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Parallel nanostructuring of substrate surface with particle-mask is a promising technology that may
significantly improve the patterning speed under single laser pulse irradiation. In this paper, the
influence of the incidence wave angle on the pattern structures is investigated. Polystyrene spherical
particles were deposited on the surface in a monolayer form by self-assembly. The sample was then
irradiated with 248 nm KrF laser at different incidence anglesa. It is found that nanostructures can
be formed at different positions with different incidence angles. Both round-shape and comet-shape
nanostructures can be produced. By varying the incidence angles, the depth of the nanostructures
can also be controlled. To explain the different nanostructures produced at different angles, the
intensity field distributions under the particle were calculated according to an exact model for light
scattering by a sphere on the substrate(P. A. Bobbert and J. Vlieger, Physica A137A, 209 1986).
The main equation in the original model was reformed for the ease of numerical simulation. A
method was proposed to calculate the total electric and magnetic field as an extension to the model.
The theoretical results are in good agreement with the experimental results. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1786652]

I. INTRODUCTION

Laser-induced near-field patterning of surface at a reso-
lution far below the diffraction limit has attracted more and
more attention in recent years due to its extensive potential
applications in high-density data storage and high-resolution
optical lithography for nanodevice fabrication.1 In most near-
field techniques, the subwavelength resolution is achieved by
placing a small aperture between the recording medium and
light source. If the aperture-to-medium separation is con-
trolled at a distance much smaller than the wavelength, the
resolution will be determined by the aperture size instead of
the diffraction limit.2 This technique is used in the scanning
near-field optical microscope(SNOM) system: a single hol-
low optical fibre with a small aperture at its end is used to
deliver the laser beam.3 Due to the near-field optical en-
hancement effect at the tip, the SNOM system is able to
perform surface modification in a nanoscale of different
kinds of materials. However, this approach is difficult to
implement in an industrial application due to sophisticated
hardwares to control the near-field distance and low through-
out. One promising approach that could lead to massively
parallel nanostructuring was demonstrated by using particle-
mask to pattern a solid substrate.4–7 The technique employs a
regular two-dimensional (2D) array of microspheres/
nanospheres to focus the incident laser radiation onto the

substrate. It permits single step surface patterning of thou-
sands or millions submicron holes on the substrate with a
single or a few laser shots. The energy conversion efficiency
by particle microlens/nanolens is close to 100%, which is
significantly higher than that in SNOM systems10−4–10−5d.1

However, all of the previous studies were performed under
the normal incidence condition, e.g., the laser beam path is
perpendicular to the sample surface. The produced nano-
structures are formed at positions where spheres originally
located. It would be interesting to see the difference between
the nanostructures produced by normal incidence wave and
angular incidence wave, as that could allow one to produce
different nanostructures and to control the nanostructure po-
sitions. In this article, we will show the experimental evi-
dences on the angle effect in laser nanopatterning with the
particle-mask. Since the intensity field distribution is respon-
sible for the formation of nanostructures, exact examination
of these field distributions is very important. The limitation
of most previous studies4,7 lies in the use of conventional
Mie theory for the theoretical modeling, and thus the influ-
ence of the substrate on the field distribution is neglected. In
this paper, we will calculate the exact field distribution under
the particle based on the model developed by Bobbert and
Vlieger (hereinafter referred as the BV theory). Some exten-
sions have been made to the BV theory in order to numeri-
cally evaluate the total electric and magnetic fields in the
optical near field.

Following this section, experimental details and results
will be firstly given. After that, the BV theory is summarized
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and the extensions to the model will be presented in details.
Finally, the calculated theoretical pictures are compared with
the experimental results.

II. EXPERIMENTAL DETAILS

The sample is a 100 nm-thick Ge2Sb2Te5 (GST) film
coated on a 0.6 mm polycarbonate substrate. Initial state of
the as-deposited film is amorphous. Refractive index of the
film is about 1.8049+2.0657i. Melting point of the film is
616 °C. Monodisperse Polystyrene(PS) particles(Duke Sci-
entific Corp.) with a diameter of 1.0mm were used. They are
transparent to ultraviolet(UV) light. Particle suspension was
diluted with de-ionized(DI) water and deposited on GST
substrate with a dispenser. The sample was then stored inside
a refrigerator at 10 °C for 1 h until all the water solvent was
evaporated. A KrF excimer pulsed laser(l=248 nm, full
width at half maximumsFWHMd=23 ns) was used as a light
source. The output laser light is nonpolarized and has a rect-
angular beam shape. A lens of 500 mm focal length focuses
laser beam onto the sample mounted on a holder, which is set
inside a small vacuum chamber. The holder can be rotated to
change the laser incidence angle on the sample surface, as
shown in Fig. 1. The intensity incident on the substrate is
controlled by placing the sample holder at different focus
positions. The minimum spot size is around 10 mm in length
and 2 mm in width. With a single pulse irradiation, the dam-
age threshold for the GST sample is around 12.0 mJ/cm2.
Four different incidence angles were examined in this study,
e.g., a=0°, a=30°, a=45°, anda=60°. The normal inci-
dence corresponds toa=0°. Different laser fluences were
used to study the laser energy dependence of the nanostruc-
tures formed on GST material. The GST surface after the
laser nanostructuring was characterized by a scanning elec-
tron microscopy(SEM: Hitachi S4100) and the depths were
measured by an atomic force microscopy(AFM: Nanoscope
D5100).

III. RESULTS AND DISCUSSIONS

A. SEM and AFM results

In the experiments, it is found that most of the PS par-
ticles are removed from the substrate surface at normal inci-
dence. As the incidence angle increases, a higher percentage
of the particles are left on the sample surface. For 1.0mm

particles, they are attracted to the surface by van der Waals
force, which occurs due to dipole interactions. The particles
are removed from the GST substrate surface due to the ther-
mal deformation force and/or the ablative force exceeding
the particle-surface adhesion force.8 At different incidence
angles, the substrate thermal deformation could result in dif-
ferent “lifting effects” of the particles, which significantly
affect the intensity field distributions around the particle.8 In
the following, we describe the experimental results in two
parts: First, the patterns formed under the removed particles
will be given, and then the patterns formed around the unre-
moved particles at different incidence angles will be pre-
sented.

Figure 2 shows the SEM images of nanodent structures
formed on the GST film under the removed particles after
one laser pulse irradiation at a laser fluence of 7.5 mJ/cm2

and at different incidence angles of(a) a=0°, (b) a=30°, (c)
a=45°, and(d) a=60°, respectively. At normal incidence,
one can see from Fig. 2(a) that the formation of sombrero-
shape bumps with an outer rim under the removed spheres.
The 3D AFM profile and 2D depth profile of this nanostruc-
ture are shown in Fig. 3(a) and 3(b), respectively. The height
of the outer rim and the center bump are about 35 nm. The
formation of such nanostructure is related to the surface ten-
sion gradients caused by the inhomogeneous temperature
distribution within the heated layer.9,10 It leads to Marangoni
convection (thermocapillary effect). When the incidence

FIG. 1. Schematic showing of experimental setup and choice of coordinate
system.z-axis is perpendicular to the substrate surface.x-axis is along pro-
jection direction andy-axis is perpendicular tox-axis.

FIG. 2. SEM images of nanodent structures formed on the GST film under
the removed particles after one laser pulse irradiation at different incidence
angles of(a) a=0°, (b) a=30°, (c) a=45° and(d) a=60°, respectively.
Laser fluence is 7.5 mJ/cm2. Scale bar is 1.0mm.

FIG. 3. 3D AFM image and 2D AFM profile of the nanodent structure in
Fig. 1(a).
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angle increases to 30°, we found that sombrero-shape struc-
tures disappear and “clean” bowl-shape nanodents can be
obtained[Fig. 2(b)]. As we have shown previously that the
nanodents change their shapes at different laser energies at
the normal incidence for the GST material: bowl-shape nano-
dents at low laser fluences and sombrero-shape nanodents at
high laser fluences.9 The formation of the bowl-shape nano-
dents at 30° in present study, therefore, indicates the intensity
field under the particle is lower than that in the normal inci-
dence case. The depths of the bowl-shape nanodents are
around 50 nm. On the other hand, the center locations of
these nanostructures are found to be shifted from the contact-
ing point to a position around 250 nm away, as indicated by
the circle mark in Fig. 2(b). When the incidence angle in-
creases to 45°, it is found that the bowl-shape nanodents
become shallower with a depth around 40 nm[Fig. 2(c)].
The centers of these nanodents are shifted from the contact-
ing point to a position around 450 nm away. As angle in-
creases further to 60°, the depth of the nanodents decreases
to around 20 nm and the center shifted from the contacting
point to a further position around 800 nm away. Interest-
ingly, it is observed that Fig. 2(d) is different from Fig. 2(c)
with the formation of a 50 nm-diameter hole at the edge of
each bowl-shape nanodent. As will be shown below, this is
because of the asymmetry intensity field distribution on the
substrate surface at 60° incidence. Figure 4 summarizes the
measured nanodent center shift distance at different inci-
dence angles. As can be seen, the experimental data(solid
line) are very close to the theoretical values ofRadius
3 tansad given by geometrical optics(dashed line).

For the unremoved particles, interesting patterns are ob-
served in the surrounding regions at 45° and 60° incidences.
Figure 5 shows the SEM images of the patterns formed on
the GST film around the unremoved isolated particles at dif-
ferent incidence angles and laser fluences, e.g.,(a) a=45°,
7.5 mJ/cm2, (b) a=60°, 7.5 mJ/cm2, (c) a=45°,
10.5 mJ/cm2, and (d) a=60°, 10.5 mJ/cm2, respectively.
From Figs. 5(a)–5(d), it can be observed that comet-shape
ring patterns are formed around the unremoved particles at

45° and 60° incidences. The particles are stayed on the lobe
of the patterns instead of the centers. The patterns are not
linked together with some broken fine structures at a laser
fluence of 7.5 mJ/cm2. When the laser fluence increases to
10.5 mJ/cm2, the broken parts disappear and the patterns are
linked together continuously. Meanwhile, the higher-order
rings around the particles start to appear at a laser fluence of
10.5 mJ/cm2. The first ring in Fig. 5(c) corresponds to the
ring observed in Fig. 5(a). The absence of these higher-order
rings in Fig. 5(a) is due to the insufficient intensity of these
rings to induce the patterns on the substrate surface. It is also
observed in the experiments that the presences of the neigh-
boring particles affect the comet-shape ring patterns. For
many unremoved particles gathering together, the patterns
can only be observed around the particles located at the
edges. The influences of neighboring particles make the the-
oretical analysis of the problem complicated. In present
study, we will limit the understanding of the intensity field
distribution to isolated particles. Near field intensity distribu-
tions under the particle based on a “particle-on-substrate”
model in an exact form are calculated to explain the experi-
mental results.

B. Theoretical calculation of optical near field around
a particle

To examine the optical near field around a small particle,
we use the BV theory for light scattering by a sphere on the
substrate.11 BV theory is an extension to the classical Mie
theory12 by including the multiple scattering and reflection
processes between substrate and particle. The main govern-
ing equation in BV theory is

WS= BsVI + VIR + VSRd, s1d

where WS represents the scattering wave,VI the incidence
wave,VIR the reflected incidence wave, andVSR the reflected
scattering wave. TheB matrix is exactly same as that in the
Mie theory. TheVSR wave andWS wave are linearly related
by a matrixA which characterizes the reflection of spherical
waves by the substrate,

FIG. 4. Dependence of nanodent center shift distance on incidence angle.
The solid line represents experimental data and the dashed line represents
the calculated value ofRadius3 tansad from the conventional geometrical
optics.

FIG. 5. SEM images of comet-shape patterns formed on GST film around
un-removed particles at different angles and laser fluences,(a) a=45°,
7.5 mJ/cm2, (b) a=60°, 7.5 mJ/cm2, (c) a=45°, 10.5 mJ/cm2, and (d) a
=60°, 10.5 mJ/cm2. The dashed lines show the different orders of the rings.
Scale bar is 1.0mm.
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VSR= AWS. s2d

From Eqs.(1) and (2), one can find that the formal solution
is

WS= s1 − BAd−1BsVI + VIRd. s3d

Thus, the technical problem is related to the calculation of
the “scattering reflection matrix”A and the inverse matrix
s1−BAd−1 in Eq. (3). The A matrix is obtained from the
generalization of Weyl integration method by which the
spherical scatteringWS wave is expressed as an integral over
plane waves traveling into various directions:11

Al8,m8,f8,l,m,f = i l8−1Î 2l8 + 1

l8sl8 + 1d
s− 1dm−1dmm8

3E
0

p/2−i`

sina da e2i q cosaal8,f8,l,f
m sad.

s4d

To the best of our knowledge, the numerical evaluation
of the optical fields based on the BV theory is mainly applied
to the far-field scattering problems up to date.13,14 In the far
field, theoretical formula can be significantly simplified due
to the fact that radial componentssEr ,Hrd of these fields tend
to zero, as shown by Bobbertet al. and Kimet al.13–15How-
ever, in the near field, the radial component is comparable to
the angular components and thus cannot be neglected. Mean-
while, due to the presence of radial components, the reflected
scattering waveVSR in the near field cannot be evaluated by
the method proposed in the BV theory. As an extension to the
BV theory, we propose that the total field in the optical near
field can be calculated by constructing the total Debye po-
tentials as

fDsr,u,wd = o
l=1

`

o
m=−l

l

hf fsVl
mdI + fsVl

mdIR + fsVl
mdSRg j lskrd

+ fsWl
mdShl

s1dskrdjYl
msu,wd, s5d

where j lsrd=Îpr /2Jl+1/2srd andhl
s1dsrd=Îpr /2Hl+1/2

s1d srd are
spherical Bessel and Hankel functions, respectively.Yl

msu ,wd
is the spherical harmonic of degreel and orderm, following
the notations in BV theory. The indexf in Eq. (5) can be
eseDd or hshDd, representing the electric Debye potential and
magnetic Debye potential, respectively. In the BV theory, an
idea is given for the evaluation offsVl

mdSR matrix: First, one
should calculate the scattering electric and magnetic fields
from Eqs.(1)–(4) and consequently repeat the Weyl integra-
tion to decompose the scattering field into plane waves to
calculate the reflection scattering field. This method requires
the calculation ofA matrix in a complete form, which in-
volves all possible orders ofsl ,md andsl8 ,m8d. Although the
idea is clear, developing numerical program fulfilling it
seems rather difficult:(1) the calculation time is extended by
a factor ofl83 s2l8+1d and (2) l8 should be truncated at an
appropriate order to ensure the convergence conditions. To
overcome this problem, here we propose a method to com-
pute fsVl

mdSR matrix: First, we rewrote Eq.(3) into the fol-
lowing alternative form:

esWl
mdS= Bl8,m8,e;l,m,eseVl

m − Al8,m8,h;l,m,hBl8,m8,h;l,m,h
eVl

m

+ Al8,m8,e;l,m,hBl8,m8,h;l,m,h
hVl

md/Gl8,m8,l,m, s6ad

hsWl
mdS= Bl8,m8,h;l,m,hsAl8,m8,h;l,m,eBl8,m8,e;l,m,e

eVl
m

− Al8,m8,e;l,m,eBl8,m8,e;l,m,e
hVl

m + hVl
md/Gl8,m8,l,m,

s6bd

where

Gl8,m8,l,m = 1 − sAl8,m8,h;l,m,h

+ Al8,m8,e;l,m,hAl8,m8,h;l,m,eBl8,m8,e;l,m,ed

3Bl8,m8,h;l,m,h

+ Al8,m8,e;l,m,eBl8,m8,e;l,m,esAl8,m8,h;l,m,h

3Bl8,m8,h;l,m,h − 1d s6cd

and
eVl

m = esVl
mdI + esVl

mdIR, hVl
m = hsVl

mdI + hsVl
mdIR s6dd

In practice, we found that such reformation is beneficial for
programming and more efficient in term of calculation speed
since it does not involve further operation of matrix inver-
sion. After we getSW matrix, the fsVl

mdSR matrix will be
calculated by

fsVl
mdSR=

u fsWl
mdS

u fBl
m − fsVl

mdI − fsVl
mdIR. s7d

Since fsWl
mdS matrix has a simplified form(l8 ,m8 orders are

limited to l8= l ,m8=m) due to the presence of KroneckDelta
functionsdl,l8, dm,m8 in the B matrix, there is no requirement
to calculate all possible orders ofsl ,md and sl8 ,m8d. Apply-
ing this method, Eq.(5) can be simplified as

fDsr,u,wd = o
l=1

`

o
m=−l

l HF u fsWl
mdS

u fBl
m G j lskrd

+ fsWl
mdShl

s1dskrdJYl
msu,wd s8d

Finally, the total electric and magnetic field components
[spherical coordinatesr ,u ,wd] can be calculated from the
scalar Debye potentials by

Er = S ]2

]r2 + k2DsreDd, s9ad

Eu =
1

r

]2

]u]r
sreDd +

ik

r sinu

]

]w
sr hDd, s9bd

Ew =
1

r sinu

]2

]w]r
sreDd −

ik

r

]

]u
srhDd, s9cd

Hr = S ]2

]r2 + k2DsrhDd, s9dd

Hu =
1

r

]2

]u]r
srhDd −

ik

r sinu

]

]w
sreDd, s9ed
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Hw =
1

r sinu

]2

]w]r
srhDd +

ik

r

]

]u
sreDd. s9fd

A computer program was written incorporating the
aforementioned BV theory. The required spherical Bessel
and Hankel functions for arbitrary orders are evaluated using
the technique presented by Germer,15 e.g., recursion relation-
ships for the low orders and Taylor series formulization for
the high orders. This special technique is necessary for the
problems involving orders much higher than the conven-
tional truncating orderslmax=x+4x1/3+2d.16 The required
spherical harmonic functions are evaluated using derived re-
cursion formula based on the associated Legendre function
recursion relationships presented by Presset al.17 To ensure
the convergence conditions in Eqs.(6a) and (6b), theA ma-
trix is firstly calculated for orders much larger thanx+4x1/3

+2, and consequently use parts of them for smallerlmax. The
angle effect parameters, such as the light incidence anglesad
and the polarization directionsbd are taken into account by
the fVl

msa ,b ,gdI and fVl
msa ,b ,gdIR functions in Eq.(6d).

Since the laser source is nonpolarized in this study, the final

near-field intensity field9,18 I =Sz (z-component of the Poyn-
ting vector) could be considered as the total of the intensity
fields calculated for polarization angles ofb=0° (half-
intensity p-polarized component) and b=90° (half-intensity
s-polarized component). In the following, theoretical figures
are presented and compared with experimental results.

Figure 6 shows the calculated intensity fieldsI =Szd dis-
tribution under 1.0mm PS particles at different incidence
angles of(a) a=0°, (b) a=30°, (c) a=45°, and(d) a=60°,
respectively. In these plots, the white color scale represents
the areas where the intensity field exceeding the material
damage threshold 12.0 mJ/cm2 (corresponding to an inten-
sity enhancement factor of 1.6). To explain the experimental
results in Figs. 2(a)–2(d), the theoretical intensity peak val-
ues and corresponding peak positions are summarized in
Table I.

From Table I, one can see that the peak value decreases
quickly as incidence angle increases, from 33.07 at 30° inci-
dence to 3.59 at 60° incidence. This could explain(the pres-
ence of neighboring particles could affect the intensity field)

FIG. 6. Calculated intensity fieldsI =Szd distribution under 1.0mm PS particles at different incidence angles of(a) a=0°, (b) a=30°, (c) a=45°, and(d)
a=60°, respectively. The white color represents the areas where the intensity field exceeding the material damage threshold 12.0 mJ/cm2. Surface thermal
deformation is neglected.
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why the nanodent structures become shallower as incidence
angle increases from 30° to 60° in Figs. 2(b)–2(d). It can also
be seen clearly from the insets in Figs. 6(a)–6(d) that the
nanodents are formed at some positions shifted from the con-
tacting point. It should be noted that ata=0°, a=30°, and
a=45° the theoretical peak positions are in coincidence with
the nanodent center positions as observed in the experiment.
The intensity distribution profiles are uniform and symmetric
with respect to the peak positions. However, fora=60° one
can see from Table I and Fig. 6(d) inset that the intensity
distribution profile becomes asymmetric and nonuniform
with respect to the nanodent center. The peak intensity is not
at the nanodent center but at a position shifted closer to the
contacting point, which corresponds to the 50 nm hole ob-
served at the edge of each bowl-shape nanodent in Fig. 2(d).

From the intensity contour plots in Figs. 6(a)–6(d), one
can see the complex intensity field distribution under the
particle after multiple scattering and reflection processes be-
tween substrate and particle. Ata=45° anda=60°, the cal-
culated results are in a good agreement with experimental
results, comet-shape ring patterns formed at 45° and 60° in-
cidences. We found that the projection directions of these
patterns are governed by thep-polarized component in the
incidence light(contribution of thes-polarized component to
I =Sz field is minor compared withp-polarized component).
The multiple ring structures can also be clearly seen in Figs.
6(c) and 6(d). These higher-order rings can be seen at a
higher laser fluence, as shown in Figs. 5(c) and 5(d). How-
ever, a discrepancy arises fora=30°, the intensity contour
plot in Fig. 6(b) shows the existence of patterns around un-
removed particles while they are not observed in the experi-
ments. We confirm such discrepancy by repeating the experi-
ments for several times. To explain this, we propose that the
lifting effect of the particle due to thermal deformation could
be the main reason. As shown above, the peak intensity is
high at a position close to the contacting point at small inci-
dence angles, which could result in a more pronounced ther-
mal deformation of the substrate surface. Since intensity
drops quickly with lifting distance,8 the comet-shape patterns
in Fig. 6(b) for a=30° cannot be seen due to the intensity
drops to a level below the material damage threshold. How-
ever, more investigations are needed to clarify the discrep-

ancy. On the other hand, thes-polarized component of the
incident light seems to have a minor influence on the final
intensity field I =Sz in this study. Linearly polarized light
source should be applied to further clarify the problem.

IV. CONCLUSION

The angle effect in laser nanopatterning with particle-
mask is investigated. Two kinds of patterns left on the sub-
strate surface after single laser pulse irradiation:(1) Comet-
shape ring nanostructures formed around unremoved
particles at 45° and 60° incidence angles and(2) sombrero-
shape or bowl-shape nanodent structures formed under re-
moved particles with their positions shifted from the contact-
ing point with a distance aroundRadius3 tansad. The depth
of nanodents decreases as incidence angle increases due to
the fast decay of maximum intensity field at these spots. The
experimental results have been successfully explained by the
field intensity distribution profile in optical near field regions
of the particle.
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TABLE I. Normalized peak enhancement and peak position at different
angles.

Angles
(deg)

Peak enhancement factor
(normalized)

Peak position
(nm)

a=0° 70.48 (X:0, Y:0)
a=30° 33.07 (X: 270, Y:0)
a=45° 13.13 (X: 435, Y:0)
a=60° 3.59 (X: 635, Y:0)
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