (Bangs
Laboratories; approximate diameter 2a = 4.74 µm, refractive
index η = 1.51). A glass slide (Agar Scientific, soda lime
microscope glass slide) was used as the smooth surface for
the preparation of a PLA monolayer. The ribbon used for the
transportation of particle array monolayer is carefully chosen
to be a flexible, thin, transparent (to a 532 nm laser) plastic
(Biaxial oriented polypropylene, thickness 45 µm) with an
adhesive resin (polyolefin) for firmly securing the particle
monolayer array. The choice of the material of the ribbon
is guided by the requirement that the maximum laser intensity
is transmitted through the ribbon and it is flexible to conform
to the profile of the curved surface.

2.2. Equipment

A spectrophotometer (Analytik Jena-Specord 250, 200–
1100 nm) was used for measuring the optical properties of the
ribbon.

The irradiation of the sample for patterning was carried
out by a diode pumped Nd : YVO4 laser (Laserline-Laserval
Violino, wavelength λ = 532 nm, pulse duration τ = 7 ns and
repetition rate from 1 to 30 kHz, s-polarized).

Characterization of the sample was conducted by SEM
(Hitachi High Technologies-S-3400N) and a 3D optical
microscope (Alicona Infinite Focus). SEM was used for
surface topography and the 3D optical microscope was used
for measuring the depth of the patterns.

2.3. Glass cleaning

The glass slides were first cleaned by soapy water. In order to
remove organic residue and oils, the glass was first sonicated
in warm acetone (at 55

◦
C) and then in methanol, respectively,

for 10 min each. The samples were rinsed with deionized (DI)
water and treated by a (1 : 3) solution of nitric acid and water for
24 h for making them hydrophilic. The samples were finally
rinsed with DI water and dried by flow of N2 gas [19].

2.4. PLA monolayer preparation and transportation

The deposition of particles was carried out with a slight
modification in the method developed by Micheletto et al [20]
who used a Peltier cell for temperature control. As they found
the change in results with temperature to be very small so a
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Figure 1. A schematic representation of the transfer of the particles.
(a) Monolayer formed on the surface of glass. (b) Ribbon is placed
on monolayer array and pressed. (c) Ribbon is lifted from the glass
surface along with the monolayer. (d) Ribbon is wrapped around the
Ti tube.

Peltier cell was not used. In this work a diluted solution of
contact particles was used for monolayer deposition. Drops of
the solution were applied on the cleaned surface of the glass.
The glass was then placed in an airtight box and slightly tilted
(by 9◦) for easy nucleation. The solution was dried at room
conditions which normally takes 24 to 36 h. During the drying
process, the particles arranged themselves in hexagonal closed
shape array under capillary forces [11].

The monolayer formed on the surface of the glass was
transferred with the help of the ribbon. The ribbon was placed
on the monolayer array directly from above and pressed gently.
The thin layer of glue secured the particles to the ribbon. The
ribbon was then gently lifted and with it the particles were also
lifted as a complete monolayer array. Even though the particles
adhered strongly to the glass, the resin was chosen to be of
sufficient adhesion quality to lift the particles [21]. The ribbon
was then wrapped around the curved surface of the Ti tube for
patterning. The surface of the tube was thus effectively covered
by the particle monolayer array. A schematic representation
of the procedure is shown in figure 1 and particles adhered to
Ti tube with the ribbon are shown in figure 2.

Figure 2. Ti tube sample wrapped with ribbon before laser
processing.
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Figure 3. Transmission spectrum of light for the ribbon.

2.5. Laser patterning

As the ribbon cannot be removed after the transfer of
the particles to the curved surface, the properties of the
ribbon were chosen such that it was transparent to the laser.
The transmission spectrum of the ribbon measured by the
spectrophotometer is shown in figure 3. The transmission of
the ribbon remains above 90% for wavelengths between 320
and 1100 nm. At a wavelength of 532 nm the transmission is
observed to be 93%.

During irradiation, laser beam passed through the ribbon
and by interaction with particles evanescent waves with high
intensity spots were generated in the near field. Each of the
high intensity spots generated a feature on the curved surface
of the tube. Since the generation of features on the surface
is heavily dependent on the relative angle between the laser
and the surface, only a thin long strip along the length of the
tube was scanned at a time. The scanned area was chosen
such that the laser made an angle of about 15◦ (15 ± 2) to
the surface. The tube was then rotated and again the area at
the required angle was scanned. It is obvious that the entire
surface of the tube cannot be scanned in a single run because
the relative angle between the laser and the tube surface varies
due to the profile of the tube surface, as shown in figure 4(a).
The scanned area of the tube surface is shown in figure 4(b).
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Figure 4. (a) Variation of laser angle over the profiled surface.
(b) Scanned area over the tube surface.

3. Results and discussion

To understand the optical near-field distribution around the
particles, we have used finite difference in time domain
(FDTD) method to calculate the intensity fields. For
computational simplicity, only seven particles in a hexagonal
array form were simulated. This obviously differs from
the real particle array system which contains millions of
particles. However, the intensity enhancement resulting from
the generation of evanescent waves in the near field can be
clearly identified in the simulation. The s-polarized beam was
incident at an angle of 15◦ with an open boundary condition
applied to all boundaries. A schematic representation of the
simulated configuration is shown in figure 5. Normalized
local field distribution (|E|2) underneath the hexagonal array
of particles is shown in figure 6. Intensity enhancement in the
range of 130 is predicted. It can be seen that the maximum
field intensity is just outside the particle and decays along
the incident path but due to a small incident angle (15◦), the
intensity on the surface of the substrate still remains close to
130. Because of the small incident angle of the laser, the holes
are not located exactly at the particle–substrate contact point
but are a small distance away from it [15]. More information

Figure 5. Schematic diagram of the simulated configuration.

on the near-field modelling can be found in the work done by
Wang et al [22].

The scanning of the sample is carried out by a focused
Gaussian beam with a diameter of 55 µm, pulse duration of τ =
7 ns, scan speed of 0.8 m s−1 and a frequency of 30 kHz. The
scanning of the sample at a high fluence of 0.97 J cm−2 resulted
in damage to the ribbon even though it had a transmission
of 93%. Debris was deposited on the sample from the
damaged ribbon surface, visible in figure 7(a). The laser
fluence was reduced but debris was deposited at fluence above
0.379 J cm−2. At fluence lower than 0.379 J cm−2 features
were generated on the Ti surface shown in figures 7(b) and (c).
Although the lowered laser fluence was kept below the damage
threshold of the ribbon, it was still sufficient to texture the
surface after intensity enhancements by the particles. It clearly
shows that the laser effectively passed through the transparent
surface which was holding the particles in place and was
enhanced (intensity enhancement) by the particles to generate
patterns on the Ti surface. The spacing between the features in
figure 7(c) is about 4.74 µm which corresponds to the diameter
of the particles used. The surface of Ti is also not ideally
smooth. A 3D optical microscope was used to determine the
depth of the patterns generated on the Ti surface. The depth
of patterns was found to be between 200 and 250 nm and the
diameter between 1 and 1.2 µm. The results are shown in
figure 8. An area of 100 mm2 was scanned and good quality
features were generated on the entire scanned area. With
a further reduction in laser fluence to 0.223 J cm−2 features
were generated on the Ti surface with diameter around 437 nm
shown in the inset of figure 7(c). No features were observed
at fluence lower than 0.223 J cm−2. This was because the
intensity enhancement by particles at much reduced fluence
was not sufficient to ablate the Ti surface.

Since the patterning of Ti has been successfully
demonstrated, it can be expected that the technique would
work for materials with a wide range of melting points. In
addition, although patterning of only a curved surface of a
cylinder is demonstrated here, due to the flexibility of the soft
ribbon used in the proposed technique, in principle, particles
can be attached to any type of surface including spherical,
pyramidal or pre-patterned surfaces and then irradiated by a
laser beam for patterning.
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Figure 6. |E|2 Field distribution across three particles in the XZ-plane.

Figure 7. (a) Debris on the Ti surface at a fluence of 0.45 J cm−2.
(b) and (c) SEM images of patterns generated on the Ti surface at
0.379 J cm−2. Inset shows the pattern generated at 0.223 J cm−2.

4. Conclusions

A simple technique for the transportation of PLA and its
successful use for patterning a high melting point, curved
surface of a cylinder has been demonstrated. A combination of

Figure 8. 3D optical microscope results (a) Depth projection across
a sectional profile of the generated feature. (b) Patterned surface.

conventional PLA deposition technique on an ideal surface and
a ribbon (sticky, flexible, transparent surface) for transportation
of a monolayer array makes the proposed technique simple,
fast and easy to implement for patterning the curved surface
of a cylinder. In this study, a good quality array of patterns
was generated and characterized by SEM and a 3D optical
microscope; the inter-feature spacing and the dimensions of the
features correlated well with the dimensions of particles used.
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