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In this study we develop a novel approach to tune nanopatterns on

fused silica substrates exploiting the polarization dependence of the

strongly localized near field of highly ordered triangular nano-

particle arrays. For this purpose such arrays were prepared by

nanosphere lithography on fused silica substrates and subsequently

irradiated with single 35 fs long laser pulses. The irradiation leads to

the excitation of localized surface plasmon polariton resonances,

followed by ablation of the nanoparticles and partially of the

substrate. By this means, nanostructures were generated on the

substrate surface, reflecting the local fields in the vicinity of the

triangular nanoparticles. Depending on the applied fluence, small

holes as well as extended nanostructures with dimensions well below

the diffraction limit have been created. Furthermore, by rotating the

linear polarization of the laser light by 90� with respect to the

orientation of triangular nanoparticles, different plasmon modes

have been excited, which in turn, alter the local field distribution. As

a result, either nanochannels or bone like shaped nanogrooves in

a chequered structure were generated on the fused silica substrates.

Finite-difference time-domain simulations demonstrate, that the

results can, in fact, be explained by the enhanced near field distri-

bution, which is dominated by the excitation of localized surface

plasmon polariton resonances in the triangular nanoparticles. It is

shown, that the fluence and the polarization of the laser light are the

key parameters in nanogroove and nanochannel formation.
I. Introduction

In nanotechnology, the generation of nanopatterns with complex

morphologies having dimensions well below the optical diffraction
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limit remains an ambitious challenge. Behind the fundamental

interest in understanding the physical process of morphogenesis at

a surface, the motivation to study nanopatterning is also driven by

the great potential of such nanostructures for advanced applications

in e.g. nanofluidics, nanophotonics and biomedical devices.1–3

Nowadays numerous methods are able to generate nanopatterns

e.g. combining different physical stresses (electric, magnetic, thermal,

elastic) conventional top-down lithography techniques or laser

induced surface structuring. The latter method is a method of choice

that allows the precise generation of nanopatterns with dimensions

below the optical diffraction limit.4 One approach to achieve such

nanostructures is to exploit the near field of a microscope tip illu-

minated with laser light,5 although this technique is not suitable for

many applications due to its limited throughput. A more promising

approach, which has attracted increasingly more attention in recent

years, exploits the near field of latex or SiO2 micro- and nanosphere

arrays on substrates, irradiated with ns- or fs-pulsed laser light.6,7Due

to the lens effect of the spheres, high electromagnetic fields in the

vicinity of the substrate are generated, which overcome the ablation

threshold.8,9 Depending on the arrangement of the spheres, highly

ordered arrays of nanoholes are created in the substrate.10 Recently

similar experiments were undertaken using spherical noble metal

particles, exploiting their unique optical properties, which are domi-

nated by the excitation of localized surface plasmon polariton reso-

nances (LSPPRs). These collective oscillations of the conduction

band electrons are accompanied by an enhancement of the local field

in the vicinity of the nanoparticle (NP) surface. This enhanced local

field in combination with the focusing effect due to the sphere itself,

allows generation of distinct types of nanopatterns.11,13–15 It was

shown that when gold nanospheres with a diameter of approximately

200 nm are illuminated with linearly polarized fs-pulsed laser light,

the local field distribution underneath the NP creates elongated

holes13 oriented along the polarization direction. Motivated by these

results, great attention has been paid to nonspherical NPs, which

generate much stronger andmore sophisticated local electromagnetic

fields.16 In particular, NPs with sharp tips, such as triangular nano-

prisms show a great potential to generate well defined nanoscale

structures over large areas of the substrate.17

In this paper we demonstrate an innovative and inexpensive

method for tuning nanopatterns with dimensions well below the

diffraction limit on fused silica substrates. The method is based on

local ablation of the substrate surface due to the electromagnetic field
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c0jm03829f
http://dx.doi.org/10.1039/c0jm03829f
http://dx.doi.org/10.1039/c0jm03829f
http://dx.doi.org/10.1039/c0jm03829f
http://dx.doi.org/10.1039/c0jm03829f
http://dx.doi.org/10.1039/c0jm03829f


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

et
sb

ib
lio

th
ek

 K
as

se
l o

n 
22

 M
ar

ch
 2

01
1

Pu
bl

is
he

d 
on

 2
1 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0J
M

03
82

9F
View Online
enhancements in the vicinity of highly ordered triangular gold NPs.

Large surface areas can be patterned with well-defined nano-

structures, by applying single 35 fs laser pulses to the sample. The

advantage of this approach lies in its versatility: for a given geometry

of the highly ordered NP arrays, several nanopatterns can be

generated by ablation controlling the applied fluence and, more

importantly the polarization direction of the laser light with respect to

the NP orientation. To explain the morphology of the generated

nanostructures, finite-difference time-domain simulations (FDTD)

have been performed. The simulations show, that the generated

nanostructures can indeed be explained by the local field enhance-

ments. These structures are expected to play a major role in tech-

nological applications, such as biochemical chips and waveguides.18,19

Experiments presented here use arrays of triangular gold NPs

prepared by nanosphere lithography,20 utilizing the drop coating

method of Micheletto et al.21 Subsequently the samples were irradi-

ated under ambient conditions with a single femtosecond light pulse,

generated by an amplified Ti : sapphire laser system, coupled to

amodifiedmicroscope set-up. The pulse duration was 35 fs full width

at half maximum and the diameter of the laser spot on the sample

was set to 22 mm. The NP arrays were irradiated using linear or

circular polarized light under normal incidence with a central wave-

length of lz 790 nm. In order to increase the energy range, the pulse

energy has been varied from E¼ 0.1 mJ to E¼ 7.0 mJ. The NPs have

an aspect ratio (AR) of 2.47 (edge length divided by the NP height).

The extinction spectrum of the NPs (see ESI†) exhibits a strong

plasmon resonance at l ¼ 730 nm due to the excitation of the

dipolar mode.22–24 Hence, the chosen wavelength of the laser light, at

l z 790 nm, strongly excites this mode of the triangular gold NPs.

The NPs as well as the imprinted nanopatterns have been charac-

terized by atomic force microscopy (AFM), scanning electron

microscopy (SEM), and extinction spectroscopy. A detailed

description of the experimental procedure, samples characterization,

experimental set-up and FDTD simulations respectively is presented

in the Electronic Supplementary Information†.
II. Results and discussion

A broad range of laser fluences have been studied in single shot

experiments, exploiting the Gaussian intensity distribution of the

incident laser light. Along these lines, four different regions have been

identified. We emphasize, that the triangular gold NPs have been
Fig. 1 AFM images of the generated nanopatterns in region 1 (a), region 2

triangles indicate the original position of the triangular NPs on the substrate p

larger than the original NPs, which, in fact, have a tip to tip distance of appro

the incoming laser light.

This journal is ª The Royal Society of Chemistry 2011
completely removed from the substrate after a single pulse. Accord-

ing to our definition, the applied fluence is low, medium, high, and

beyond the ablation threshold in regions 1, 2, 3, and 4, respectively.

While in regions 1 to 3, well-defined nanopatterns appear, the fluence

in region 4 is so high, that an unstructured ablation occurs. The

definition of theses 4 regions is justified, because similar local fluences

on the surface irradiating spot result in similar structures, indepen-

dent of the applied energy. The only difference is, that the regions 1 to

3 appear further away from the spot center for increasing energy and

region 4 increases in diameter for higher energies. In the following, we

present different generated nanostructures and show that these

structures are the result of the localization of the electromagnetic field

due to excitation of plasmon resonances in the triangularNPs. For an

appropriately chosen energy, the ablation threshold of the substrate is

surmounted exclusively in tiny areas in close vicinity of the triangular

NPs.

A. Influence of the Gaussian intensity distribution on nanopattern

formation

In first experiments the influence of the applied energy on the

morphology of the generated nanopattern was investigated. For this

purpose, the Gaussian energy distribution of the intensity profile

within the laser spot was exploited. The energy was set to E¼ 0.16 mJ

and the incident polarization direction was almost parallel to the

bisectors of the triangles. Fig. 1a–c show AFM images of fused silica

surfaces after irradiation, obtained in regions 1, 2, and 3. Although

the illuminated area had a diameter of 22 mm, only in an area with

a diameter of 16 mm are nanostructures created. The reason is, that

outside this region even the enhanced local field in the vicinity of the

NPs does not overcome the ablation threshold of fused silica

(�2 J cm�2).25,26 In region 1, where the approximate local fluence was

0.056 J cm�2 small elliptical holes are generated (Fig. 1a). In region 2

(local fluence z 0.072 J cm�2) nanostructures composed of three

clearly distinct holes are created, one of them being large and two

others being small (Fig. 1b). Finally, for high fluence (region 3, the

local fluence z 0.082 J cm�2) the holes are completely merged and

form nanogrooves with a bone-like shape in a chequered structure

(Fig. 1c). The morphological details of the different nanostructures

are summarized in Table 1. The results clearly demonstrate, that even

the largest generated nanostructures have dimensions well below the

diffraction limit. We emphasize, that minor shape variations of the

nanostructures are mainly due to the strong Gaussian intensity
(b), and region 3 (c). The applied pulse energy was E ¼ 0.16 mJ. The red

rior to irradiation. For clarity reasons, the red triangles have been drawn

ximately 100 nm. The black arrows indicate the polarization direction of

J. Mater. Chem., 2011, 21, 4076–4081 | 4077

http://dx.doi.org/10.1039/c0jm03829f


Table 1 Characteristic features of the generated nanostructures for different fluences. The polarization of the applied laser light was parallel to the
common bisector of two neighboring NPs, (cf. Fig. 1)

Region Average local fluence/J cm�2 Structure Average depth/nm Average length/nm Average width/nm

1 0.056 Holes 4.5 � 0.5 23 � 3 23 � 3
2 0.072 Large subholes 13 � 2 45 � 5 34 � 4

Small subholes 4.5 � 1.5 23 � 2 23 � 2
3 0.082 Nanogrooves 14 � 2 287 � 10 44 � 8
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distribution of the laser spot. As shown in our previous publication,17

a homogeneous intensity distribution, i.e., a larger spot diameter,

results in nanopatterns of high uniformity. For an easy interpretation

of the morphology of the generated nanostructures, the initial posi-

tion of the triangular NPs (red triangles) and the polarization direc-

tion (black E-field vector) of the laser light are indicated in Fig. 1.

Although the average fluence of the laser light is below the ablation

threshold in regions 1 to 3, ablation occurs. This can be explained by

the strong localization and enhancement of the fields in the vicinity of

the NPs. The general trend, that larger structures appear closer to the

center of the laser spot, can be easily explained by the Gaussian

energy distribution of the laser beam.At the edge of the laser spot, the

fluence is relatively low and no or only minor ablation occurs. In

contrast, close to the center (region 3), the fluence increases, more

material is ablated and larger nanostructures appear. We emphasize,

that all created nanostructures are located at the original positions of

the removed triangular NPs and the distance between the structures

corresponds to the diameter of the nanospheres used for the litho-

graphic mask.

To confirm the origin of the generated nanostructures, FDTD

simulations have been performed. Fig. 2 illustrates the electric field

energy density distribution for a polarization direction parallel to the

bisector of the triangular NPs. In this case, the largest fields are

generated only on the tip that points in the polarization direction. The

two tips oriented perpendicular to this direction exhibit only small

field enhancements. These calculations explain the origin of the

observed experimental results presented in Fig. 1. For a low applied

fluence, only at the tips exhibiting the largest field enhancements, the
Fig. 2 Normalized electric field energy density distribution for an array

of triangular NPs arranged on a fused silica substrate. The normalization

is performed with respect to the electric field energy density distribution

of a fused silica substrate. The incident electric field is linearly polarized

along the common bisector of the triangles. The energy density has been

time-averaged on the duration of the incident pulse.

4078 | J. Mater. Chem., 2011, 21, 4076–4081
ablation threshold has been overcome (Fig. 1a). Increasing the flu-

ence, the confinement of the light energy on the two other tips

exhibiting the lowest field enhancements in Fig. 2 produce energy

densities able to overcome the ablation threshold, such that besides

the major hole, two minor holes are created (Fig. 1b). Finally, the

generation of the most important structure, the nanogrooves, is an

interplay of two effects. Firstly, due to the high applied fluence, the

electric field energy densities significantly increase so that their

distribution shows overlapping areas. Secondly, the energy densities

of the twomainly excited tips of neighboring triangles merge together

creating the ablation areas shown in Fig. 1c. Both effects lead to

a nearly homogeneous ablation of material and the bone-like struc-

tures are generated. We thus have perfect agreement between the

experiments and the simulations.

B. Influence of the applied energy

As mentioned before, the pulse energy has been varied from E ¼ 0.1

mJ to E¼ 7.0 mJ. However, for the same direction of the polarization

of the laser light with respect to the orientation of the triangles, similar

nanopatterns have been formed in regions 1 to 3, independent of the

applied energy. Fig. 3a depicts a 3D-AFM image of the nanogrooves,

which exhibit the same bone-like shape and almost similar dimen-

sions as before. The nanogrooves have been generated in region 3,

after irradiation with a single laser pulse with an energy of E ¼ 2 mJ.

The polarization of the laser light was again almost parallel to the

bisectors of the triangles. The only difference is, that the generated

nanogrooves appear at larger distances from the central spot due to

the higher fluence of the laser light (z 0.8 J cm�2). The grooves have

an average depth of hDi ¼ (11 � 2) nm, an average length of

hLi ¼ (267 � 10) nm, and an average width of hWi ¼ (39 � 5) nm.

Fig. 3b depicts a height profile of the generated nanogrooves, as

indicated in Fig. 3a. It demonstrates that the generated nanogrooves

have the same depth. Therefore, homogeneous ablation in the areas

with high local fields occurs. In addition, the height profile reveals,

that the nanogrooves are surrounded by a rim. Very likely, it is

caused by surface melting, which resolidifies on the substrate at the

borders of the nanostructures, as previously explained by other

authors.11,12

C. Influence of the polarization direction

To demonstrate the influence of the polarization direction, an addi-

tional set of experiments has been performed. For these experiments,

the polarization direction has been rotated by 90� with respect to the

triangular NPs. Hence, the polarization is almost parallel to a base of

the triangles. The energy of the laser light was set to E¼ 3.8 mJ. Due

to the high energy, the area where nanostructures are generated,

coincides with the laser spot diameter of 22 mm. Fig. 4 depicts AFM

images, which show the evolution of the nanostructures as a function
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 (a) 3-D AFM image of the generated nanogrooves in region 3. The applied pulse energy was set to E ¼ 2 mJ. The black arrow indicates the

polarization direction of the incoming laser light. (b) Height profile of the generated nanogrooves, demonstrating that all the nanogrooves have the same

depth.
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of energy, i.e., in regions 1 to 3. Again, the nanopatterns are located at

the original position of the removed triangles.Minor shape variations

of the nanostructures are mainly due to the pronounced Gaussian

intensity distribution of the laser spot. Although the formation of the

nanopattern is the same as before—higher fluences generate larger

structures—the images show remarkable differences in the

morphology, as compared to the nanostructures presented in section

II A. Even in region 1 (see Fig. 4a) double holes are created at a single

NP. These double holes merge together with increasing fluence in

region 2 (Fig. 4b). For high fluences in region 3 (Fig. 4c), micrometer

long nanochannels are formed. Nevertheless, the average width and

depth of the nanochannels amount to only hWi ¼ (94 � 3) nm and

hDi ¼ (31� 4) nm, respectively, i.e., well below the diffraction limit.

The dimensions of all nanostructures depicted in Fig. 4 are listed in

Table 2.

As already mentioned above, the morphology of the nano-

structures depends on the polarization direction of the laser light with

respect to the NPs. It is obvious, that the double holes are created at

the two tips of the baseline, which is parallel to the polarization

direction of the laser light. In contrast to the experiments described in

section II A, the third tip causes nearly no ablation, even for the

highest fluence. To explain the generated structures, again FDTD

simulations have been performed. Fig. 5 shows the FDTD simulation

where the polarization direction of light is parallel to the base line of
Fig. 4 AFM image of the generated nanopatterns in region 1 (a), region 2

triangles indicate the original position of the triangular NPs on the substrate p

drawn larger than the original NPs, which, in fact, have a tip to tip distanc

direction of the laser light.

This journal is ª The Royal Society of Chemistry 2011
the triangles. The simulations easily explain the observed double

holes structures in regions 1 and 2, i.e., for low and medium fluences.

For high fluences, again two effects occur. First, the ablation areas

underneath the two strongly excited tips of a single NP overlap and

the double holes merge together. Second, the ablation areas created

underneath the tips of two neighboring NPs also overlap. If the

overlap is sufficiently high, an almost homogeneous ablation of the

substrate occurs, leading to the formation of micrometer long

nanochannels. These channels exhibit homogeneous depths and their

widths are well below the diffraction limit. Again, we thus have

perfect agreement between experiments and simulations.

We emphasize, that the length of the nanochannels is limited only

by the area inwhich highly ordered triangularNPs are located and by

the area which is homogeneously illuminated by the laser light. It has

been demonstrated, that 6 mm long channels with an extremely

homogeneous depth are easily prepared.17
D. Circular polarization

In order to investigate the effect of an enlarged polarization space on

nanopatterning, experiments with circularly polarized light were

performed. As compared to the nanostructures obtainedwith linearly

polarized laser light, the ones obtained by circularly polarized light

are more symmetric (see Fig. 6a and 6b). This can be explained as
(b), and region 3 (c). The applied pulse energy was E ¼ 3.8 mJ. The red

rior to irradiation. Again, for clarity reasons, the red triangles have been

e of approximately 100 nm. The black arrow indicates the polarization

J. Mater. Chem., 2011, 21, 4076–4081 | 4079
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Table 2 Characteristic features of the generated nanostructures for different fluences. The polarization of the applied laser light was parallel to
a baseline of the triangular NPs (cf. Fig. 4)

Region Average local fluence/J cm�2 Structure Average depth/nm Average length/nm Average width/nm

1 0.38 Elliptical holes 4 � 1 34 � 4 28 � 3
2 0.70 Elliptical double holes 9 � 3 47 � 5 40 � 4
3 1.73 Nanochannels 31 � 4 several mm 93 � 3

Fig. 5 Normalized electric field energy density distribution for an array

of triangular NPs arranged on a fused silica substrate. The normalization

is performed with respect to the electric field energy density distribution

of a fused silica substrate. The incident electric field, is linearly polarized

along a base of the triangles. The energy density has been time-averaged

on the duration of the incident pulse.
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follows: circularly polarized light is nothing more than a linearly

polarized light rotating at the optical frequency of interest. The light

pulse launched on the sample has a finite temporal width (35 fs). As

compared to the optical frequency of interest (a wavelength of

790 nm corresponds to a frequency of 0.38 PetaHertz), the polari-

zation direction of the light crossing the interface between the fused

silica substrate and the gold triangles has time to rotate more than 12

cycles during the pulse duration. The ablation process thus results

from the averaging of the linear polarization over many rotations,

leading to the observation of amore symmetric pattern in Fig. 6a and

6b. The same high symmetry pattern has been obtained in our

simulations (Fig. 6c), by averaging the electric field energy density on

the time scale of the pulse duration. The differences exhibited between

the simulated (perfect) pattern and experimentally obtained pattern

can be easily explained with the fact that the triangular NPs observed

experimentally may present different kinds of imperfections such as
Fig. 6 AFM images of the generated nanopatterns after applying a singl

F z 0.7 J cm�2 (b) using circular polarized light. (c) Normalized electric-field

a fused silica substrate where the incident electric field is circularly polarized

4080 | J. Mater. Chem., 2011, 21, 4076–4081
a slight disorder intrinsically due to the deposition procedure. Such

imperfections are random in nature and so are not taken into account

in the simulations. They are more clearly revealed in circular polar-

ization with respect to the linear polarizations previously investigated

as a result of the broader configuration space explored.
III. Conclusions

In this paper we have demonstrated a simple method for designing

and tuning nanopatterns on fused silica substrates exploiting the

polarization dependence of the strongly localized near field of highly

ordered triangular NP arrays. To generate strong enough near fields,

the samples were irradiated with single 35 fs laser pulses. Although

the average fluence was significantly below the ablation threshold of

the fused silica substrates, ablation occurs in the vicinity of the

triangular NPs due to enhanced near fields. Since these near fields are

strongly localized, the ablation threshold can be overcome in tiny

areas, leading to nanostructures well below the diffraction limit.

Different nanostructures have been created, depending on applied

fluence and the polarization direction of the laser light with respect to

the NP orientation on the substrate. Besides hole structures, nano-

grooves and micrometer long nanochannels, all with lateral dimen-

sions well below the diffraction limit, have been generated. FDTD

simulations perfectly explain the different obtained nanostructures

due to strong local fields, which are driven by the excitation of

plasmon resonances in the triangular NPs. Bone-like nanogrooves in

a chequered structure are obtained for a polarization direction of the

incoming laser light parallel to the bisector of two neighboring

triangles. Nanochannels are generated, if the polarization is parallel

to a base of the triangular NPs. In particular, the generated nano-

grooves and nanochannels open up a new dimension for applications

in modern nanotechnology.
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