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D
evelopment of biosensors based on
localized surface plasmon reso-
nance (LSPR) of metal nanoparticles

attracted increasing attention during the
past few years.1�7 Compared to commer-
cially available surface plasmon resonance
(SPR) sensors8 based on propagating sur-
face plasmon modes in thin metal films,
which have a typical probing depth of a
few hundreds of nanometers, LSPR-based
sensors allow measurements of refractive
index changes in a close proximity to a
metal nanoparticle in a near-field zone lim-
ited to a few tens of nanometers. This can
make them suitable for detection of a single
monolayer of biomolecules on their surface
or even singlemolecule binding events on a
single metal nanoparticle.1,2,6 The main
drawback of the existing LSPR sensors is
their relatively low sensitivity, which is typi-
cally limited to a spectral resonance shift of
a few hundreds of nanometers per refrac-
tive index unit (RIU). The overall perfor-
mance of these sensors is characterized by
their figure of merit (FOM), which is defined
as a ratio of the sensitivity to the resonance
peakwidth at the half-maximum.9 The value
of this parameter for LSPR-based sensors
depends on the particle shape and size and
typically does not exceed a few units owing
to a highwidth of the plasmon resonance of
a single nanoparticle.10,11 Many recent stud-
ies were devoted to improvement of the
figure of merit of the LSPR-based sensors
using specially designed nanoparticle sys-
tems with narrow resonances.12�19 These
resonances appear due to near-field cou-
pling of localized surface plasmons (LSP) of
single nanoparticles and excitation of col-
lective plasmon modes in the nanoparticle
systems. These modes are localized inside
the systems and can be applied for sensing
similar to the LSPR of a single nanoparticle.
Recent developments of this approach

allowed experimental demonstration of an
FOM value of 54 in the near-infrared spectral
range.20 Another possibility to realize a narrow
resonance in the spectrum of a nanoparticle
system is to use highly ordered nanoparticle
arrays with diffractive (far-field) coupling of
localized surface plasmons.21�33 This ap-
proach was first discussed theoretically21,22

and recently realized experimentally by sev-
eral groups.23�30 Similar systems but with an
additional resonator layer under a nanoparti-
cle array were also considered in earlier
publications.31,32 In a first study of sensing
properties of such nanoparticle arrays using
phase sensitive detection methods, very high
sensitivity has been demonstrated.33

For sensing applications of nanoparticle
structures and arrays, the main drawback is
in high cost and low-throughput of existing
fabrication methods. Most of the experi-
mentally studied structures are fabricated
by electron or ion beam lithographies,
which are not suitable for large-scale pro-
duction. This stimulates the development of
new high-throughput and low-cost meth-
ods for the fabrication of nanoparticle struc-
tures with particular optical properties, for
example, biosensors or metamaterials.34,35

In this paper, a novel method for high-
speed fabrication of large-scale nanoparticle
arrays is demonstrated. This method is based
on a combination of nanosphere lithography
and femtosecond laser-induced transfer.
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ABSTRACT A novel method for high-speed fabrication of large scale periodic arrays of

nanoparticles (diameters 40�200 nm) is developed. This method is based on a combination of

nanosphere lithography and laser-induced transfer. Fabricated spherical nanoparticles are partially

embedded into a polymer substrate. They are arranged into a hexagonal array and can be used for

sensing applications. An optical sensor with the sensitivity of 365 nm/RIU and the figure of merit of

21.5 in the visible spectral range is demonstrated.
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Fabricated structures consist of hexagonal arrays of
spherical gold nanoparticles partially embedded into a
polymeric substrate. Both interparticle distance and
particle size can be independently controlled which
allows engineering of optical properties of such arrays.
In particular, it is shown that at some set of experi-
mental parameters the transmission spectra of these
nanoparticle arrays can possess very narrow dips with
the full width at half-maximum (fwhm) down to 14 nm
in the visible spectral range. These resonances appear
due to diffractive coupling of localized surface plas-
mons of nanoparticles in these arrays. Their spectral
position is very sensitive to the refractive index
changes of local environment above the substrate with
the nanoparticles. Finally, based on this novel fabrica-
tion method, cheap and easy-to-use sensors with a
sensitivity of 350 nm/RIU and a figure ofmerit of 21.5 in
the visible spectral range are demonstrated. Experi-
mental results are supported by theoretical modeling
based on the coupled dipole approach.

RESULTS AND DISCUSSION

A scheme of the novel method for high-speed
fabrication of large-scale nanoparticle arrays based
on a combination of the nanosphere lithography and

laser-induced transfer is shown in Figure 1. A detailed
description of this novel approach is given in the
Methods section at the end of this paper.
Examples of gold nanoparticle structures fabricated

on the receiver substrate by single femtosecond laser
pulses are shown in Figure 2a,b. In this experiment,
triangular donor structures were prepared using poly-
styrene spheres with 1 μm diameter and evaporation
of 45 nmgold layer. The laser fluence of 0.06 J/cm2 was
used for the transfer process. As can be seen in the SEM
images taken from different angles (top view is shown
in Figure 2b, grazing incidence view is shown in the
inset to Figure 2d), the transferred particles have
spherical shape and they are arranged in a hexagonal
array. The flat�top profile of the laser beam allows
realizing the same irradiation conditions for each
irradiated particle and transfer of many nanoparticles
by a single laser pulse. On the other hand, by scanning
the sample in horizontal directions any desired 2D
structure consisting of nanoparticle arrays can be
fabricated (Figure 2c). The arrangement of nanoparti-
cles in a hexagonal array on the receiver substrate is
independent of the laser beam profile or sample
scanning direction and is completely determined by
the original hexagonal structure on the donor sub-
strate. The transferred nanoparticles are partially
(about 70%) embedded into the soft receiver substrate
as can be seen in the grazing incidence SEM image
shown in Figure 2d. This makes these particles very

Figure 1. Scheme of nanoparticle structure fabrication by a
combination of the nanosphere lithography and laser-in-
duced transfer.

Figure 2. (a) Dark-field microscope image of arrays of gold
nanoparticles fabricated by single laser pulses on a receiver
substrate. Laser beam has a flat-top square-shaped profile
with 6 μm size. Laser fluence is of 0.06 J/cm2. (b) Top-view
SEM image of a nanoparticle array fabricated by a single
laser pulse. (c) Dark-field microscope image of a nanopar-
ticle structure fabricated by multipulse laser irradiation
at 1 kHz repetition rate and 1 mm/s sample translation
speed. Laser beam profile and fluence are the same as in
panel a. (d) Grazing incidence SEM image of a nanoparticle
array fabricated at similar conditions as in panel c. Inset is a
grazing incidence view of a nanoparticle located at the
sample edge.
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stable and resistant against cleaning and mechanical
treatment of the sample.
Nanosphere lithography, which is applied for donor

substrate preparation in this paper, is a cheap and
simple approach for the fabrication of very large scale
nanoparticle arrays. For this reason, nanosphere litho-
graphy is considered as very promising for different
applications including biosensing.1,2,4,36 One of the
disadvantages of this method is a relatively low flex-
ibility in controlling the size and shape of the fabricated
triangular nanoparticles. The size of these triangles can
be altered by changing the diameter of the nano-
spheres. However, this also changes the period of the
hexagonal arrays. This, in particular, does not allow the
realization of narrow resonances, due to diffractive
coupling of localized surface plasmons, in optical
spectra of such nanoparticle arrays.21�30 To realize
these narrow resonances, it is necessary to control
independently the spectral position of the local plas-
mon resonance of nanoparticles (by varying the nano-
particle size) with respect to the diffractive resonance
of the nanoparticle array (defined by the array period).
This problem can be solved by melting the triangular
prism nanostructures and their transformation into
spherical nanoparticles. The size of these spherical
nanoparticles depends not only on the triangle size
but also on its thickness, which can be changed
independently during the fabrication process. In
previous studies, there were several attempts to realize
such kind of transformation using thermal annea-
ling37�39 or laser-induced melting.40,41 However, the
thermal annealing of noble metal structures at high
temperatures (600�900 �C for gold) results in the
formation of hemispherical particles instead of
spheres. On the other hand, liquid metallic spheres
produced by nanosecond or femtosecond laser-in-
duced melting are not stable on the substrate.40,41

Indeed, fast transformation of a triangular metal prism
into a liquid nanosphere initiates the center-of-mass
movement in the upward direction normal to the
substrate surface which is accompanied by accelera-
tion, detachment, and jumping of the molten
nanospheres.40 Therefore, direct transformation of a
triangular prism array into high quality nanosphere
structure on the donor substrate surface is hardly
possible.37�41 By applying a laser-induced transfer
method, as it is demonstrated in this paper, the desired
transformation can be performed and highly ordered
arrays of spherical nanoparticles can be produced. In
this case, the jumping nanoparticles are simply caught
on the receiver substrate. Conservation of the structur-
al quality during the transfer process is achieved by a
good contact between the donor and receiver sub-
strates. It is also important that the transferred nano-
particles can be embedded into the receiver substrate,
which makes them very stable and resistant against
cleaning and mechanical treatments.

Another important advantage of this method is that
the size of the fabricated nanoparticles can be changed
in a very wide range from a few hundreds of nanome-
ters down to 10 nm. Indeed, commercially available
nanospheres for nanosphere lithography have a mini-
mum size of about 50 nm. The minimum thickness of
good quality metal films, which can be achieved by
thermal evaporation or other existing methods, is
about 10 nm. This provides a theoretical limitation for
the size of the fabricated spherical nanoparticles of
about 10 nm, which is comparable to the size of
nanoparticles produced by chemical methods in
solutions. However, in contrast to chemical methods,
laser-induced transfer allows fabrication of high-
quality arrays of such nanoparticles. In our experi-
ments, the smallest fabricated nanoparticle size was
around 40 nm, which has been achieved using 400 nm

Figure 3. (a) Experimental transmission spectra of a hex-
agonal gold nanoparticle array partially embedded into a
PDMS substrate in air (blue curve, inhomogeneous
environment) and covered by a thick PDMS layer (black
curve, homogeneous environment). The particle diameter is
about 110 nm; the size of the unit cell is about 1100 nm (see
Figure 2). Inset is a SEM image of the nanoparticle array
taken at an angle of 45�. (b) Theoretical simulations of
transmission spectra of a hexagonal nanoparticle arraywith
the particle size of 108 nm and the unit cell size of 1132 nm
placed in a homogeneousmediumwith the refractive index
of 1.45 for the following sizes of the simulated structures:
5 � 5 μm2 (black dashed curve), 30 � 30 μm2 (red solid
curve), and infinite (blue short dashed curve). These simu-
lations were performed using a coupled dipole approach.
Inset shows a scheme of the simulated structure.
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nanospheres and 20 nm gold coating. These nanopar-
ticles are significantly smaller than that generated by
laser-induced transfer of nanodroplets from homoge-
neous thin metal films (180 nm).42�44 This is due to the
small size of initial triangular structures, which are
significantly smaller than the size of the focused laser
beam irradiating a homogeneous film surface.
As it was mentioned above, both the interparticle

distance and nanoparticle size in the transferred na-
noparticle arrays can be independently controlled by
changing the diameter of nanospheres and the thick-
ness of evaporated material, respectively. This allows
independent adjustment of both resonance positions
(of the nanoparticle scattering and structural, diffrac-
tive resonance) and realization of special conditions
when they are close to each another. The structural
resonances are realized in the system at the wave-
lengths of Wood�Rayleigh's anomalies when one of
the diffraction orders of the structure disappears inside
the substrate.27�29 When this wavelength is close to
the wavelength of local plasmon resonance of nano-
particles, a collective plasmonic mode in the system
can be excited. This corresponds to the diffractive
coupling of localized surface plasmons of the
nanoparticles.27 An example of such resonant behavior
in the hexagonal array of gold nanoparticles, fabricated
by the laser-induced transfer, is shown in Figure 3a. The
triangular donor structures for this arraywere prepared
using 1 μm polystyrene spheres and 45 nm gold film
evaporation. Laser-induced transfer was realized at the
laser fluence of 0.06 J/cm2, and sample translation
speed of 1 mm/s. An array of gold nanoparticles of
1 � 1 mm2 was fabricated in less than 4 min. Optical
transmission measurements were carried out using a
commercial fiber-equipped spectrometer (Ocean Op-
tics, HR2000þ). In Figure 3a, it can be seen that the
transmission spectrum of the prepared sample has a
broad dip at around 703 nm (blue curve). This dip
corresponds to the excitation of a collective plasmonic
mode in the nanoparticle system placed into inhomo-
geneous surroundings. It is known that narrow struc-
tural resonances can be realized in nanoparticle arrays
embedded in a homogeneous medium, whereas for
nanoparticles located on a substrate surface in air they
disappear.25 In our case, an intermediate situation is
realized, since the transferred nanoparticles are par-
tially embedded into the substrate. Note that nano-
particle arrays partially embedded into a substrate
have been recently realized by more expensive meth-
ods including electron-beam lithography and reactive
ion etching and demonstrated sharp collective plas-
monic resonances.30

When an additional PDMS layer is placed on top of the
nanoparticle array in order to realize a homogeneous
environment around the nanoparticles, the structural
resonance shifts to the red and becomes significantly
narrower with the full width at half-maximum (fwhm) of

only 14 nm (black curve in Figure 3a). This fwhm value of
the structural resonance is close to the smallest values
previously observed in nanoparticle systems prepared
by electron-beam lithography29 and corresponds to the
resonance Q-factor of 52. This proves very good quality
of the nanoparticle structures fabricated by the laser-
induced transfer method. On the other hand, this experi-
ment also shows that the spectral position of the reso-
nance dip is sensitive to the refractive index of the local
environment above the nanoparticle array, which makes
this system very attractive for sensing applications.
To better understand the spectral behavior of these

nanoparticle arrays, their optical response was ana-
lyzed theoretically using coupled-dipole equations.45

Data for the dielectric function of goldwere taken from
Johnson and Christy.46 Calculated transmission spectra
of hexagonal gold nanoparticle arrays with different
sizes placed in a homogeneous medium with the
refractive index of 1.45 are shown in Figure 3b. The
spherical nanoparticle diameter is 108 nm, and the unit
cell size (the length of the longest diagonal in the
hexagonal unit cell) is 1132 nm. These parameters
provide the best correspondence to our experimental
results. The calculated spectrum for the array with the
size of 30 � 30 μm2 (solid red curve) is very similar to
the experimentally measured spectrum (black curve in
Figure 3a). The size of 30� 30 μm2 corresponds to the
typical size of defect-free areas on our sample. Defects
in the samples appear due to imperfections of nano-
sphere monolayers during the donor preparation step.
For smaller arrays, the resonance becomes less pro-
nounced and almost disappears for the array with
5 � 5 μm2 size (Figure 3b). On the other hand, an
increase of the array size leads to further narrowing of
the resonance. Calculations shown in Figure 3b de-
monstrate that further improvement of the colloidal
crystal properties can lead to further increase of the
structural resonance Q�factor.
To study sensing applications of the laser-fabricated

nanoparticle arrays, a test solution of glycerin in water
was added on top of the PDMS substrate containing
nanoparticles. Transmission spectra of the nanoparti-
cle array covered with solutions at different glycerin
concentrations are shown in Figure 4a. The narrowest
and most pronounced resonances are realized in the
solutions with the refractive index close to 1.4, which is
similar to the refractive index of PDMS. This corre-
sponds to the case when the nanoparticles are em-
bedded in a homogeneous medium. When the
refractive index is lower or higher than that of the
PDMS substrate, the resonance dip becomes broader
and shifts to the blue or to the red spectral sides,
correspondingly.
Spectral position dependence of the resonance dip

on the refractive index of local environment (above the
substratewith nanoparticles) is shown in Figure 4b. The
sensor sensitivity, defined as a shift of the resonance
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wavelength induced by the change in the refractive
index of the test medium, dλres/dn, is shown in
Figure 4c for different values of n. As can be seen,
the sensitivity monotonically grows with the refrac-
tive index and reaches its highest value of 365 nm/RIU
in the case of immersion oil with the refractive index
of 1.52. The obtained sensitivity values are typical for
LSPR-based sensors.1,2,10 The overall performance of
the nanoparticle-based sensors is characterized by
their figure of merit (FOM), which is defined as the
ratio of their sensitivity to the resonancewidth at half-
maximum.9 Dependence of the figure of merit on the
refractive index of local environment for our nano-
particle array sensor is shown in Figure 4d. One can
see from this figure that the FOM grows with the
refractive index of the tested medium (n) for n < 1.47
and then decreases. This happens due to the spectral
broadening of the resonance dip when the refractive
index of the local environment becomes higher than
that of the substrate. Themaximum FOMvalue of 21.5
is obtained for the refractive index of 1.47. This FOM
value is among the highest experimentally obtained
with nanostructure-based sensors.19,20,34 It is also
important that high FOM values are obtained in our
case for solutions with the refractive index in the

range of 1.33 to 1.5. This range corresponds to the
typical refractive index values for most of biomater-
ials, which is important for biosensing applications.
Note that all results discussed in this paper were

obtained with arrays of gold nanoparticles. In preli-
minary experiments, we have already tested that simi-
lar arrays can be fabricated with silver and silicon
nanoparticles. In general, we expect that any material,
which can be melted by laser irradiation, can be used
for the fabrication of nanoparticle arrays by the meth-
od described in this paper. These highly ordered large-
scale nanoparticle arrays can be also used for surface-
enhanced Raman scattering (SERS)1 and all-optical
switching47 applications.

CONCLUSION

A novel method for high-speed fabrication of large-
scale periodic nanoparticle arrays has been developed.
This method is based on a combination of nanosphere
lithography with laser-induced transfer. First, large-
scale hexagonal arrays of triangular prism struc-
tures are fabricated by the nanosphere lithography.
Then these prisms are melted by femtosecond laser
irradiation and transferred toward another (receiver)
substrate. Millions of identical nanoparticles can be

Figure 4. (a) Transmission spectra of the gold nanoparticle sensor array in different test solutions of glycerin in water. The
content of glycerin inweight percents and corresponding refractive index of the solutions are shown in the panel. (b) Spectral
position dependence of the resonance dips on the refractive index of the test solutions (n). (c) Dependence of the sensor
sensitivity on the refractive index n. The sensitivity is calculated as a first derivative dλres/dn of the dependence of the
resonance position on n taken from panel b. (d) Figure of merit, calculated for each refractive index value as the sensitivity
divided by the fwhm of the resonance dip. Black curves in panels b�d correspond to the B-Spline fit of experimental points
(black squares).
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transferred simultaneously by a single laser pulse. The
transferred particles have spherical shape and are ar-
ranged into hexagonal arrays. They are partially em-
bedded into the PDMS receiver substrate, whichmakes
them stable and resistant against multiple cleaning
and mechanical treatment procedures. Both the nano-
particle size and period of the nanoparticale array
can be independently controlled in our experiment.
In such nanoparticle arrays a collective plasmonic
mode with diffractive coupling between the nanopar-
ticles can be excited. Excitation of this mode leads to

the appearance of a narrow (fwhm =14 nm) resonance
dip in the optical transmission spectra. The spectral
position of this dip is sensitive to the refractive index
changes of the local environment which is promising
for sensing applications. The sensitivity of 365 nm/RIU
and the figure of merit (FOM) of 21.5 have been
demonstrated in the visible spectral range using test
water-glycerin solutions. This high sensing perfor-
mance together with the fast and cheap fabrication
procedure makes this nanoparticle array sensor pro-
mising for biomedical applications.

METHODS

Nanosphere Lithography. In our experiments, first, a hexagonal
structure of gold triangles (triangular prisms) was fabricated on
a glass (donor) substrate using nanosphere lithography (NL)
(Figure 1). This method is based on the preparation of a
lithographic mask consisting of an array of monodispersed
colloidal spheres and physical vapor deposition of thin films
over this mask.48 After lift-off of the colloidal mask, a hexagonal
array of plane triangular-shaped nanoparticles remains on the
substrate surface. Colloidal spheres with different sizes from
400 nm to 3 μm, obeying the NIST standards, were purchased
from Duke Scientific (now a division of Thermo Scientific). The
colloidal polycrystal mask was prepared using crystallization
induced by slow solvent evaporation from a nanosphere
solution.48 It permits the fabrication of sphere monolayers of
up to 1 cm2 area with many almost perfect monocrystals. A thin
gold layer was thermally evaporated on top of the spheres at
rates of 1 or 2 Å/s inside a vacuum chamber at 10�5�10�6 mbar
pressure.

Laser-Induced Transfer. Second, laser-induced transfer of the
triangular structures from the donor onto a receiver substrate
was realized, as schematically shown in Figure 1. In our experi-
ments, we use a commercial 1 kHz femtosecond laser system
(TsunamiþSpitfire, Spectra Physics) delivering 3 mJ, 30 fs laser
pulses at a central wavelength of 800 nm. An image transfer
scheme with 50� demagnification was realized in order to
obtain a flat-top square-shaped laser beam profile on the
sample surface.49 Femtosecond laser pulses irradiate the back
side of the donor substrate, as it is shown in Figure 1. The size of
the laser beam is larger than the distance between the triangles
in the hexagonal array which allows irradiating multiple trian-
gular island structures by a single laser pulse. Another (receiver)
substrate is placed in an ultimate contact with the donor sample
(Δz f 0). A good contact between the donor and receiver
substrates is important to retain a good quality of the nano-
particle structures during the transfer process. In our experi-
ments, it is realized using an elastic polymer polydimethy-
lsiloxane (PDMS) substrate as a receiver. Triangular structures
are melted by the laser irradiation and transformed into sphe-
rical droplets by strong surface tension forces. Droplets are
ejected from the donor toward the receiver substrate due to
inertia of the center-of-mass movement, which is initiated by
surface tension-induced transformation of triangular prisms
into spheres.40 The ejected nanodroplets are attached to and
partially embedded into the soft receiver substrate. The gener-
ated structures on both donor and receiver substrates are
analyzed by scanning electron microscopy (SEM) and optical
spectroscopy.
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