
SCHWIND ET AL . VOL. 6 ’ NO. 11 ’ 9455–9465 ’ 2012

www.acsnano.org

9455

October 10, 2012

C 2012 American Chemical Society

Diffraction from Arrays of Plasmonic
Nanoparticles with Short-Range
Lateral Order
Markus Schwind,†,* Vladimir D. Miljkovi�c,† Michael Zäch,† Viktoria Gusak,† Mikael Käll,† Igor Zori�c,† and
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L
ight scattering from metal nanoparti-
cles is a topic with a long history,1,2

which has attracted a lot of interest
over the past decade within the field of
nanoplasmonics. Experimentally, most stud-
ies aim at measuring the light scattered from
single nanoparticles or structures of a few
nanoparticles at a fixed range of angles.3�5

However, in a few studies the total scattering
cross section for various nanoparticles has
also been measured. Using an integrating
sphere, the total scattered light from a nano-
particle ensemble can be measured, and
employing the optical theorem and normal-
izing by the particle density, the ratio of
scattered and absorbed light for a single
nanoparticle can be determined.6�8

The light-scattering properties of metal
nanoparticles are important for a number of
application areas. The performance of opti-
cal (plasmonic) nanoantennas,9 which en-
able themanipulation and control of optical

radiation at subwavelength scales, depends
critically on the directional emission (scatter-
ing) from plasmonic nanostructures.10�12

While this kind of study can be carried out
with botha single nanostructure andanarray
of nanostructures, the antennaproperties are
usually set by theproperties andgeometry of
the individual nanostructure.
Nanoplasmonic sensing is another appli-

cation of nanoparticle light scattering in
which great efforts have been made to
develop and improve methods over the
past decade. The goal of nanoplasmonic
sensing is to detect the presence of foreign
substances by measuring shifts of the local-
ized surface plasmon resonance (LSPR)
in metal nanoparticles.13 Most studies aim
at the detection of biomolecules,13 but
changes of material properties, such as
phase transitions,5,14 metal oxidation,15,16

or metal hydride formation,17 have been
explored equally successfully.
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ABSTRACT We have measured the angular distribution of light

scattered off 2D plasmonic Al nanoparticle ensembles. We created

these samples with disk-like nanoparticles, 175 and 500 nm in

diameter, respectively, using hole-mask colloidal lithography and

electron beam lithography. The nanoparticle arrangements in the

samples display the short-range order (but no long-range order)

characteristic for an ensemble formed by random sequential adsorp-

tion. As a consequence of this, the ensemble scattering patterns can

be quantitatively well described by combining the single-particle

scattering pattern with a static structure factor that carries information about the diffraction effects caused by the short-range order of the ensemble. We

also performed sensing experiments in which we monitored changes in the angle-resolved scattering intensity for a fixed wavelength as a function of the

thickness of an ultrathin SiO2 coating covering the Al nanoparticles. The data show that the angle and strength of the main diffraction peak vary linearly

with SiO2 coating thickness in the range 1.5�4.5 nm and suggest that measurements of the scattering profile could be a competitive alternative to

traditional transmission measurements in terms of sensitivity.
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Independent of the field of application, nanoplas-
monic sensing canbe performed either on single nano-
particles or on nanoparticle ensembles. In single-
nanoparticle measurements, the scattered light is
measured using a dark-field microscope,3�5 as the
reflection from the substrate is generally too high for
the small changes due to the interaction with the
single nanoparticle to be observed. Measurements
on single nanoparticles are usually performed when
one is striving for the ultimate miniaturization of the
sensor unit.
Ensemblemeasurements, on the other hand, exhibit

a higher signal-to-noise ratio (S/N) and can be done
with a simpler measurement setup. The nanoparticles
used for sensing experiments are usually placed on
transparent substrates, e.g., glass, or dispersed in solu-
tion, and the measurements are typically performed in
transmission geometry.14,16�18 The nanoparticles can,
however, also be placed on a reflective substrate, e.g., a
Si wafer, and nanoplasmonic sensing can be per-
formed in reflection instead.19�24 Comparing nano-
plasmonic sensing on Au nanoparticles in transmission
and reflection geometry, Svedendahl et al.22 find a
similar refractive index sensitivity for both geometries.
Kedem et al.23 even observe an up to 180% higher refrac-
tive index sensitivity for the reflection geometry, depend-
ing on the sample morphology. In a recent study, Shegai
et al. investigated the wavelength-specific directional
scattering or “color routing” from bimetallic nanoparticle
dimers.25 This phenomenon was subsequently utilized to
realize a simple self-referenced single-wavelength detec-
tion scheme for hydrogen gas sensing,26 combining the
sensing and antenna properties of metallic nanoparticles.
It was also recently shown that the specular reflection
spectra from layers of plasmonic nanoparticles can exhibit
dramatic angular dependences due to a Fano interference
effect, a phenomenon of potential importance in sensing
experiments.27

Intrigued by these recent results, we became inter-
ested in the angular dependence of the diffuse light
scattering from two-dimensional nanoparticle ensem-
bles and in the possibility of utilizing this effect in novel
sensing modalities. In this paper, instead of looking at
scattering from single nanoparticles, we study the
angle-dependent scattering from short-range-ordered
nanoparticle ensembles, which are often used for
sensing measurements.7,8,12,14,16,17,22,25 Apart from
the dipolar LSPR peak, we observe diffraction peaks
from the short-range-ordered nanoparticle ensembles.
This fundamentally interesting behavior turns out to be
in good agreement with calculations of the angular
scattering pattern from a single nanoparticle com-
bined with the structure factor calculated for the
nanoparticle ensemble. We then explore the possibi-
lities of sensing measurements using the scattered
(diffracted) light: This approach yields two new sens-
ing observables and leads to an increase in sensitivity

(ca. 70% higher S/N) in the presented proof-of-princi-
ple study. Furthermore, this approach enables us to
spectrally shift the peak being monitored during the
sensing experiment without changing sample proper-
ties such as the nanoparticle size or shape, the sub-
strate material, or the illumination angle.

RESULTS AND DISCUSSION

Figure 1a and b show SEM images of the nanopar-
ticles studied in this work, disk-like Al nanoparticles
with a height of t = 20 nm and a diameter of D = 175
and 500 nm in diameter, respectively.8 The nanoparti-
cles have been fabricated by hole-mask colloidal litho-
graphy (HCL).28 In HCL, polystyrene nanospheres are
used to fabricate a hole-mask. The polystyrene nano-
spheres are commercially available with different di-
ameters, which eventually determine the size of the
Al nanoparticles. The negatively charged polystyrene
nanospheres are adsorbed onto the positively charged
mask surface, and due to the electrostatic interaction,
they adhere to the surface while at the same time

Figure 1. (a, b) SEM images of disk-like Al nanoparticles 175
and 500 nm in diameter, respectively, and 20 nm in height.8

The nanoparticles have been fabricated by hole-mask col-
loidal lithography.28 The arrangement of the nanoparticles
can be described in terms of a random sequential adsorp-
tion mechanism.29 The extinction spectra of the two sam-
ples are given in (c) and (d), asmeasuredwith aUV�vis�NIR
spectrophotometer. The shaded area depicts the spectral
range that can be measured using a standard UV�vis array
spectrometer. This is the spectral range that we could
access in our angle-dependent scattering measurements.
(e) Measurement setup: white polarized light illuminates
the sample from the back side. The detector (UV�vis array
spectrometer) is moved at a constant distance from the
sample in the plane spanned by the direction and the
polarization of the incident light to detect angle-resolved
scattering.
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repelling each other. This has two important conse-
quences: (i) Particles avoid each other and do not
adsorb within a certain region around already ad-
sorbed particles. This mutual exclusion is in the follow-
ing described in terms of the minimum center-to-
center distance (CCdist) between two particles. (ii)
The surface is covered by a single monolayer of nano-
spheres only, as all further particles are repelled. This
adsorption pattern of the nanospheres directly deter-
mines the arrangement of the Al nanoparticles after
the fabrication is finished. The particle arrangement is
thus the result of a self-avoiding random sequential
adsorption mechanism,29 which during HCL stops
once the surface is saturated. This yields a particle
arrangement that exhibits short-range order (but not
long-range order),30,31 and the equilibrium particle
coverage is set by the strength and range of the
electrostatic interaction between the polystyrene
spheres.
The extinction spectra of these Al nanoparticle

patterns, i.e., the spectra determined in forward trans-
mission geometry (θ = 0�), are displayed in Figure 1c
and d. The largest features are the dipolar LSPR peaks
located at 650 nm (1.9 eV) and 1500 nm (0.8 eV) for 175
and 500 nm Al particles, respectively. At 830 nm
(1.5 eV), a narrow interband transition in Al leads to a
small increase of extinction (not visible on this scale).
We choose to study Al, instead of Au or Ag, which are
typically used for sensing applications as they exhibit
sharper plasmon peaks, as even for high energies

(short wavelengths) no other interband activity can
be observed in the spectral range accessible by the
used spectrometers. Even though Al generally exhibits
broader plasmon peaks than Au or Ag, it may still be
the first choice for some sensing applications: Large-
scale applications may benefit from the low price and
great abundance. Its different (surface) chemistry com-
pared to noble metals can be of importance for
applications in catalysis and/or corrosion science. The
dipolar LSPR peak and multipolar degrees of freedom
lead to an asymmetric and relatively broad peak shape
with noticeable extinction even at higher energies
than the resonance position of the dipolar LSPR mode.
A detailed study of the contributions of the multipolar
degrees of freedom lies outside the scope of this study.
The shaded area below the extinction spectrum

depicts the spectral range of the array spectrometer
used for angle-dependent scattering measurements.
The dipolar LSPR peak for D = 175 nm nanoparticles
falls into this range, but for D = 500 nm it is shifted into
the near-infrared.
We have measured angle-dependent scattering

from the Al nanoparticle ensembles using the setup
sketched in Figure 1e (cf. Methods section for a de-
tailed description of the measurement setup).
Figure 2a shows the scattering spectra taken at

different angles for Al nanoparticles, 175 nm in di-
ameter. At 1.9 eV (wavelength of about 650 nm), we see
the dipolar LSPR. As expected, its intensity decreases
with increasing scattering angle. At higher energies,

Figure 2. Experimentallymeasured scattering spectra taken at different angles for Al nanoparticles (a) 175 nmand (b) 500 nm
in diameter fabricated by HCL (CCdist∼2.5). (a) At about 650 nm (1.9 eV), the dipolar LSPR can be seen. The broader peaks at
higher energies (smaller wavelengths) are due to diffraction. Their peak position depends on the scattering angle. (b) For Al
nanoparticles 500 nm in diameter, the dipolar LSPR peak falls outside themeasured spectral range. Only the diffraction peaks
are visible. One can see how the diffraction peaks shift from high to low energies with increasing scattering angle. (c, d)
Evolution of these angular scattering distributions with changing wavelength for Al nanoparticles 175 and 500 nm in
diameter, respectively. The angular scattering distributions in (c) are determined by the dipolar LSPR peak and diffraction
peaks. In (d), the angular scattering distributions are dominatedby the diffraction peaks. Scattering at angles smaller than 16�
and larger than 77� off-normal (shaded area) cannot be measured because of limitations of the experimental setup.
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there are broad peaks that shift in frequency with
changing scattering angle. As we will see, these peaks
are due to diffraction, caused by interference between
the light scattered off of neighboring particles. This
phenomenon has been looked at in other contexts
such as in studies of light transport and coherent back
scattering in liquid suspensions of light-scattering
particles32,33 with various degrees of short-range order
and in biomimetic materials with a structural short-
range order similar to that seen in bird feathers.34

Figure 2b shows spectra at different scattering
angles for Al nanoparticles 500 nm in diameter. As
previously stated, the dipolar LSPR peak falls outside
the measured spectral range here, so only the diffrac-
tion peaks are visible. These peaks shift from high to
low energies with increasing scattering angle. The
small spikes seen in the scattering spectra are artifacts
resulting from the fact that the baseline and the
scattering measurements need to be taken at very
different integration times. While they obviously influ-
ence the noise of the absolute value of the scattering
amplitude, the noise of the ratio of scattered amplitude
for different angles at a fixed photon energy is not
affected. Therefore, the artifacts do not influence the
shape of the angular scattering patterns shown in the
following plots.
In order to visualize the angular dependence, the

scattering amplitudes observed at different angles for
a constant wavelength have been plotted in polar
coordinates. Figure 2c and d show the evolution of
these angular scattering distributions with changing
wavelength for Al nanoparticles 175 and 500 nm in
diameter, respectively. In the case of D = 175 nm,
displayed in Figure 2c, both the dipolar LSPR peak
and the diffraction peaks determine the angular scat-
tering patterns. At the dipolar LSPR peak wavelength
and longer wavelengths (smaller photon energies)
these patterns are nearly identical in shape, falling off
with increasing scattering angle θ, while the overall
amplitude has a maximum at λ = 650 nm and de-
creases the longer the wavelength becomes. For wa-
velengths shorter than 650 nm, the angular scattering
pattern changes considerably. It now exhibits a max-
imum for scattering angles around θ ≈ 45�.
The evolution of the angular scattering pattern for

D = 500 nm Al nanoparticles with changing wavelength
is displayed in Figure 2d. Here, the dipolar LSPR peak
falls outside the detector measurement range (cf.
Figure 1d), and all scattering peaks are due to diffrac-
tion. For the longest wavelength, λ = 900 nm, the
scattering pattern exhibits a maximum at θ≈ 30�, and,
as can be expected of a diffraction effect, with decreas-
ing λ this angle decreases continuously until it starts to
overlap with the specular beam for λ < 350 nm and,
therefore, no longer can be measured.
In order to differentiate between single-particle

contributions and features arising from the ensemble,

we have fabricated samples with different interparticle
spacings, i.e., minimum center-to-center distances
(CCdist). Here, the CCdist is given in multiples of the
diameter; that is, a CCdist of 2 means that the distance
between the centers of two neighboring particles
cannot be smaller than twice the diameter of a single
particle, or equivalently the minimum free space be-
tween the particles cannot be smaller than one particle
diameter.
By using e-beam lithography (EBL), we have fabricated

random arrays of Al nanoparticles 500 nm in diameter,
with different CCdist between particles. In EBL, virtually
any 2D sample pattern can be predefined on the com-
puter,which is then “written”onto the fabricationmaskby
a raster-scanned electron beam. In this work, we deter-
mine the nanoparticle positions on the substrate by a
random sequential adsorption algorithm mimicking the
natural self-assembly during the HCL process. The main
difference is that the parameter defining particle spacing,
the minimum center-to-center distance, can be easily set
to any desired value, including large spacings, which can
be difficult to realize using HCL. In this work we study
arrays with three different CCdist, namely, CCdist = 2.5,
4.0, and 7.0. Figure 3a and b show SEM images for 2.5 and
4.0 CCdist arrangements, respectively. (SEM images for
samples with a CCdist of 7.0 are not shown here, as the
particle density is so low that SEM images are hardly
informative.) For comparison, all samples fabricated by
HCL in the contextof thiswork exhibit aCCdist around2.5.
In Figure 3c to v, experimental results from the three

different EBL samples with different CCdist are com-
pared with calculated angular scattering patterns of
single particles and of the nanoparticle ensembles.
The calculated scattering patterns for a single nano-
disk (I0,sca(θ, φ)) were obtained by using a commer-
cially available finite element method together with
Green's function method. From the single-particle
scattering pattern I0,sca(θ, φ) and knowing the exact
positions of all particles in the array (which is the case
for the experimental EBL samples), the scattering
patterns of the ensemble (Isca(θ, φ)) can be calculated
as35

Isca(θ,φ) ¼ jS(θ,φ) j2I0, sca(θ,φ) (1)

where |S(θ, φ)|2 is the structure factor. Here, we have
assumed that the particles are well separated and
driven only by the incident fields, which is a reasonable
approximation for the interparticle distances investi-
gated in the experiments. The structure factor is de-
fined as |S(θ, φ)|2 = (∑i=1

N eiqB 3 rBi)(∑j=1
N e�iqB 3 rBj), where N is the

number of particles, qB is the in-plane wave vector, with
|qB| = k sin(θ). Averaging the structure factor over all
particle distances we get

Æ jS(θ)j2æ ¼ Nþ Æ ∑
N

i¼ 1
∑
j 6¼i

eiqB 3 (rBi � rBj )æ (2)
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From this expressionwe find that the structure factor in
the forward direction is Æ|S(θ)|2æ = N2 and for θ 6¼ 0 the
structure factor can be calculated by an integration
over interparticle distances r,

Æ jS(θ)j 2æ ¼ N 1þN

A

Z ¥

0
(g(r) � 1)J0(qr)2πr dr

� �
(3)

where A is the area of the sample, J0(qr) is a Bessel
function, and g(r) is the pair correlation function calcu-
lated from the experimentally given particle positions,
as shown in ref 30. As an illustration, Figure 4 shows the
pair correlation function for an array of particles made
with EBL. In this case, as well as in Figure 8 of ref 30, g(r)
vanishes inside the correlation hole (where r is smaller

Figure 3. (a, b) SEM images of nanoparticle arrays created with EBL and a minimum center-to-center distance (CCdist) of 2.5
and 4.0, respectively. For a CCdist of 7.0, SEM images are hardly informative, as the spacing between the particles becomes
very large. (c) Calculated single-particle scattering pattern. (d�f) Comparison between calculated and measured scattering
patterns of the nanoparticle ensembles with 2.5, 4.0, and 7.0 CCdist, respectively, at 920 nm (1.3 eV). (g�v) The four
corresponding scattering patterns for other wavelengths.
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than the minimum CCdist), then exhibits a sharp peak
followed by a weaker secondary maximum around
twice the minimum CCdist. The pair correlation func-
tion for an array fabricated by HCL exhibits essentially
the same features, but the fact that the correlation hole
does not have a sharp edgemakes themainmaximum
of g(r) smoother, broader, and lower (see Figure 2b of
ref 36). Since for large r the pair correlation function
g(r) f 1, it suffices to carry out the integration in eq 3
over a limited range of r. Using eq 3 together with eq 1,
we have calculated the scattering patterns for φ = 0 for
short-range-ordered particle arrays composed of N =
27 302 particles, as shown in Figure 3. Depending on
the value of CCdist, these scattering patterns exhibit
one or several maxima. They appear close to the same
angles θ= arcsin(nλ/a), n= 1, 2, ..., as where themaxima
of the diffraction pattern generated by two scatterers
(or two slits in a double-slit experiment), separated by a
distance a equal to the CCdist, would occur. The
maxima in the present scattering patterns have a
certain width that is a manifestation of the fact that
the array is not periodically ordered; if it were, the
scattering pattern would consist of a series of sharp
Bragg peaks.
As can be seen in Figure 3, the experimental and

calculated scattering patterns agree very well. The
absolute values of Isca are often a bit smaller in the
experiment than in the calculation; however, this can
be attributed to inhomogeneous broadening, as no
matter how good the fabrication process, the different
nanoparticles of an ensemble always show slight
variations of their properties such as size and shape.
This is also a reason for why sharp scattering features
are not reproduced equally well in the experiment as
predicted in the calculations. For angles smaller than
16�, no experimental data can be obtained due to
overlap with the specular beam. Nevertheless, the fact

that we are able to describe the complex scattering
patterns of nanoparticle ensembles by combining
simulations of the LSPR response for a single nanopar-
ticle with diffraction theory shows that the peaks
observed are in fact due to diffraction. Experimentally,
we have limited our study to the short-range-ordered
nanoparticle ensembles as which are typically formed
by HCL, due to the importance of nanoparticle en-
sembles formed by HCL for sensing applications. Our
theoretical approach and EBL fabrication are, however,
generic and therefore valid for any kind of nanoparticle
ensemble (as long as interparticle distances are large
enough to prevent near-field interaction between the
particles).
In order to explore the potential of angular scatter-

ingmeasurements for nanoplasmonic sensing applica-
tions, an ensemble of Al nanoparticles, 175 nm in
diameter and 120 nm in height (fabricated by HCL;
CCdist ∼2.5; the height has been increased in order to
obtain larger scattering cross sections, which considerably
shortens the time for angular scattering measurements),
has been sputter-coated in three steps with ∼1.5 nm of
SiO2per step.Wehavemeasuredextinctionandscattering
for the uncoated Al nanoparticle ensembles as well as for
coatings of 1.5, 3.0, and 4.5 nm SiO2.
The extinction spectra are shown in Figure 5a. The

dipolar LSPR peak can be seen at 1.9 eV (650 nm; blue
arrow). This peak red-shifts and the extinction cross
section σext increases slightly as the Al nanoparticles
are coated with SiO2. The changes of σext are relatively
small compared to the absolute value of σext.
Figure 5b shows the scattering spectrumdetected at

an angle θ = 45� off-normal. The dipolar LSPR mode at
1.9 eV (green arrow) is still visible as a peak, but at
higher energies (smaller wavelengths) the differential
scattering cross section Isca is much larger with a
maximum Isca,max

θ=45� at about 3.5 eV (350 nm; red arrow).
As is described above, this is due to diffraction from the
nanoparticle ensemble. It becomes obvious compar-
ing Figure 5a and b that the relative changes for
different coating thicknesses are much larger at θ =
45� than for the standard extinction measurement at
θ = 0� even though the measurements have been
performed on the same sample so exactly the same
changes are sensed. As stated previously, the small
spikes in the scattering spectra are artifacts due to the
fact that the baseline and the scatteringmeasurements
need to be taken at very different integration times.
The spectral shift of the dipolar LSPR peak at θ = 0�

and the maximum scattering peak at θ = 45� are
compared in Figure 5c. The peak observed at 3.5 eV
shifts about 4�5 times more than the dipolar LSPR
peak in extinction as a result of SiO2 coverage.
Figure 5d shows the changes of σext (blue markers)

and Isca (red markers) at their maxima, i.e., ∼1.9 and
∼3.5 eV, at θ = 0� and 45�, respectively, normalized to
the absolute value of each cross section without SiO2.

Figure 4. Pair correlation function g(r) as a function of the
ratio r/D between the interparticle distance r and the
particle diameter D = 500 nm for an array of nanoparticles
created with EBL. The minimum interparticle distance is
2.5D, and the pair correlation function was determined by
counting the number of particles in bins of width D/10,
hence the small-scale fluctuations.
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In addition, the normalized changes of the values of Isca
(θ = 45�) at the dipolar LSPR position (1.9 eV; green
markers) and of the values of σext (θ= 0�) at the spectral
position, where Isca,max

θ=45� occurs (3.5 eV; yellow markers),
are shown. At θ = 45�, deposition of 4.5 nm SiO2 almost
doubles Isca at both 1.9 and 3.5 eV, while at θ = 0�, in
extinction, σext increases only by a little more than 1%
at each of these photon energies.
While large relative changes of the signal in re-

sponse to the SiO2 coverage are very promising in

terms of enhancement of the sensing signal, the more
important factor for sensing is the signal-to-noise ratio.
The noise for all peak shifts and cross section shifts has
been obtained from the measurements shown in
Figure 5a and b, respectively (cf. insets). The maximum
deviation from a smoothed average spectrum has
been used as a measure of the noise of the extinction
and scattering cross sections. This is to be compared
with the signal, namely, the change of the extinction or
scattering cross section as a result of coating the Al
nanoparticle with SiO2. This signal is normalized to a
change of coating thickness of 1 nm. To determine the
peak shift noise, we isolate a narrowwavelength range
within which, considering the noise level, the max-
imum of the scattering or extinction cross sectionmust
be situated. We use the center of this wavelength
range to define the peak position, and the width of
the range to define the peak position noise. Figure 5e
displays the S/N for the different sensing observables.
A S/N of as high as 41 has been obtained for Isca,max

θ=45� .
σext,max features a S/N of 24 for the thinnest SiO2

coating and 29 for the thickest. As can be seen, the
S/N of Isca,max

θ=45� greatly exceeds the S/N of σext,max except
for the thickest SiO2 coating, for which σext,max actually
exhibits a slightly larger S/N than Isca.
The spectral peak shifts all show a lower S/N than the

cross section changes. S/N = 5 is observed for the
spectral shift of the maximum scattering peak for the
thinnest SiO2 coating, and S/N = 2 for the thickest SiO2

coating. The dipolar LSPR peak shift measured at θ = 0�
features a S/N = 7 for the thinnest and S/N = 17 for the
thickest SiO2 coating.
In the following, we consider the nature of the

increased sensitivity of the angle-resolved scattering
cross section. Figure 6a and b show the electric near-
field enhancement variations at 1.9 eV (at the dipolar
LSPR position) and 3.15 eV (where Isca,max

θ=45� occurs in the

Figure 5. (a) Extinction spectra (θ = 0�) for an Al nanopar-
ticle ensemble (fabricated by HCL; CCdist ∼2.5) covered
with 0, 1.5, 3.0, and 4.5 nmof SiO2. (b) Differential scattering
cross sections per particle Isca at θ = 45� for the same
samples. The blue and red arrows in (a) and (b) indicate
how the dipolar LSPR peak and the maximum in scattering
Isca,max
θ=45� , respectively, shift when the nanoparticles are cov-
ered with SiO2. The yellow arrow in (a) displays how the
extinction cross section changes at the spectral position
where Isca,max

θ=45� occurs. The green arrow in (b) marks the shifts
of Isca at the dipolar LSPR position. (c) Comparison between
the shifts of the dipolar LSPR peak as well as the maximum
scattering peak at θ = 45�. (d) Comparison between the
changes of σext (blue markers) and Isca (red markers) at their
maxima, i.e.,∼1.9 and∼3.5 eV, atθ=0� and45�, respectively,
normalized to the absolute value of each cross section with-
out SiO2. In addition, the normalized changes of the values of
Isca (θ = 45�) at the dipolar LSPR position (1.9 eV; green
markers) and of the values of σext (θ = 0�) at the spectral
position, where Isca,max

θ=45� occurs (3.5 eV; yellow markers), are
shown. The color coding is the same as introduced by the
arrows displayed in (a) and (b). As can be seen, the scattering
cross section Isca experiences a larger relative change than the
extinction cross section irrespective of the photon energy. (e)
Signal-to-noise ratios (S/N) for the four different observables
shown in (c) and (d) and the three SiO2 coating thicknesses.
The color coding matches the respective colors in (c) and (d).

Figure 6. (a, b) Calculated electric field enhancement
around a single Al nanoparticle at 1.9 eV (the dipolar LSPR
position) and 3.15 eV (where Isca,max

θ=const occurs in the
calculation), respectively. (c, d) Isca as a function of increas-
ing SiO2 thickness for different scattering angles at 1.9 and
3.5 eV, respectively. As can be seen, the scattering cross
section varies in a nonmonotonic way with the SiO2

thickness.
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calculations) in the xz-plane of a single nanoparticle.
The near field has been calculated using a commercial
finite element method. At 1.9 eV, the electric field
enhancement is highest at the edges of the disk. The
electric field is also enhanced along the sides of the
disk. A considerable part of the enhanced field lies in
the substrate. At 3.15 eV, the field enhancement is
localized predominately around the edges of the disk
extending into air. At this edge the magnitude of the
field enhancement is about the same as at the dipolar
LSPR position. Along the sides of the disk and around
the edge on the substrate side, however, the electric
field is hardly enhanced at all. As previously stated, a
detailed study of the nature of the near field at higher
energies lies outside the scope of this publication. Still,
it is worth noting that the near field at higher energies
is influenced by the tail of the dipolar LSPR resonance
but also by higher order modes. In fact, the near field
shown in Figure 6b arises from a mixed dipole and
quadrupole mode.
Figure 6c and d show Isca as a function of increasing

SiO2 thickness for different scattering angles at 1.9 and
3.5 eV, respectively. As can be seen, the scattering cross
section in general varies nonmonotonically with the
SiO2 thickness.
So far, we have looked only at the changes at fixed

angles. Figure 7 shows the full angular scattering
pattern for the four different samples (Al nanoparticles
covered by 0, 1.5, 3.0, and 4.5 nm of SiO2). Figure 7a�e
show the scattering patterns at different wavelengths.
The addition of SiO2 has a clear influence on them.
In order to quantify the changes, the experimental
data points have been fitted by a Gaussian function.
Figure 7e shows the Gaussian fit in both polar and
Cartesian coordinates (inset). The angles for which the
maximum scattering cross sections at fixed wave-
length are observed as well as these maximum scatter-
ing cross sections Isca,max

λ=const are related to the SiO2

thickness in Figure 7f and g, respectively. In this
particular thickness interval, both observables depend
linearly on the SiO2 thickness. The scattering angle
increases by about 0.37� and the maximum scattering
cross section Isca,max

λ=const by about 170 nm2/sr per nano-
meter of SiO2.
In addition to the traditional measurement of spec-

tral peak shifts and changes in extinction and scatter-
ing amplitudes at a fixed angle, the measurement of
angle-dependent scattering yields two more observa-
bles, which in this proof-of-principle study turn out to
be a simple (due to the linear dependency) and
sensitive measure for the SiO2 thickness. In general,
the measurement of more observables enables a more
accurate characterization of the system. As previously
shown,16 different observables may be sensitive to
different processes; thus, one can sometimes monitor
and differentiate between several processes even

though only a single characterization technique is
applied.
Looking at the scattering patterns in Figure 7, we see

that the addition of SiO2 in general tends to increase
the angular spread of the scattering patterns. As more
SiO2 is deposited, the maximum scattering angle in-
creases and the scattering cross sections at large
angles increase. This effect primarily originates from
the single-particle level, but is aided by the fact that we
have an ensemble of particles: In general terms, the
reason behind the increase of scattering to larger
angles is that addition of another material, with an
index of refraction larger than 1, on top of the Al
nanodisks, tends to shift all its multipolar resonances
downward in frequency and to increase the mixing-in
of higher multipole components to the field around

Figure 7. (a�d) Scattering patterns from Al nanoparticles
covered with 0, 1.5, 3.0, and 4.5 nm of SiO2 at different
wavelengths. (e) Scattering pattern at 310 nm (4.00 eV). A
Gaussian function has been fitted to the experimental
data points. The inset shows the data points and the fit in
Cartesian coordinates. (f) Shift of the angle at which
Isca,max
λ=const occurs. (g) Isca,max

λ=const as a function of SiO2 thickness.
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the disk. This means that the scattering pattern will be
less dipolar-like, i.e., less concentrated in the forward
direction around θ = 0�. The fact that we have an
ensemble of particles whose scattering signals inter-
fere with each other, as described by the static struc-
ture factor, favors scattering into rather large angles,
away from θ = 0� (cf. Figure 3). Thus, the ensemble of
particles in a sense becomes a filter that tends to block
scattering from the dipolar mode. In this context, it is,
on the other hand, also worth pointing out that the
deposition of a dielectric layer (SiO2) on top of the
particles, as well as the entire substrate, does not
change the static structure factor determining the
scattering cross section for a particular scattering
angle, provided the scattering measurement is made
in the samemedium (air) as without the covering layer.
The in-plane wave vector determining the static struc-
ture factor here is |qB| = k sin(θ), with k =ω/c, both with
and without a layer of SiO2.
The angular redistribution of scattered intensity also

gives a clue to why we found a larger sensitivity to SiO2

deposition in the scattering signal at a particular angle
than in the extinction cross section. The extinction
cross section is according to the optical theorem8 set
by scattering in all directions and absorption losses and
therefore, here, shows less variation with the SiO2

thickness.

CONCLUSIONS

In summary, we have studied the angular scattering
patterns from Al nanoparticle ensembles formed by
random sequential adsorption. We observe diffraction
peaks, which are well reproduced theoretically by
combining the single-particle scattering pattern with
a structure factor describing the short-range order of
the ensemble. In a proof-of-principle experiment we
have also demonstrated that the sensitivity of nano-
plasmonic sensing can be enhanced by looking at the
scattered light from an ensemble of particles. In our
experiment we coated the Al nanoparticles by SiO2 of a
thickness between 1.5 and 4.5 nm SiO2. We obtained

signal-to-noise ratios as high as 41 when monitoring
the change of themaximum scattering cross section at
a fixed angle, Isca,max

θ=const. This corresponds to an enhance-
ment of ∼70% compared to the traditional extinction
measurements for sensing. The measurement of light
scattered at a certain angle is thereby used to isolate
those parts of the total scattered light that depends
most sensitively on the SiO2 layer thickness. In addition
to an enhanced sensitivity, the measurement of the
angular scattering patterns yields two new observa-
bles, namely, the scattering angle yielding a maximum
in the cross section and this maximum scattering cross
section at a fixed wavelength Isca,max

λ=const. In this particular
study, both turn out to be linearly dependent on the
SiO2 thickness.
This simple modification of traditionally performed

nanoplasmonic sensing, i.e., measurement of the ex-
tinction of the directly transmitted or reflected beam,
to instead measure either scattered light at a fixed
angle or the whole angular scattering pattern has
proven to increase the sensitivity of the nanoplasmo-
nic sensing experiment. Furthermore, the scattering
peaks not only occur at the dipole resonance position
but can be observed over awide range of wavelengths.
This may present a practical advantage when, for
example, the LSPR peak in extinction falls into a
spectral region that lies outside the range of the
applied spectrometer or if parts of the measurement
setup, substrate, or nanostructure are not transmitting
or reflecting in this particular spectral region, thereby
preventing the traditional sensing approach. Instead
of making time-consuming or expensive changes to
the measurement setup or sample structure, simply
changing the angle of detection may solve the pro-
blem. The fact that the theoretical description of the
scattering patterns is straightforward when the single-
particle plasmonic properties and the particle positions
in the ensemble are known (the latter can simply be
obtained by SEM) opens the possibility of correlating
theory and experiment established for single-particle37

and extinction measurements.16,31

METHODS

Nanofabrication. Al nanoparticles have been fabricated by hole-
mask colloidal lithography and e-beam lithography. Details about
the fabrication process can be found in refs 28 and 30, respectively.
The SiO2 coatings have been deposited using a FHRMS150 sputter.

Extinction Measurements. The optical extinction spectra have
been measured using a Varian Cary 500 double-beam spectro-
photometer in the case of the spectra shown in Figure 1 and a
Varian Cary 5000 spectrophotometer in the case of the spectra
shown in Figure 5. The integration times in the Cary 500 and
5000 were 0.2 s. Since the Cary double-beam spectrophot-
ometers measure one wavelength at a time, acquiring the
whole spectrum takes, depending on the wavelength range,
about 3 to 5 min.

Angle-Resolved Scattering Measurements. The experimental set-
up used to measure the scattering light is shown in Figure 1e.

The light from a Xe arc lamp (75 W) is guided by an optical fiber
(Ocean Optics Inc., 600 μm diameter, solarization-resistant;
equipped with lens and aperture; thus, NA = 0.15) to the
polarizer. Light hits the back of the substrate (opposite of where
the Al nanoparticles are deposited) at normal incidence. Using
the same kind of fiber, the scattered light is collected at a
constant distance of 3 cm from the sample at different scatter-
ing angles θ in the plane spanned by the direction and the
polarization of the incident light (cf. Figure 1e), and the intensity
of the scattered light is measured by a UV�vis array spectro-
meter (Avantes AvaSpec-2048). The integration times varied
between 0.1 to 3.5 s depending on the amount of scattered
light at the respective angle andwere then normalized to 1 s. As
array spectrometers measure the whole wavelength range at
the same time, this also corresponds to the time needed to
record one spectrum. Using array spectrometers, one typically
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averages over several spectra in order to lower the S/N ratio. In
this study, we averaged over 100 spectra; that is, the whole
measurement took between 20 s and 6min. Angles from θ= 16�
to 77� off-normal have been measured. We obtain equivalent
results for positive and negative angles. This is expected since
the particle arrangement averaged over the illuminated area
should be cylindrically symmetric. The particular angles shown
in the angular plots of experimentally obtained data are 16.0�,
20.5�, 24.0�, 31.0�, 38.0�, 45.0�, 51.5�, 58.0�, 66.0�, 72.0�, and
77.0�. For angles smaller than 16�, the directly transmitted light
beam makes the determination of the scattered light impos-
sible. Setup limitations prevent the measurement of angles
larger than 77�. The differential scattering cross section per
particle has been calculated as

Isca(λ, θ) ¼ 1
FΩ

countsNP(λ, θ) � countssubstrate(λ, θ)
countstrasubstrate(λ) � countsdark(λ)

(4)

where λ is the wavelength of light, F is the particle density,Ω is
the solid angle covered by the fiber in the measurement, and
“counts” describes the number of photon counts of the detector
with superscript “tra” referring to transmission geometry, i.e.,
θ = 0�. Subscript “NP” refers to a glass substrate with nano-
particles, “substrate” to a bare glass substrate, and “dark” to
the measurement of the background/residue light when
the incident light is blocked. Due to spectral limitations of
the detector, the scattering pattern in this setup can be
determined in the UV�vis spectral range between 950 and
280 nm (1.3�4.4 eV).

Calculations. The scattering patterns for a single nanodisk
were calculated using a commercially available finite element
method (Comsol Multiphysics 3.5a) together with Green's func-
tionmethod; for more details, see ref 38. The near field has been
calculated using a finite element method from the same
commercial software package (Comsol Multiphysics 3.5a).
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