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In this study we investigate and exploit, for optical sensing, the surface plasmon excitation in gold

triangular nanoparticles with high aspect ratios (i.e., the ratio of the edge length of the triangles with the

height) prepared by nanosphere lithography. As shown previously, the shape and size of these

nanoparticles were used to tune their optical properties, monitored by far field extinction spectroscopy.

Interestingly, several localized surface plasmon resonances were detected in the visible and near

infrared regions and were attributed to dipole and quadrupole modes. These modes, identified from

numerical simulations, ‘‘red-shift’’ as the aspect ratio of the particles increases. The plasmon modes

observed for larger triangles exhibit unexpected sensitivity with a change in the refractive index. From

experiments and numerical simulations, this higher sensitivity has been attributed to an increase of the

local field enhancement for sharper tips. This new effect can provide important information for the

design of particles as building blocks for sensing applications.
I. Introduction

Plasmonic nanostructures have received increasing attention in

recent decades due to their unique optical properties. These

properties are dominated by localized surface plasmon polariton

resonances (LSPPRs), i.e. collective oscillations of the conduc-

tion band electrons, driven by an incident electromagnetic field.

The frequency, width and amplitude of these resonances strongly

depend on the morphology of the nanoparticles (NPs), in

particular on their size and shape, and on the dielectric function

of the surrounding medium. The collective oscillation of the

conduction band electrons is accompanied by an enhancement of

the local field in the vicinity of the NP’s surface. Various chemical

and biological applications take advantage of the high sensitivity

of LSPPRs to the refractive index of the medium in the vicinity of

the metal surface. Small changes in the local refractive index yield

spectral shifts of the LSPPR peak observed in the extinction

spectra. This shift in wavelength per unit change in the refractive

index (RIU) of the surrounding medium is used to quantify the

sensitivity factor S of the NPs.
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There is a permanent interest to develop and to improve the

sensitivity of optical sensors based on metal NPs.1,2 A variety of

chemical syntheses and lithographic techniques have opened

possibilities to design new plasmonic structures with defined sizes

and shapes, dispersed in solutions or supported on substrates. In

particular, arrays of supported monodisperse NPs represent

potential structures for many applications such as optical

sensing,3 surface enhanced Raman scattering (SERS),4–6 surface-

enhanced fluorescence microscopy,7 nanopatterning8,9 and solar

cells.10,11 Conventional lithography techniques, such as electron

beam lithography (EBL)12,13 and focused ion beam lithography

(FIB),14 can routinely fabricate ordered arrays of metal NPs.

Besides these standard techniques, new methods taking advan-

tage of the self-assembly of colloids (nanosphere lithography,

NSL)15 were developed to produce regular arrays of gold NPs.

The main advantage of this powerful technique is the low-cost

fabrication of large arrays of NPs with controlled size, shape and

interparticle distance. NP arrays prepared by NSL have been

extensively studied in recent years. For instance, Jensen et al.

demonstrated the ability of NSL to tune the optical properties of

triangular NPs across the visible and near IR region.16

Although many studies have been reported, a detailed inves-

tigation of triangular NPs with very high aspect ratios (AR, i.e.

ratio of the edge length and height) is still missing. The aim of the

present work is to investigate the optical properties of such gold

triangular NPs prepared by NSL with AR ranging between 2.7

and 7.2. The extinction spectra of these NP arrays reveal the

presence of two intense plasmon resonances that were attributed

to dipole and quadrupole modes spectrally resolved in the visible

and IR region. In addition, increasing the AR produces a gradual
J. Mater. Chem.
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red-shift of the LSPPRs that drastically improves the spectral

resolution of the modes. Finally we demonstrate that these larger

NPs are superior candidates for (bio)sensing applications thanks

to their very high sensitivity to change in the refractive index of

the surrounding medium. This higher sensitivity was associated

with the stronger local field enhancement reached in the vicinity

of the sharp tips of the larger NPs.

II. Experimental techniques

As mentioned above, the experiments presented here use arrays

of triangular gold NPs prepared by NSL,18 utilizing the drop

coating method of Micheletto et al.19 The technique employs

nanospheres dispersed in solution to create a close-packed

monolayer with hexagonal symmetry, used as a mask in

a subsequent step, where gold is deposited through the nano-

spheres to fill the void spaces in the layer lattice. In this way

regular arrays of triangular gold NPs are fabricated in a last step,

when the nanosphere mask is removed. NSL has the advantage

of making it possible to largely tune the AR of the NPs by

changing the size of the nanospheres used as a mask and/or by

changing the thickness of the evaporated gold. In this contri-

bution monolayers of nanospheres with a diameter D of 356 nm,

456 nm, 628 nm and 771 nm have been prepared on fused silica

substrates and used as a lithographic mask in a subsequent step

when gold was evaporated. The gold film thickness determined

by a quartz crystal microbalance was fixed to 40 nm. After the

nanosphere masks are removed triangular NP arrays with the

following edge length remain on the substrates: l ¼ 109 nm,

135 nm, 180 nm and 288 nm. The aspect ratio of these NPs

increases linearly with the edge length as follows: 2.7 (array

AR2.7), 3.4 (array AR3.4), 4.5 (array AR4.5) and 7.2 (array

AR7.2).

The AR of the NPs can also be tuned by changing the thick-

ness of the evaporated gold for a constant nanosphere diameter.

For example, in this context, for the NPs designed using nano-

spheres with diameterD¼ 771 nm, 80 nm of gold was evaporated

in a second step instead of 40 nm. As a consequence, the AR of

the NPs was changed from 7.2 (array AR7.2) to 3.6 (array AR*
3.6).

The samples have been characterized by atomic force

microscopy (AFM) and the edge length values of the NPs pre-

sented above have not been deconvoluted for tip broadening

effects. In order to monitor the optical properties of triangular

NPs, far field visible-near infrared (NIR) extinction spectroscopy

in the wavelength range 400–1800 nm has been applied. All the

extinction spectra here presented are recorded using unpolarized

light, under normal incidence with respect to the sample surface.

In order to probe the sensitivity of the NPs the extinction spectra

were recorded when the samples were placed in different envi-

ronments with a different refractive index.

III. Results and discussion

A. Investigation of multipolar plasmon modes

Fig. 1 shows the AFM images of the different highly ordered

triangular NPs used in this study. The experimental extinction

spectra of these arrays are presented in Fig. 2a.

For array AR2.7 the dominant resonance is an extinction band

at 851 nm. Additionally a weaker band arises at 609 nm.
J. Mater. Chem.
Increasing the AR at constant gold thickness leads to a gradual

red-shift of these resonances from array AR2.7 to array AR7.2.

For example, for array AR7.2 the strong and weak bands are

located at 1463 nm and 730 nm, respectively. As the AR of the

triangles increases, we also observe an increase in their intensity,

bandwidth and a better separation of both LSPPRs.

Changing the gold thickness also affects the optical properties

of the NP array. Fig. 3 shows that the dipole resonance experi-

enced a 440 nm blue-shift from array AR7.2 to array AR*
3.6 (same

edge length but different height, 40 and 80 nm, respectively).

Additionally a narrowing of plasmon width has been observed

due to the decrease of the AR.

To have a better insight into the optical properties of these

triangular NPs we simulate the extinction spectra of the NPs

arrays by finite-element COMSOL simulations. This method has

been extensively used for plasmonic simulations, see e.g. ref. 20.

Fig. 4 depicts the schematic representation of the triangular NP’s

geometry used in the simulations: (a) perspective view and (b) top

view. The symmetry of the lattice and the perpendicular excita-

tion allows the use of only one cell as depicted in Fig. 4, with the

use of appropriate boundary conditions. Numerical extinction is

determined by calculating 1 � T, with T the normalized trans-

mitted power through a plane underneath the particles. For gold

we used index data from Palik,21 for the substrate index we

employed n ¼ 1.5426.

The polarization direction has been chosen along the bisector of

the triangular NPs. Only the in plane excitation has been inves-

tigated. The sharpness of the tips has been controlled by adjusting

the angle q (q ¼ 2L/D is a geometrical parameter without

dimension describing the sharpness of the tip, see Fig. 4). A

decrease of q is obviously related to an increase of tip sharpness.

Please note that care has to be given to the geometric parameters

used to model the experiments, in order to fall well within the

range of the experimentallymeasured values. For each specificNP

array geometry, the q angle was adjusted to have a good agree-

ment with the experimental extinction spectra. For the NP arrays

AR2.7, AR3.4 and AR4.5, we used q values of 0.49 (28�), 0.49 (28�)
and 0.42 (24�), respectively. The largest NPs (AR4.5, edge length

180 nm) have thus the sharpest tips (smallest q).

The simulated extinction spectra of triangular NP arrays

AR2.7, AR3.4 and AR4.5 are given in Fig. 2b. Similar trends as in

the experimental spectra are observed: (i) the presence of two

significant resonances, (ii) these resonances are gradually red-

shifted and (iii) their bandwidth increases with the increasing

edge length of the triangles. Additionally for array AR4.5, besides

the two main resonances, multiple weak higher-order peaks show

up at around 670 nm.

Interestingly, the experimental spectra can be adequately

reproduced with a single ‘‘fitting’’ parameter, the q angle. For all

arrays, the position of the maximum LSPPR for the fundamental

resonance (l ¼ 1) of the calculated spectra matches well with the

experimental ones within �20 nm. For the second order LSPPR

(l ¼ 2), the calculated peaks are slightly red-shifted compared to

the experimental ones. Nevertheless, it should be noted that in

the calculations these resonances appear to be slightly split into

two modes. A slight blue-shift can be observed in the experi-

mental spectra due to a possible overlapping of the peaks and

experimental broadening. We assign the fundamental sharp

resonance to the dipolar mode and the second order resonance
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 AFM images of triangular NP arrays with various ARs, (a) AR2.7, (b) AR3.4, (c) AR4.5 and (d) AR7.2. See text for details about these arrays.

Fig. 2 (a) Experimental extinction spectra of NP arrays with different

aspect ratios AR2.7, AR3.4, AR4.5 and AR7.2, as indicated. The spectra

were recorded under normal incidence using unpolarized light. (b)

Simulated extinction spectra of triangular NP arrays AR2.7, AR3.4 and

AR4.5.

Fig. 3 Experimental extinction spectra of NP arrays prepared using the

same diameter of the nanospheres D ¼ 771 nm but different gold

thickness: 40 nm (AR7.2) and 80 nm (AR*
3.6).

Fig. 4 Schematic representation of a triangular NP’s geometry as used

in COMSOL simulations: (a) perspective view and (b) top view respec-

tively. The sharpness of the tips has been controlled by adjusting the

angle (q).
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observed for the shorter wavelengths to the quadrupole mode.

For array AR4.5 a weak resonance is observed at 670 nm in the

simulated spectra that may be attributed to the excitation of

multipolar modes higher than l ¼ 2. The experimental peaks are

broader than the numerical ones, which can be attributed to

deviations from perfect periodicity (e.g. size inhomogeneity) in

the experimental samples.

Fig. 5 reveals the linear dependence of the experimentally

determined wavelengths corresponding to the maximum
This journal is ª The Royal Society of Chemistry 2012
extinction bands of the dipole and quadrupole modes versus the

aspect ratios, as expected for such triangular NP arrays.25

Besides the far field properties, the near field optical proper-

ties of the triangular NP arrays AR2.7, AR3.4 and AR4.5 have

been numerically investigated. Fig. 6 shows the calculated

electric field maps close to the particle surface of array AR4.5 for

the LSPPRs attributed to the dipole (l ¼ 1115 nm (a)) and

quadrupole (l ¼ 810 nm (b)) excitations. These electric field

maps correspond to NP arrays supported on a fused silica

substrate and a polarization direction along the bisector of the

triangles. For the dipole and quadrupolar resonances, the

largest fields are generated on the NPs tips that are aligned with

the polarization direction (see Fig. 6a and b). Negligible field
J. Mater. Chem.
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Fig. 5 The linear relationship between the experimental LSPPR wave-

lengths of the dipole (blue) and quadrupole (red) vs. the aspect ratios of

the gold nanotriangles. All the extinction spectra have been recorded in

air. The axes are as indicated.

Fig. 6 2D maps representing the square of the electric field external to

triangular gold NP array AR4.5. The sharpness of the NPs has been

chosen by fixing the angle q at 24�. The polarization of light is along the

triangle’s bisector. The map has been calculated for the LSPPRs which

correspond to the dipole resonance l ¼ 1115 nm (a) and quadrupolar

resonance l ¼ 810 nm (b).

Fig. 8 Electric field normalized (dipole excitation) for NP arrays AR2.7,

AR3.4 and AR4.5. The sharpness of the tips was adjusted to reproduce the

experimental spectra. The inset shows the shapes of the triangles with

different sharpness used in the COMSOL simulations.
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enhancements can be observed for the tips perpendicular to the

polarization direction.

It is well known that the optical properties of metal NPs are

influenced by particle size. With increasing particle size higher
Fig. 7 (a) The evolution of the normalized electric field with distance from

electric field corresponds to the dipolar mode. The inset shows the shapes of th

(b) The evolution of the extinction spectra of similar triangular NPs with var

J. Mater. Chem.
order plasmon modes appear in the extinction spectrum.23 These

results can be explained by considering that for larger NPs, the

incoming light cannot polarize the particle homogeneously. As

a consequence, retardation effects lead to a gradient of the

electromagnetic field, that excite higher order modes. A broad-

ening of the plasmon bandwidth is observed for large NPs as

a result of radiative damping. The retardation effects within the

particles lead to a considerable decrease in the plasmon lifetime

and thus the dipolar near field enhancement.

The optical properties of metal NPs are also strongly influ-

enced by particle shape. This effect is obvious for very different

geometries such as spheres, rods, squares and triangles. In a more

subtle way, it has been shown recently by Sherry et al. that the

sharpness of the tips of the triangular NPs affects their optical

properties drastically.17 The drastic influence of the snipping

effect (i.e. rounding of the tips) on the optical properties of

triangular NPs has been concomitantly reported.22,24

For the design of NPs and the tuning of their optical proper-

ties, both size and shape are thus of a crucial importance. For NP
the tip for a triangular NP array AR4.5 and an angle q equal to 20�. The
e triangles with different sharpness used in the simulations q: 20�, 24�, 28�.
ious q angles, as indicated.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 (a) The linear relationship between the experimental LSPPR

wavelengths of the dipole (blue) and quadrupole (red) of the NP array

AR2.7 vs. the refractive index of different solvents. (b) The linear rela-

tionship between the experimental LSPPR wavelengths of the quadru-

pole (red) of the NP array AR4.5 vs. the surrounding refractive index.

Fig. 10 The evolution of the experimental LSPPR wavelengths of the

dipole (blue) and quadrupole (red) resonance for the NP array AR*
3.6 with

the refractive indexes of different surrounding solvents.

This journal is ª The Royal Society of Chemistry 2012
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arrays prepared by NSL, the sharpness of the tips is clearly

affected by a change of the colloidal sphere’s diameter (see Fig. 1

and 2). The influence of the tip sharpness (determined by the

angle q) was investigated with COMSOL simulations.

Fig. 7a depicts the rapid decrease of the electric field with the

distance from the tip, for the dipole mode of NP array AR4.5.

From the extinction spectra of these NPs (Fig. 7b), we see that

the dipole resonance is very sensitive to the tip sharpness, red-

shifts as large as 170 nm are observed for the sharpest triangles

(q ¼ 20�).
The dramatic effect of the tip sharpness on the optical spectra

of the NPs can be explained by taking into account that the sharp

tips on a perfect triangle lead to polarization distortions that

favor higher order multipoles.25 For snipped triangular NPs, this

effect is reduced and the electric field becomes more

homogeneous.
B. Optical sensing based on the exploitation of plasmon modes

in triangular NPs

As shown in Fig. 8, the sizes of the triangular NPs affect the field

enhancement near the tip. From COMSOL simulations, we can

see that the field decays away from the tip surface faster for

smaller NPs. If we consider that a higher enhancement of the

near fields correlates with a higher sensitivity, then we can

conclude that the largest NPs with sharper tips are excellent

candidates for sensing applications.

In the following, we demonstrate experimentally that the

largest NPs are the most sensitive. Shifts in the LSPPR peak

position for dipole and quadrupole resonances are observed by

changing the refractive index of the surrounding solvent (Fig. 9).

This gives us the opportunity to measure the sensitivity (given by

the wavelength shift per RIU) for the NP arrays AR2.7, AR3.4

and AR4.5.

Fig. 9a shows the evolution of the LSPPR peak position

(dipole and quadrupole) for NP array AR2.7 with the

surrounding refractive index. From these data, sensitivity factors

of 190 nm per RIU for the dipole and 54 nm per RIU for the

quadrupole are obtained. For the NP array AR4.5, only the

sensitivity of the quadrupole resonance (116 nm per RIU) was

determined (see Fig. 9b). Due to the near-IR absorption of the

solvents used for tuning the refractive index, it was not possible

to record the LSPPR shift of the dipole mode.

However, the shift observed for the dipole resonance of the

array of largest particles AR4.5 immersed in pyridine is two times

larger than those observed for the array of smallest particles

AR2.7 immersed in the same solvent.

For the studied NP arrays, the dipole resonance is more

sensitive to a change in the refractive index compared to the

quadrupole resonance. The sensitivity of the triangular NPs

clearly increases with increasing their edge length at constant

gold thickness.

To further support this observation and avoid the near-IR

absorption of solvent, the sensitivity of large particles,

D ¼ 771 nm with a gold thickness of 80 nm (array AR*
3.6) has

been investigated. The resulting sensitivity will be a lower bound

of the value expected for the 40 nm array AR7.2. Indeed, Haes

et al. reported that triangular NPs with the smallest thickness are

the most sensitive.26
J. Mater. Chem.
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For the NP array AR*
3.6, very large sensitivity factors of 353

nm per RIU and 120 nm per RIU were measured for the dipole

and quadrupole resonance (Fig. 10).

We have demonstrated that triangular NP arrays designed

with the largest colloidal nanospheres (largest edge length) and

smallest gold thickness are the most sensitive and the best

candidates for the design of (bio)sensors in the near-infrared

region.

IV. Conclusions

In this study, the optical properties of large triangular NPs

prepared by nanosphere lithography have been investigated. We

have shown that besides the dipole mode, multipolar plasmon

modes are excited in these NP arrays. The dipole and quadrupole

modes, as identified by COMSOL simulations, red-shift as the

edge length of the triangles increases for a given gold thickness.

These resonances are well resolved allowing us to investigate

them individually in the context of sensing applications. Addi-

tionally we found that by increasing the edge length of the

triangles the tips of the NPs became sharper and in this way

a larger amplification of the near field was reached on the

sharpest tips. As a consequence NPs prepared with larger

colloidal nanospheres are better candidates for sensing applica-

tions due to their high sensitivity factors. These results open the

way to the new design of plasmonic structures as building blocks

for sensing applications.
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