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Abstract A practical approach to a well-known technique
of laser micro/nano-patterning by optical near fields is pre-
sented. It is based on surface patterning by scanning a
Gaussian laser beam through a self-assembled monolayer of
silica micro-spheres on a single-crystalline silicon (Si) sub-
strate. So far, the outcome of this kind of near-field pattern-
ing has been related to the simultaneous, parallel surface-
structuring of large areas either by top hat or Gaussian laser
intensity distributions. We attempt to explore the possibility
of using the same technique in order to produce single, direct
writing of features. This could be of advantage for applica-
tions in which only some areas need to be patterned (i.e. lo-
cal area selective patterning) or single lines are required (e.g.
a particular micro/nano-fluidic channel). A diode pumped
Nd:YVO4 laser system (wavelength of 532 nm, pulse du-
ration of 8 ns, repetition rate of 30 kHz) with a computer-
controlled 3 axis galvanometer beam scanner was employed
to write user-defined patterns through the particle lens array
on the Si substrate. After laser irradiation, the obtained pat-
terns which are in the micro-scale were composed of sub-
micro/micro-holes or bumps. The micro-pattern resolution
depends on the dimension of both the micro-sphere’s diame-
ter and the beam’s spot size. The developed technique could
potentially be employed to fabricate photonic crystal struc-
tures mimicking nature’s butterfly wings and anti-reflective
“moth eye” arrays for photovoltaic cells.
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1 Introduction

In recent years an increased interest in replicating natural be-
haviours (also known as biomimetism) has attracted a lot of
research effort [1, 2]. Research on the micro-nano-structure
of butterfly wings has shown them as natural photonic crys-
tals. This has established a strong link between the vivid
wing colours and the morphology of the wings [3]. Insects
use light manipulation as a means to signal between one
another but also for thermoregulation and camouflage pur-
poses. The object of such recent interest on natural photonic
structures has its roots in the engineered design by which
living organisms manipulate and control light to fulfil spe-
cific needs [4]. Structure periodicity dictates the way light
behaves when encountering a surface (i.e. reflection, absorp-
tion and transmission). To be able to control light in the op-
tical spectrum, structuring of materials has to be done within
the same scale typically ranging from hundred nanometres
to several micrometres. Dimensions of periodicity (1D, 2D
or 3D) affect the electromagnetic band gap of the material
in the visual wavelength range [5], which could change sur-
face colour or form anti-reflective surfaces. These surfaces
are known as “moth eye”, “nipple arrays” or “subwavelength
structures (SWS)” [6–11]. In nature they appear in the eyes
of some insects helping them to enhance the photon collec-
tion of their visual system and to reduce reflection that could
attract predators.

Vukusic found recently that nano-structures on the wing
scales of some butterflies enhance optical absorption by 90
to 95% resulting in enhanced black colouration [12]. The
explanation for such an effect is attributed to the effective
medium theory which states that a subtle change in the op-
tical impedance between two mediums will reduce Fres-
nel reflection. Many micro- and nano-fabrication techniques
could fulfil the challenge of fabricating photonic structures
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Fig. 1 Cross sectional view of
the normalised local field
distribution: (a) |E|2; (b) Re[Sz]
underneath a 5 µm SiO2
micro-sphere in air (incident
laser beam of wavelength
λ = 532 nm, pulse duration of
τ = 8 ns)

in a diversity of materials [13–24]. In the long term, only
the most economic and feasible ones will prevail as the ac-
cepted method of fabrication. We attempt to demonstrate
how a widely-recognised near-field nano-patterning tech-
nique could be used to fabricate custom-defined single-line
micro/nano-structures, or to create 2D photonic structures in
delimited areas exhibiting distinct shapes (i.e. curves, lines,
spiral forms, letters) instead of simultaneously patterning
millions of features over large areas as it has been done until
now. This novel approach is presented in this paper based on
a technique termed by other authors as a “Contact Particle-
Lens Array” technique which relies on the near-field en-
hancement effect by small particles interacting with a laser
beam.

2 Theory

In the Contact Particle-Lens Array (CPLA) technique, the
particle mask consists of a self-assembled monolayer which
offers massive, parallel nano-structuring with a signifi-
cant improvement in patterning speed under single laser
pulse radiation [25–29]. This near-field patterning mech-
anism was first identified after surface damage appeared
during the process of particle removal by dry laser clean-
ing (DLC) [30, 31]. The technique was further developed
by many authors who have studied the near-field effects of

small particles on a substrate when subjected to laser irradia-
tion [32–37]. Transparent spherical particles which compose
the monolayer are used as a lens array for focussing far-field
laser radiation. The near-field lens array produces a strong
field enhancement at each particle-sample contact point.
Due to the involvement of evanescent waves, the near-field
foci can be scaled below the diffraction limit [25, 38] i.e.
super-resolution effect. In order to show the basic physics
of the near-field focussing effect induced by a small parti-
cle, Mie’s theory modelling of the optical near field around a
single particle was carried out. Figure 1 shows the modelling
results in a cross sectional view of the normalised local in-
tensity field distribution (normalised electric field intensity
|E|2 and the real part of the z-component of normalised
Pointing vector Re[Sz]) underneath a particle (diameter of
4.74 µm, refractive index of 1.45) in air, when subjected
to an x-polarised plane wave excitation at a wavelength of
532 nm, and pulse duration of 8 ns. By comparing Fig. 1(a)
and Fig. 1(b), one can clearly see that the field distribution
of |E|2 differs from the Re[Sz] field distribution. The dif-
ference, again, arises due to the presence of the evanescent
wave components in the near-field regions. From Fig. 2(a)
and (b), it can also be seen that the focus point for such a
particle (in air) is at a position z/a = 1.2; very close to the
particle surface. It can also be seen that the near-field en-
hancement decays to half its maximum in the range from
z/a = 1.2 to z/a ∼ 1.455 which means that a sample must
be kept in near-field distance with the particle lens array for
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Fig. 2 Schematic views of: (a) experimental setup; (b) focused laser
beam scanned over the SiO2 monolayer (to scale: 5 µm diameter
SiO2 micro-sphere); (c) scanning electron micrograph (SEM) of a
self-arranged monolayer formation of 5 µm SiO2 micro-spheres

efficient patterning. It should be noted that the current sim-
ulation is limited to the simplest case of a single particle
subjected to laser irradiation based on classical Mie theory.
To include influences of substrates and neighbouring parti-

cles on the focussing and near-field distributions, numerical
modelling techniques have to be used. This approach along
with detailed information on optical near fields in different
particle-substrate systems (particle aggregates, particle on
substrate, particle in solution, etc.) has been reviewed in one
of our recent papers [39].

3 Experimental

The experimental setup is portrayed in Fig. 2(a). The used
sample is a p-type single-crystalline Si wafer, <100> orien-
tation, boron doped with resistivity of 1–10 � cm. A diode
pumped Nd:YVO4 laser system (Laserval Violino, wave-
length of λ = 532 nm, pulse duration of τ = 8 ns, and a
repetition rate of 30 kHz) was applied as the light source.
A computer-controlled three-axis Galvanometer beam scan-
ning system is attached to the laser system, allowing fabri-
cation of arbitrary patterns on the sample surface.

In the experiments, the samples were first cleaned with
acetone and methanol, followed by a de-ionised (DI) wa-
ter rinse and then dried. A drop coating method was then
utilised to deposit a uniform monolayer of silica (SiO2)
micro-spheres onto the sample surfaces. After this a hexago-
nal array of particles was formed by a self-assembly process
where the quality of the monolayer depends on many fac-
tors such as the cleanliness of the surface, wettability, tem-
perature and any environmental disturbance. The obtained
monolayer mask in our experiments is shown in Fig. 2(c),
and was in reasonably good quality over a large surface
area. The non-porous SiO2 micro-spheres (refractive in-
dex of ∼1.43–1.46, mean diameter of 4.74 µm) utilised in
our experiments were initially buffered in DI water with a
9.8 (wt%) solids content.

The prepared samples coated with particles were then
processed with a Gaussian laser beam. The laser focus is
in an elliptical shape with a spot size of ∼50 µm along
minor axis and ∼80 µm along major axis. The applied
laser fluences were set below the ablation threshold of
bare Si in the reported experiments. At laser fluences be-
low ∼200 mJ/cm2, no apparent material modification takes
place on a bare surface. However, due to the field enhance-
ment effect given by the particles, ablation took place at the
sites where micro-spheres were located, see Fig. 4. In this
way, arbitrary patterns of width in the same scale as the
beam size are composed of sub-micrometre structures due
to the combination of the conventional laser direct micro-
fabrication technique and the CPLA technique. To the best
of our knowledge, such a kind of double-scale texturing
(i.e. micro-sized patterns made of sub-micron and/or nano-
structures) is reported for the first time. Though in the past
several authors have detailed the use of focused Gaussian
beams in order to produce nano-patterns in a variety of sub-
strates [40–42], it has not been proposed yet how a focused
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Fig. 3 Optical micrograph of a micro-spheres monolayer after laser ir-
radiation by a focused Gaussian beam. SiO2 micro-spheres remained in
the surface on top of the generated sub-micro/micro-structures which
explains the change in reflectivity. Also shown is the site were a mi-
cro-sphere was removed leaving a hole behind (shown inside the cir-
cle)

beam can be scanned across a monolayer formation in order
to obtain single patterns instead of massive, parallel struc-
turing.

In the experiments the pulse repetition rate was set as
30 kHz and the scanning velocities were varied from 1000
to 5 mm/s, which resulted in multiple pulses being deliv-
ered to each spot for the lowest velocities. Although most
of the particles can be removed after a single-pulse irra-
diation, it was noticed that for the lowest fluence applied
(150 mJ/cm2) some particles remained on top of the sub-
micro-structures possibly due to a small tilt in the scanning
beam path. This can be seen in Fig. 3 in which a variation
in reflectivity is present in the locations where the Gaussian
beam was scanned. The rest of the particles that remained
in the areas where the laser beam was not scanned, were re-
moved after the process by sweeping a lens cleaning tissue
over the surface. The processed samples were characterised
by employing an Optical Microscope (OM, Polyvar MET),
a Scanning Electron Microscope (SEM, Hitachi S-3400N)
and Atomic Force Microscopy (AFM, Veeco Innova Scan-
ning Probe Microscope).

The patterns shown in Fig. 4(a–c) were generated by
the above described technique at laser fluences of 150–
200 mJ/cm2, scanning velocity of 5 mm/s and laser repe-
tition rate of 30 kHz (this implies a delivery of 300 pulses
per spot). The contrast between the laser scanned lines and
the bare substrate is given by the scattering effects of the
different generated sub-micro/micro-metre structures. The
width of the laser-scribed lines at a fluence of 200 mJ/cm2 is
∼72 µm and descends to 34 µm at a fluence of 150 mJ/cm2.
Further reductions in width are observed in Fig. 4(d) if the
scanning velocity is increased to 100 mm/s (15 pulses per
spot) which results in a 24 µm line (formed by about 5 sub-

Fig. 4 SEM images of micro-scale lines made of sub-micrometre
structures generated after a focused beam was scanned over a 5 µm
spheres array: (a) fluence of 200 mJ/cm2, scanning velocity of 5 mm/s,
line width of 72 µm; (b) fluence of 170 mJ/cm2, line width of 53 µm;
(c) fluence of 150 mJ/cm2, line width of 34 µm; (d) fluence of
150 mJ/cm2, scanning velocity of 100 mm/s, line width of 24 µm;
(e) fluence of 150 mJ/cm2, a scanning velocity of 1000 mm/s (1 m/s)
results in the individual mark for each pulse per spot; (f) fluence of
150 mJ/cm2 might also generate amorphisation of Si in the periphery
of the elliptical beam
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Fig. 4 (Continued)

micro-structures across the minor axis of the beam), this is
smaller than the laser spot size of 50 µm × 80 µm. Due to
limitations of our current system it has not been possible to
decrease the far-field focal spot size so only a single line of
particles is irradiated, but work is being undertaken in order

to further reduce such a parameter. Shown in Fig. 4(e) is the
effect of depositing only one pulse per spot in the monolayer
formation, where the elliptical shape of the beam is clearly
appreciated.

4 Discussion

The decrease in sub-micro-structure size in the lateral edges
of the laser-scribed lines seen in all the SEM images of Fig. 4
occurred due to very low fluences beneath the peripherial
micro-spheres irradiated by the Gaussian beam. Such low
fluence values also resulted in the amorphisation of Si under
the micro-spheres at these particular edges. The character-
istic “white” halo structures seen in amorphised Si [43–45]
are presented in Fig. 4(f).

The AFM image in Fig. 5(a) clearly shows the different
surface morphologies of ablated sub-micro-structures by a
focused Gaussian beam. A change in the height profile ac-
cording to the laser distribution is clearly defined from the
outer part towards the central part of the beam, where struc-
tures are at their highest because of the accumulation of
molten material in the form of a bump reaching ∼250 nm
in height. On the contrary, structures formed at the edges of
the Gaussian distribution manifest bumps of height ∼10 nm
height and craters of depth ∼10 nm.

A more accurate profile dimensional analysis was done
for different morphologies and their different profiles are
shown in Fig. 5(b–d), where it can be observed that craters,
bumps and “sombrero” shapes can be found across the ma-
jor axis of the elliptical spot. The larger structures (craters
with significant debris around them and bumps formed by
debris accumulation) were formed when the central part
of the beam was scanned over the contact particle lens ar-
ray. Their formation is clearly related to the near-field en-
hancement given by the contact particle lens array when
irradiated by the laser beam. Considering the laser inten-
sity near-field enhancement under the micro-spheres and the
employed nanosecond laser, photo-thermal ablation in the
form melt-expulsion/redistribution could be acknowledged
as the material removal mechanism in this process [46–48].
Smaller bumps like the one shown in Fig. 6 can be found in
the periphery of the ablation spot, the formation mechanism
in this case is different and can be explained by a lower in-
tensity enhancement that can cause convective fluxes inside
the melt pool due to surface tension (thermo-capillary ef-
fect) [49].

Different computer designed patterns could be eas-
ily transferred to the samples by utilising the integrated
galvo-scanning system. The obtained results are shown
in Fig. 7(a–d), where a high contrast in the images is
given by the scattering effects of the laser-generated sub-
micro/micro-metre structures described above. This pattern-
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Fig. 5 (a) Atomic force
microscopy image of a
micro-scale line formed by
sub-micrometre structures and
the respective height profile
across the width of the line,
which shows a variation in
structure height according to the
laser intensity distribution;
(b–d) Different height profiles
of some of the structures found
along the beam’s intensity
distribution
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Fig. 5 (Continued)

Fig. 6 SEM image of a Si nano-bump found in the periphery of the
ablation spot size

ing technique is intended to be further developed in order to
decrease the line lateral dimension by employing a tighter
spot size and smaller micro-sphere diameters. In Fig. 8, the
ideal scanning path of a focused beam over a pre-defined
pattern is portrayed and it could be made possible if the spot
size is further reduced so only a single micro-sphere is irra-
diated by one pulse at a time. This could lead to the produc-
tion of lines or features made of nano-structures assuming
that the correct parameters are selected (i.e. fluence value,
micro-sphere size). Moreover, by consecutively changing
the angle at which the beam reaches the micro-spheres ar-
ray and by delivering several pulses at the same location,
continuous lines with a lateral dimension below the diffrac-

tion limit could be generated by connecting several ablation
sites under the same micro-sphere. So far this technique of
using an angular laser scanning beam over a self-assembled
monolayer has been used to produce millions of arbitrary-
shaped nano-patterns in a parallel manner [50], but it could
be further extended to obtain only single lines or patterns if
a tight focus spot is employed to irradiate fewer or only one
micro-sphere along its scanning path. The sub-micro/micro-
structures obtained in this paper can be refined to attain
specific dimensions in diameter, depth, shape, and period-
icity so they can be used as anti-reflective surfaces for solar-
cell applications or as photonic structures with a structural
colour function to be employed as pixels in reflective colour
displays [51]. More applications include the fabrication of
single nano-channels and soft-marking of materials in which
size of marks is crucial.

5 Conclusion

We have presented an extended application for a near-field
laser nano-fabrication technique that combines conventional
direct laser micro-processing and a particle-assisted laser
nanofabrication technique to generate micro-patterns that
are composed of sub-micrometre/micro-structures. This was
demonstrated by rapid scanning a focused Nd:YVO4 laser
beam over a self-assembled particle lens array of SiO2

micro-spheres on top of a Si surface, however more work
is being undertaken in order to produce finer micro/nano-
patterns. The obtained sub-micrometre patterns have the po-
tential to replicate natural photonic crystals, such as the
“moth eye” and “butterfly wing scale” structures.
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Fig. 7 (a–b) Laser-scribed patterns made of sub-micrometre struc-
tures when a focused laser beam was scanned over a 5 µm SiO2 mono-
layer at a fluence of 170 mJ/cm2. Patterns are visible due to the scat-
tering effects of the sub-micro/micro-structures
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Fig. 7 (Continued)

Fig. 8 SEM micrograph of a self-assembled monolayer of SiO2 mi-
cro-spheres and the proposed scanning path of a focused beam in or-
der to fabricate micro/nano-arbitrary patterns by employing the CPLA
technique
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