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Abstract By use of a polystyrene particle with a fundamen-
tal (800 nm) and a second-harmonic (400 nm) wave of a
femtosecond Ti:sapphire laser, nano-hole patterning prop-
erties on a silicon wafer were experimentally compared by
keeping the size parameter constant. With the 800-nm wave,
the patterned hole diameter ranged from 100 to 250 nm
and the depth ranged from 20 to 100 nm. With the 400-nm
wave, the hole diameter ranged from 50 to 200 nm while the
depth ranged from 10 to 60 nm. The patterned diameter and
the depth of patterned nano-holes were also controllable by
the laser fluence. By the 3D finite-difference time-domain
method it is numerically predicted that if the size parame-
ter is kept at w approximately, the nano-hole patterning is
efficiently performed even in the ultraviolet region of the
spectrum.

1 Introduction

Fabrication of nano-periodic structures by using small parti-
cles is expected because it is a rapid process in atmospheric
environment and a cost-effective, mask-less and dry process.
In 2000, the Luk’yanchuk group demonstrated the nano-
processing, which overcomes the diffraction limit by us-
ing a small particle, in laser cleaning experiments [1]. This
processing mechanism stemmed mainly from the intense
localized near-field light being generated around a small
dielectric particle by laser irradiation. Using this scheme,
an array of nano-dimple structures can be fabricated after
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ordering small particles periodically on a material surface
[2-10]. Especially, nano-patterning of a silicon semiconduc-
tor surface is expected to be used for many applications such
as an increase of data storage density [11, 12], efficiency im-
provement of solar cells [13] and control of the friction co-
efficient on a sliding surface for Micro Electro Mechanical
Systems (MEMS) [14].

Femtosecond lasers have been used as a light source for
generating near-field light, because it is appropriate for ac-
curate micro-machining and can minimize a heat-affected
zone [7, 8, 14-16]. Furthermore, femtosecond lasers can
induce a multiphoton process due to their extremely high
peak intensity, leading to the ablation processing of transpar-
ent materials at the laser wavelength [17-19]. Many articles
concerning nano-processing of semiconductors using a fem-
tosecond laser with dielectric small particles have dealt with
the hole size, incident fluence effect [7-9, 14-16, 20], etc.
The Béuerle group reported briefly the laser-induced nano-
patterning of silicon by three wavelengths of a femtosec-
ond laser [8]. They used a regular lattice of amorphous sil-
ica micro-spheres as a micro-lens system for laser-induced
single-step fabrication of arrays of nano-holes on a (100) Si
surface. With single 265.7-nm femtosecond laser irradiation
mediated with a 2D array of silica spheres of 300-nm di-
ameter, hole diameters of 57 nm and depths of 6 nm were
fabricated.

The size parameter (« = 27r /A, r: radius of particle, A:
incident wavelength) in the Mie scattering theory is a criti-
cal parameter in the generation of near-field light by small
dielectric spheres. The comprehensive relationship between
the size parameter and the nano-hole size fabricated by fem-
tosecond laser processing is not fully clarified yet.

In this paper, we report on the dependence of the size pa-
rameter in the Mie scattering theory on the nano-processing
properties with small polystyrene (PS) particles. In the ex-
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periment, we used two wavelengths (800 nm and 400 nm)
of femtosecond laser pulses, which can demonstrate more
precise processing than nanosecond laser pulses [15], and
used a silicon wafer as used in advanced silicon electronic
industries. A small PS particle was used as a dielectric par-
ticle, because it has a comparatively higher refractive in-
dex than the other dielectric particles and many PS parti-
cle sizes are commercially available. We theoretically fo-
cused on the near-field generation efficiency in three wave-
lengths using Mie theory and the experimental results were
explained by the near-field distribution calculated with the
3D finite-difference time-domain (FDTD) method.

2 Experimental procedure

In the experiment, silicon (10 x 30 x 0.5 mm?) wafers were
used as substrate material. Silicon is an indirect transition
semiconductor and therefore its multiphoton absorption co-
efficient becomes much larger than its linear absorption co-
efficient in the high-intensity region: for example at 800-nm
laser intensities in excess of 10'* W /cm? its two-photon ab-
sorption is larger than its linear absorption. A polystyrene
particle (Duke Scientific), which is transparent in the near-
infrared (A = 800 nm) and visible (A = 400 nm) spectra,
was selected as a dielectric small particle. The standard de-
viation of PS particle size is less than 3%. Table 1 lists the
refractive index and extinction coefficient for PS and silicon
used in this study [21]. Here, we used the refractive index
of small particle PS at longer wavelengths than 280 nm [22]
and we neglected the extinction coefficient & in this spectral
region, because k is significantly small in this region. In the
spectral domain ranging from 230 nm to 280 nm, we used
the refractive index of small particle PS and the extinction
coefficient of bulk PS [23, 24]. Below 230 nm, we used the
refractive index and extinction coefficient of bulk PS. Mono-
dispersed spherical PS particles with diameter of 800 nm or
450 nm were deposited and ordered in a hexagonal array on
the silicon substrate by droplet suspension [25]. As shown
in Fig. 1, the PS particles were well ordered on the silicon
substrate. The experiments of near-field ablation process-
ing were performed using a Ti:sapphire chirped pulse am-
plification (CPA) laser system. The laser pulses, with du-
ration of 150 fs, center wavelength of 800 nm and energy
of 1 mJ/pulse, were delivered at a repetition rate of 1 kHz.
We also prepared a SHG (second harmonic generation) de-
vice (Cyber Laser Inc.) to generate a 400-nm SHG pulse.
The pulse duration of the SHG is 350 fs approximately. The
beams of both wavelengths had a Gaussian profile. We irra-
diated one pulse of a linearly polarized laser to the sample.
The incident pulse at 800 nm and 400 nm was focused by
a convex lens with focal length of 250 mm and 200 mm,
respectively. The laser fluence of both 800 nm and 400 nm
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Fig. 1 SEM images of ordered monolayer PS particles in hexagonal
array on silicon substrate. a The diameter is 800 nm. b The diameter is
450 nm

was varied from 0.1 to 1.0 J/cm? using an adjustable at-
tenuator. The laser fluence was based on Refs. [26, 27].
Here, the laser fluence means the averaged laser fluence. The
PS particles were removed after a single femtosecond laser
pulse irradiation. To observe patterned surfaces no chemical
cleaning treatments were conducted on the substrate surface
after the laser ablation. The laser-induced nano-patterned
Si surface was observed by scanning electron microscopy
(SEM, Sirion, FEI Co.) and atomic force microscopy (AFM,
SPI3800N, Seiko Instruments).

3 Localized near-field calculation using 3D FDTD

We used the 3D FDTD method to calculate the localized
electric field distribution on and inside the Si substrate. This
method, based on Maxwell’s equations, is proven [28, 29] to
give an accurate distribution of the electromagnetic field in
the near and far field in the structures with arbitrary shapes.
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Table 1 Refractive index and extinction coefficient for the materials
used in the calculation

Dielectric function

Wavelength [nm] Polystyrene Silicon

n k n k
200 * 2.3700 0.8770 - -
263.5 1.7436 0.0103 1.764 4.278
400 1.6055 0.0000 5.570 0.387
800 1.5782 0.0000 3.673 0.005

“Both n and k are the values of bulk PS
1 is the value of small particle PS and k is the value of bulk PS

“*Both n and k are the values of small particle PS

Two structure systems were mainly simulated: an isolated
dielectric particle in vacuum environment and seven dielec-
tric particles hexagonally ordered placed on a silicon sub-
strate. The electric field strength of the incident light is as-
sumed as 1 V/m. We used the optical properties of the in-
vestigated materials listed in Table 1.

4 Near-field efficiency calculated by Mie scattering
theory

A near field generated in the vicinity of a dielectric particle
induces a nano-scale hole on the Si surface whose diameter
is much smaller than the incident wavelength. The near-field
efficiency that is of importance for the laser nano-processing
can be derived from the Mie scattering theory [30]. Here,
we consider an isolated small particle system, whose near-
field efficiency is obtained by integrating the scattering elec-
tric field around the particle. In 1981 Messinger et al. in-
troduced the following equation to calculate the near-field
efficiency [31]:

an(R)

n—

R* &
=25 Y {laul[n+ D2 R ) R[]
n=1

+@n+ Db PO R[], M

where 7 is the radius of the small particle, R is the distance
from the center of the small particle, a, and b,, are Mie scat-
tering coefficients and hf,l) is a spherical Hankel function. «
is the wave number defined with the refractive index of the
surrounding medium ny outside the particle (k = 2w iy /A).

Figure 2 shows the dependence of the near-field effi-
ciency Qpr on the size parameter for four wavelengths. The
near-field efficiency Qs was calculated at the position of the
particle surface R = r. Shown in Fig. 2 are the near-field ef-
ficiencies for the four wavelengths, which are 800 nm (fun-
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Fig. 2 Dependence of the near-field efficiency on the size parame-
ter for four wavelengths. The near-field efficiency Qyr is calculated at
R =r and starting from o« = 0.01

damental wave), 400 nm (SHG), 263.5 nm (THG: third har-
monic generation of 800 nm), and 200 nm. The near-field
efficiencies at 800 nm and 400 nm seem to be similar, as
can be seen in Fig. 2. This result means that the similar
near-field efficiency can be excited at both wavelengths, if
the ratio of the incident wavelength to the particle size is
kept constant. When the incident wavelength is shortened to
263.5 nm, a different tendency from those of 800 nm and
400 nm is shown. The near-field efficiency decreases with
the increase of the size parameter due to the absorption of
the PS particle itself, which can be understood by the in-
crease in the extinction coefficient k at shorter wavelengths.
A strong absorption appears around 260 nm, according to
the PS absorption spectra [32] (see Table 1). In the case of
the incident wavelength of 200 nm, the near-field efficiency
shows a quite different behavior. The near-field efficiency
reaches a maximum value in the range of small size parame-
ter and it rapidly decreases with increasing size parameter.
From the calculated result and the extinction coefficient, it
was found that PS behaves similarly to small metal particles,
that is, the near-field efficiency shows a similar tendency.
However, because the near-field efficiency of PS particles is
not as high as that of metal particles [33, 34], it is difficult to
induce a nano-hole patterning using a PS particle and shorter
wavelengths below 260 nm.

Figure 3 shows the dependence of the near-field effi-
ciency on the incident wavelength for four size parameters.
According to this, the diameter of the nano-hole pattern-
ing is decreased with the decrease of the size parameter [7],
and we selected the four size parameters. As previously de-
scribed in Sect. 2, we used the refractive index of bulk PS
for incident wavelengths ranging from 280 nm to 200 nm,
resulting in a precipitous change on each curve at 280 nm.
Red, blue and blue gray dashed lines show the change in
the near-field efficiency at the incident wavelengths of 800,
400 and 263.5 nm, respectively. The near-field efficiency for
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each size parameter changes slowly down to 300 nm, and an
abrupt change is observed below 300 nm. Since the PS par-
ticle itself has a large absorption coefficient at 200 nm, the
near-field efficiency decreases significantly. Hence, incident
wavelengths useful for the PS-mediated nano-processing are
found to be longer than 260 nm.

5 Electric field intensity distribution near the PS
particle calculated by 3D FDTD method

From the results shown in Fig. 3, it is concluded that the ap-
plicable incident wavelength for near-field nano-processing
using a PS particle is longer than 260 nm for every size pa-
rameter.
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Fig. 3 Dependence of the near-field efficiency on the incident wave-
length for four size parameters. The near-field efficiency Qyy is calcu-
lated at R = r. Deep blue, blue and red dashed lines show the wave-
lengths of 263.5, 400 and 800 nm, respectively

Fig. 4 Electric field intensity
distribution (x—z plane,

y =0 nm) calculated by 3D
FDTD method. The simulation
is performed using PS particles
with diameters of 800, 400 and
260 nm placed in vacuum. The
incident wavelengths are 800,
400 and 263.5 nm directed
along the —z direction. The
polarization is parallel to the x
axis. White dashed lines
delineate the PS particles.

a Incident wavelength X is

800 nm, PS diameter d is

800 nm. b A =400 nm,

d =400 nm. ¢ A =263.5 nm,
d =260 nm. d A =800 nm,

d =400 nm. e A =400 nm,

d =200 nm. f L =263.5 nm,
d =130 nm

polarization

a=3.14 “—>

polarization
+—>

a=1.57
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Figure 4 shows the electric field intensity distribution for
two size parameters, using three incident wavelengths. The
calculation was performed for the system where a single
PS particle is placed isolated in vacuum. Figure 4a, b and
¢ show the electric field distribution when the size para-
meter is o ~ 3.14 at 800, 400 and 263.5 nm, respectively
(¢ =3.10 only at 263.5 nm). The white dashed line delin-
eates the PS particle in the simulation. The incident polar-
ization is parallel to the x axis, and the incident plane wave
is directed along the —z direction. For the size parameter
o ~ 3.14, the incident wavelength is equivalent to the diam-
eter of the PS particle. The forward scattering distribution
predicted uniquely by the Mie scattering can be confirmed
for all electric field distributions. Furthermore, a strongly fo-
cused electric field intensity spot is observed inside the PS
particle, indicating that the PS particle acts as a micro-lens.
This electric field inside the particle induces the near field
under the particle, because it is focused at the bottom sec-
tion of the particle to induce a strong electric field intensity.
Figure 4d, e and f show the electric field distribution when
the size parameter is o ~ 1.57 for 800, 400 and 263.5 nm,
respectively (o« = 1.55 only at 263.5 nm). For the size para-
meter o ~ 1.57, the diameter of the PS particle is about half
the incident wavelength. The forward scattering distribution
explained by the Mie scattering can also be confirmed for
all of these electric field distributions. However, for this size
parameter, the micro-lens effect disappears and the internal
electric field intensity is much smaller than that of the size
parameter of « ~ 3.14. The near-field intensity of the scat-
tering field induced by a PS particle smaller than the incident
wavelength becomes smaller. Hence, the use of the smaller
particle does not result in the uniform nano-processing [35].
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Even if the particle size and incident wavelength are de-
creased, the relationship between the size parameter and
near-field efficiency does not show an appreciable change,
and the calculated electric field intensity distributions are
similar. Especially, in the system where the micro-lens ef-
fect is dominant, efficient nano-processing control by the
near field is possible. In short, it is numerically predicted that
if the size parameter is kept at & approximately, the nano-
hole patterning is efficiently performed even in the ultravio-
let (UV) region of the spectrum. We will discuss the electric
field intensity distribution inside the silicon substrate at the
size parameter o ~ 3.14 in Sect. 6.

6 Electric field intensity distribution inside silicon
wafer

We predicted that the size parameter suitable for efficient
nano-processing is around o ~ 3.14. Figure 5 shows the
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Fig. 5 Electric field intensity distribution in x—z plane under PS par-
ticle and inside silicon substrate. White dashed line shows the PS par-
ticle surface. The Si surface is at z = 0 nm. a Incident wavelength A
is 800 nm, the PS diameter d is 800 nm. b A =400 nm, d = 450 nm.
We selected the diameter of 450 nm for the calculation, because this
diameter was used experimentally. ¢ A = 263.5 nm, d = 260 nm

cross-sectional image of the electric field intensity distri-
bution inside the silicon substrate for the size parameter
a ~ 3.14. White dashed lines delineate the surface of the
PS particle, and the contour lines show the electric field in-
tensity distribution inside the silicon substrate. As shown in
Fig. 5a, the irradiated electric field is focused deeply inside
the silicon substrate. Therefore, the incident electric field
intensity is sufficiently enhanced by the micro-lens effect.
Figure 5b shows the electric field intensity distribution in-
side the silicon substrate with 400-nm irradiation. Since the
extinction coefficient k increases, the electric field intensity
decreases drastically. Figure 5¢ shows the electric field in-
tensity distribution inside the silicon substrate with 263.5-
nm irradiation. In Sect. 5, we found that the highest near-
field efficiency is induced in the vicinity of 263.5 nm. Fur-
thermore, the electric field intensity generated at 263.5 nm
for o ~ 3.14 is larger than the ones at the other wavelengths
(Fig. 4a—). However, as can be seen in Fig. Sc, little pene-
tration of the electric field into the Si substrate is observed
and the field is mostly reflected off the substrate surface. It is
because the extinction coefficient k of the silicon substrate at
263.5 nm has a similar value to metals (see Table 1). The use
of 263.5-nm wavelength can provide a smaller hole process-
ing and the patterned hole depth becomes shallow. Here, we
are going to experimentally compare the nano-hole process-
ing properties with 800 nm and 400 nm of the femtosecond
laser pulse.

7 Nano-hole processing properties with 800-nm and
400-nm femtosecond laser pulse

7.1 Nano-hole processing results

Figure 6a and b show the SEM images of the Si substrate
surface after irradiating a femtosecond laser pulse of 800 nm
and 400 nm to the structure shown in Fig. la and b, re-
spectively. The laser fluence is 288 mJ/cm? at 800 nm and
57 mJ/cm? at 400 nm. The ablation threshold fluence for a
bare silicon substrate without PS particles was 252 mJ /cm?
at 800 nm and 57.8 mJ/cm? at 400 nm. Both pictures show
elongated shapes. These experimental results are in excel-
lent agreement with the 3D FDTD results at an x—y plane,
z = —2.5 nm in the silicon substrate, which are shown in
Fig. 7a and b. The system of seven hexagonally ordered di-
electric particles placed on a silicon substrate is simulated
because the particles couple with each other. The experi-
mentally fabricated nano-hole pattern is well explained by
the calculated elliptical shape with the long axis perpendic-
ular to the polarization of the incident light [35]. The circular
polarization pulse gave a circular hole patterning [19].
Figure 8a and b show the AFM images of the patterned
Si surface after irradiating a single laser pulse with lin-
ear polarization at 800 and 400 nm to the structure shown
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I linear polarization

—
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Fig. 6 SEM images of the Si surface after femtosecond laser irradi-
ation. a 800 nm with fluence of 288 mJ/cm?, b 400 nm with fluence
of 57 mJ/cm?

in Fig. la and b, respectively. The fluence is 570 mJ/cm?
at 800 nm and 290 mJ/cm? at 400 nm. To observe pat-
terned surfaces no chemical etching treatments were con-
ducted on the patterned silicon surface after laser irradia-
tion. The Biuerle group reported that just after laser pat-
terning the nano-holes are surrounded by a ring-shaped
rim [8]. This rim has been etched by dipping the sample
in a 20% HF solution for about 2 min before AFM ob-
servation [8]. The depth of the nano-hole is observed to
be quite shallow in both systems, as predicted by the 3D
FDTD simulation as shown in Fig. 5. With the decrease
of the incident laser wavelength, the extinction coefficient
of silicon reduces the incident energy transfer into the Si
substrate. Consequently, the fabricated hole depth becomes
shallower.

The laser-induced nano-patterning of silicon by three
wavelengths of a femtosecond laser was previously reported
by the Béauerle group [8]. They used a regular lattice of
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Fig. 7 Electric field intensity distribution calculated by 3D FDTD
method (x—y plane, z = —2.5 nm). White dashed line shows the de-
lineation of the PS particle. a Incident wavelength A is 800 nm, PS
diameter d is 800 nm (o = 3.14). b Incident wavelength A is 400 nm,
PS diameter d is 450 nm (¢ = 3.53)

amorphous silica micro-spheres for laser-induced single-
step fabrication of arrays of nano-holes on a Si surface. With
a single 265.7-nm femtosecond laser irradiation mediated
with a 2D array of silica spheres of 300-nm diameter, hole
diameters of 57 nm and depths of 6 nm were fabricated. This
experimental result is well explained by our simulation re-
sult.

7.2 Effect of laser fluence

Changing particle size can control the diameter and depth
of the patterned nano-holes. Figure 9 shows the depen-
dence of the diameter and depth of patterned nano-holes
on the laser fluence for the two wavelengths. Red and blue
dashed lines in Fig. 9 indicate the ablation threshold of
the bulk silicon without PS particle mediation. The diam-
eter and the depth are increased linearly with the increase



Size parameter effect of dielectric small particle mediated nano-hole patterning on silicon wafer 45

-
'..
-
-
o
-
-
.
-
~
-
-~
-
-~

s Telslalyle

Fig. 8 AFM images of the Si surface after laser irradiation.
Cross-sectional images in the bottom figures correspond to the posi-
tions of the black lines in the top figures. a 800-nm laser with fluence of
570 mJ /cm? was irradiated to the structure shown in Fig. 1a. b 400-nm
laser with fluence of 290 mJ/cm? was irradiated to the structure shown
in Fig. 1b
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Fig.9 Plots of diameter and depth of nano-holes as a function of laser
fluence. Red dashed line represents the ablation threshold fluence for
bare silicon with 800-nm femtosecond laser pulse. Blue dashed line
represents the ablation threshold fluence for bare silicon with 400-nm
femtosecond laser pulse. Red and blue plots show the diameter and
the depth of nano-holes fabricated with 800-nm and 400-nm irradia-
tion, respectively. Square plots show the length of the short axis of the
nano-holes. Circular plots show the depth of the nano-holes

of the fluence. This experimental result seems to be sim-
ilar to that with small gold particles [36]. The maximum
nano-hole depth fabricated by the 800-nm laser is about
100 nm, which is two times deeper than that at 400-nm
wavelength. According to the calculation results in Fig. 5a
and b, the nano-hole depth is dependent upon the energy
transfer efficiency into the silicon substrate, which is ev-
idenced by the experiment. With the 800-nm laser, the
patterned hole diameter experimentally ranged from 100
to 250 nm and the depth ranged from 20 to 100 nm.
With the 400-nm SHG wave, the patterned hole diameter

ranged from 50 to 200 nm and the depth ranged from 10
to 60 nm.

8 Conclusion

Nano-processing properties of a silicon surface were pre-
sented from the viewpoint of the size parameter in the Mie
scattering theory. By use of PS particles with fundamen-
tal (800 nm) and SHG (400 nm) waves of a femtosecond
Ti:sapphire laser, nano-processing properties were experi-
mentally compared by keeping the size parameter constant.
The near-field distribution and enhanced localized field were
numerically simulated as a function of the size parameter
using the 3D FDTD method. It is numerically predicted that
if the size parameter is kept at 7w approximately, the nano-
hole patterning is efficiently performed even in the ultravio-
let (UV) region of the spectrum. In the UV spectral region,
wide-band-gap particles are, of course, necessary. The pat-
terned diameter and the depth of the nano-holes were also
controllable by the laser fluence. With the 800-nm laser with
150-fs duration, the patterned hole diameter experimentally
ranged from 100 to 250 nm and the depth ranged from 20
to 100 nm. With the 400-nm SHG wave with 350-fs dura-
tion, the hole diameter ranged from 50 to 200 nm and the
depth ranged from 10 to 60 nm. With the decrease of the in-
cident laser wavelength, the extinction coefficient of silicon
reduced the incident energy transfer into the Si substrate, so
that the fabricated hole depth becomes shallower.
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