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bstract

Surface plasmons are photo-coupled quanta of electro excitation at the boundary of a metal and dielectric, which is a charge density wave of
ree electrons. Another important feature of surface plasmons resonance, in addition to the enhancement of electric field, is the ability to pass
hrough surface structure smaller than incident laser wavelength and makes it have a potential to overcome the diffraction limit resulting in the
reakthrough of nanotechnology. For surface plasmon resonance developing a mask with small feature size is vital. In this paper, mask fabrication

y laser irradiation on self-assembly silica particles was described. Compared with the theoretical simulation, it is shown that self-assembly
article-assisted nanopatterning can fabricate a mask with very fine features effectively. With a proper particle size, laser wavelength and laser
uence, periodical structures generated can meet the requirement for surface plasmon use.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Surface plasmons, the electron density oscillations near a
etal–dielectric boundary surface which was established by
tto [1], provide the method to fabricate sub-wavelength struc-

ures for optical devices. Smaller structures require shorter
llumination wavelengths. However, it is becoming more dif-
cult and complicated to use the short optical wavelengths to
each the desired feature sizes because the use of wavelength in
he deep-ultraviolet requires significantly difficult adjustments
2]. The wavelength of a surface plasmon is much shorter than
hat of illumination light, so the minimum feature sizes is also

uch smaller than wavelength which means the parallel light
vercoming of diffraction limit. In the surface plasmon theory,
he momentum of surface plasmon wave is larger than that of
he incident laser. Thus the surface plasmons cannot be excited
ntil that requirement is met. Research shows that the surface

lasmons can be excited on air–metal interface with surface
etal nanoparticles. The surface plasmon wave will propa-

ate along the substrate surface in terms of evanescent wave
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hich decays exponentially in the direction perpendicular to
he surface. Dimensionally, the wave will be localized within
wo-dimension surface plane, which is one of the preliminary
equirements for optical devices. The future integration of opti-
al devices will require the fabrication of waveguide for surface
lasmon wave below the diffraction limit. One of the possibil-
ties is using metal nanoparticles array. The coupling between
wo adjacent particles builds the coherent energy propagation

ode along the array. Even, the light wave turning at the cor-
ers of the chain is also possible. This nanoparticle chain shows
high confinement of the electromagnetic energy and allows for
ighly variable geometries propagation [3].

To further study the propagation properties of surface plas-
on wave such as the reflection, focusing and coherence that

re still not fully understood, and precisely fabricated metal
anoparticle arrays masks are required. These masks also make
ossible for new fundamental studies of surface plasmons
nteractions with periodic structures and novel technologies,
ncluding spectroscopically based chemical and biological sen-
ors [4].

Currently, the methods of synthesis of metal nanoparticles are
ia electrochemical [5], biosynthesis [6], wet chemical [7] and

erosol/vapor-phase routes [8,9]. It is very difficult to arrange
hese metal nanoparticles as desired only by means of self-
ssembly. An idea from nanowire presents that nanomaterial can
grow” on pre-designed patterns. Thus topographically modified

mailto:hong_minghui@dsi.a-star.edu.sg
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was observed around the nanopits. Fig. 3 is the relationship
between the average sizes of the nanopits and the melting zone
as functions of laser fluence with five measurements accord-
ingly. From these figures, both nanopits and melting zone sizes
Y. Zhou et al. / Journal of Materials Proc

ubstrates can be used as templates for ordered array of nanopar-
icles, by which very well-arranged metal nanoparticles array
as obtained through the dewetting of metal thin film [10]. In

he reference, metal thin film was first deposited on a patterned
ilicon wafer. Then the nanoparticle arrays in the silicon pat-
erns will be formed after the sample was annealing in air at
50 ◦C for 2 h. In that case, the periodical distance and the metal
anoparticles size depend on the pits can be fabricated on the
ilicon substrate.

For surface plasmons research, however, the substrate should
e dielectric, such as glass or quartz. It is, however, a high chal-
enge for glass processing to get nanostructures due to its hard,
rittle, nonconductive and other inert properties. It also leads to
any investigations on the sophisticated fabrication methods,

uch as nanoimprinting [11], electron beam lithography [12],
nd chemical etching. Laser microprocessing is an approach in
lass engineering. But the minimum feature size is determined
y the diffraction limit of the light. Recently, optical near-field
ithography has been developed as a new technology to over-
ome diffraction limit by self-assembly microspheres [13]. The
ear-field enhancement due to light scattering by small spherical
ransparent particle plays an important role. The distribution of
aser energy around spherical particles can be calculated from

ie theory. At the interface between particle and glass surface,
aser energy is localized within a small region, both inside and
utside the particle, with a very high enhancement factor. This
ighly confined laser energy can locally damage the glass surface
nd form nanopits.

Femtosecond laser nanomachining is another attractive
pproach in the glass engineering with the advantages of
limination of collateral damage in dielectrics, reduction of heat-
ffected zones, and the ability to create limited sub-diffraction
arget regions. Femtosecond laser can also provide extremely
igh peak power intensity for non-linear multi-photon absorp-
ion. Furthermore, non-linear absorption of femtosecond laser
rradiation can result in an increase in the refractive index at
he focal point inside the glass, which is potentially effective to
roduce structures in nanoscale feature size [14]. As simulta-
eous absorption of n photons is proportional to the nth power
f laser fluence, the changes in optical properties can be con-
ned inside a tiny region with its sub-micron dimensions. In this
esearch, nanopits formation by femtosecond laser irradiation on
elf-assembly microspheres was studied. By depositing a mono-
ayer of microspheres on the substrate surface as a particle mask
nd utilizing femtosecond laser as a light source, nanoscale pits
n the glass surface can be created [15]. It is proposed that non-
inear absorption and optical near-field enhancement play the
mportant roles in the nanopit formation on the glass substrate.

. Experimental

Glass substrate was cleaned with acetone in an ultrasonic bath for 15 min
ollowed by rinsing in IPA and DI water for 5 min, respectively and then dried

y N2 gas (purity 99.999%). The spherical silica particles (Duke, n = 1.6, 10%
ize deviation) with the diameter of 1 �m were applied on the glass substrate
fter the suspension had been diluted with DI water. The substrate was kept still
ntil all the water had been evaporated. As a result, a silica monolayer array was
ormed on the substrate surface.

F
s
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A Ti:Sapphire (Spectra Physics Tsunami, Mode 3960) and a regenerative
mplifier (Spectra Physics Spitfire, Mode 9769A) were used as the light source
wavelength, λ = 800 nm, pulse duration, τ = 100 fs and repetition rate from 1
o 1000 Hz). The laser coming out from the aperture was reflected by mirrors
nd then focused by a 20× microscope objective lens mounted on a Z stage.
he laser spot size is about 5.4 �m. The laser fluence is in the range from 17.5

o 52.5 J/cm2. The laser was incident normal to the substrate surface. After the
xposure the sample was characterized by AFM (Digital Instruments D3000)
nd FESEM (Hitachi S-4100). For SEM imaging samples were coated with a
hin Au film by thermal evaporator before observation.

. Results and discussion

Fig. 1 shows a typical nanopits array created on the glass
ubstrate after single femtosecond laser shot at a laser fluence of
7.5 J/cm2. As it can be seen, the silica particles on glass surface
ere removed after the laser irradiation, and nanostructures were

ormed at the place where the particles originally were located.
t is hard to be removed by the conventional ultrasonic cleaning
ethod due to the strong adhesion. The size of nanopit was mea-

ured by AFM and found with 150 nm in diameter and 150 nm
n depth. The ratio of depth to width is 1:1. It was observed that
he edges of these nanostructures are free of cracks. This can
e contributed to the ultrashort laser pulse. For long pulse dura-
ion laser the formation of cracks was mainly caused by laser
ssociated high temperatures and high pressure [16]. Process-
ng with ultrashort laser pulses essentially eliminates the heat
ow to the surrounding material. Therefore, thermally induced
ubstrate cracking is prevented.

To further investigate the influence of laser fluence on the for-
ation of nanopits, the experiments with different laser fluences
ere repeated. Fig. 2 shows the SEM image of nanopatterns on
glass surface by laser irradiation on the particle mask at a laser
uence of 43.8 J/cm2 and the definition of nanopits and melting
one. The size of nanopits and melting zone are obviously larger
han those formed at a lower laser fluence. Meanwhile, debris
ig. 1. SEM image of nanopits formed under 1.0 �m silica particles on glass
urface by 800 nm, 100 fs laser pulse irradiation at a laser fluence of 17.5 J/cm2.
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ig. 2. SEM image of the patterns on the glass substrate after the laser irradiation
t a laser fluence of 43.8 J/cm2.

ncrease with the laser fluence but the melting zone increases
aster than the nanopits. At a high laser fluence, the melting zone
an be as large as the particle size of 1 �m. While the diame-
er of the nanopits remains at about 300 nm. And the depth of
he nanopits measured by AFM also remains at around 150 nm
ue to the high transparency and low total laser energy input. In
ontrast, glass substrate without particle mask was irradiated at
he same laser fluence. No damage was observed. It shows that
article-assisted near-field enhancement is the main mechanism
or the formation of nanopits.

In order to explain the formation of nanopits, the interaction
etween an ultrashort laser and transparent glass materials has to
e analyzed. Since glass is transparent to 800 nm wavelength, the
anopits could not be created with long pulse duration laser irra-
iation at that wavelength. Electrons absorb photon energy and
onsequently transfer the energy to lattices in a very short time

hat is generally in the timescale of several tens of picoseconds
17] in the condition of long pulse exposure. However multi-
hoton absorption often takes place for the femtosecond laser
ulse interaction with glass. The n-photon absorption is propor-

Fig. 3. Average sizes of nanopits as functions of laser fluence.
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ig. 4. Contour plot of calculated laser energy distribution, Sz = I/I0, within
ncident plane under a 1.0 �m silica particle, where laser is irradiated normally
n the particle and the refractive index of particle is 1.6.

ional to the nth power of the intensity. This effect significantly
arrows the processed area. As a result, with femtosecond laser,
he processing area should be confined in the central part of the
ptical axis [18]. Furthermore, femtosecond laser-induced non-
inear effect gives rise to the change of glass optical properties
ffecting the propagation of incident light. Then the laser beam
as self-focused in a small area and extremely high laser fluence
enerated nanoscale feature on glass.

Besides the above effects, the near-field enhancement due to
ight scattering by the small spherical transparent particle plays
n important role as well. The distribution of laser intensity on
he surface of glass under the spherical particle can be found
rom the particle on surface theory. We used a fast algorithm
f reflected matrix calculation, suggested in Ref. [19]. In Fig. 4
he normalized distribution of the z-component of the poynting
ector (optical enhancement Sz = I/I0) is shown by taking the
pherical center as an original point, laser propagation direction
s z-axis. Here I0 is the input laser intensity. Parameters which
ere used in calculations correspond to the experiment: particle
iameter 2a = 1 �m, laser wavelength λ = 800 nm and refraction
ndex for particle and glass n = 1.6. One can see from Fig. 4 that

aximum laser intensity is localized within a small region of
bout 350 nm. Because of the ultrashort pulse duration, the final
ize of nanopits could be smaller than simulation result without
onsidering pulse duration parameter. Around this central zone,
igh order enhancement is also shown in the simulation, which
ill modify the pit’s shape. In the previous work, tri-hole struc-

ure was observed [20]. The modification of the pit shape can be
ualitatively understood considering some threshold intensity
> Itr necessary to produce the hole structure. In experiment the
hole region was destroyed at high fluences. However forma-

ion of the ring around the central hole was found in experiments
ith film of phase-change material. Pattern of the intensity dis-
ribution under the particle was discussed previously in Refs.
21,22]. By tuning the laser input intensity precisely, pits smaller
han 100 nm can be formed, which is only one eighth of laser
avelength.



Y. Zhou et al. / Journal of Materials Processing Technology  192–193 (2007) 212–217 215

F
p
t

f
n
a
l
p
b
t
o
i
t
i
b
A
F
z
f
i
s
p

F
p
t

F
i

i
i
f
o
o

i
e
a
c
t
i
c
a
w
t
m
fi

ig. 5. Normalized poynting intensity distribution along z-axis under a silica
article (a = 0.5 �m) by 800 nm femtosecond laser irradiation based on Mie
heory.

As for the debris formation, some of them were resulted
rom the broken silica particles on the substrate. Fig. 5 is the
ormalized poynting intensity distribution along z-axis under
silica particle (a = 0.5 �m, n = 1.6) by 800 nm femtosecond

aser irradiation. It indicates that the maximum enhancement
oint, Emax, is located inside the particle. Hence, if nanopits can
e formed on glass substrate surface, the laser intensity inside
he silica particle is definitely larger than the damage thresh-
ld. Then during the laser irradiation, the particle exploded
nto pieces. Hence, some of the ablation debris comes from
he exploded silica particles due to that highly localized field
nside the sphere. After trying to prevent the pattern from debris
y changing defocus distance, no improvement was obtained.
nother way to reduce the debris is to use bigger particles.
ig. 6 is the normalized poynting intensity distribution along
-axis under a silica particle (a = 3.42 �m, n = 1.6) by 800 nm

emtosecond laser irradiation. The focus point was found at the
nterface between particle and substrate surface. And the inten-
ity enhancement decreases abruptly which makes the particle
ossible to survive after laser illumination. Fig. 7 presents the

ig. 6. Normalized poynting intensity distribution along z-axis under a silica
article (a = 3.42 �m) by 800 nm femtosecond laser irradiation based on Mie
heory.
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ig. 7. SEM images of substrate surface after femtosecond laser (100 fs, 800 nm)
rradiation of self-assembly 6.84 �m silica particles.

mage of substrate surface after the 800 nm femtosecond laser
rradiation on 6.84 �m diameter silica particles. Few debris was
ound. The nanopits formed hexagonally closed-packed array
n the glass surface with the diameter of 400 nm which is half
f the incident laser wavelength—diffraction limit.

Naturally, the nanopits size depends on the particle diameter
f the input laser fluence remains the same. The calculations of
nhancement area size of full widths at half maximum (FWHM)
nd different laser wavelength are shown in Fig. 8 with the parti-
le diameters of 1, 2, 4, 6, 8 and 10 �m, respectively. It was found
hat for 1 and 2 �m particles, the FWHM sizes increase with
ncident laser wavelength. For other size particles, such relation
annot be observed. While, FWHM size jumping-up exists for
ll particles. This is due to the second order enhancement zone
hich can significantly enlarge the FWHM size. Increasing par-

icle diameter further, the second order enhancement occupies
uch more laser energy resulting in the energy decreasing of
rst order enhancement zone or in other words, the first order

nhancement zone was compressed. Then the FWHM size is
hrunk pronouncedly. The jumping point moves right when laser
avelength increases which means that for longer wavelength

he range of particle diameters for stable enhancement zone size

ig. 8. The FWHM size of enhancement zone with different particle sizes on
he substrate surface.
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ig. 9. Variation of the optical near-field enhancement under the particle as a
unction of particle size. The silica particle is considered as a non-absorbing
aterial of the laser light with a refractive index of 1.6.

s wider than near ultraviolet laser. Hence in the industry applica-
ions, to improve the size uniformity, red or near infrared lasers
re to be employed.

The enhancement is sensitive to the particle size and inci-
ent laser wavelength. A size parameter q = 2πa/λ is defined.
mall variations in size parameter can lead to big variations in
nhancement intensity. The silica particles used in the exper-
ments have a size deviation of 10%, which corresponds to a
ariation in size parameter q from 3.54 to 4.32. Fig. 9 presents
he optical near-field enhancement under the particle as s func-
ion of q. As it can be seen, the enhancement is about 10
imes for q = 3.54 (2a = 902 nm) while 15 times for q = 4.12
2a = 1050 nm), which shows an oscillation. It can be clearly
een in Fig. 10, where size variation in the nanopits was bigger
han 30% although variation of the particle size was smaller than

0% because the difference in the enhancement factor strongly
ffects the formation of nanopits under the same laser fluence
rradiation.

Fig. 10. The nanopit sizes variation.
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Fig. 11. Pits matrix by 1 �m spherical lens array.

Actually, the calculation shows that even using 10 �m diame-
er particle, the enhancement laser energy will still be confined in
n area with only 450 nm diameter. This technique has a poten-
ial to be applied to nanomachining on transparent material in
ptical near field with tens of micrometers lens. For large area
atterns, 1 �m diameter spherical lens array on quartz through
hich nanopits array were demonstrated by 248 nm laser irradi-

tion as shown in Fig. 11. After mounting the microlens array on
CNC stage, complicated sub-micro structures on transparent
aterials are feasible.

. Conclusions

In summary, nanopits were created on the glass surface by
00 nm femtosecond laser irradiation of self-assembled 1 �m
ilica particles mask. No cracks were found at edges of pro-
uced nanostructures on the glass surface. The feature sizes were
ound from 150 to 300 nm with the average depth of 150 nm.
anopits formation can be attributed to two main reasons: (1)
on-linear effect arising from the interaction of femtosecond
aser pulse with transparent glass substrate, and (2) optical near-
eld enhancement due to light scattering by the transparent
ilica particles. Self-assembly particle assistant mask fabrica-
ion can draw the surface plasmon research more attention. Silica

icro particles can be used to generate nanopits to control the
ewetting of thin film for ordered metal nanoparticles. Through
pherical micro lens array, even bigger size spherical lens can
e employed to fabricate sub-micron feature size structure in
ransparent material.
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