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ABSTRACT: Periodic plasmonic nanostructures are being widely
studied, optimized, and developed to produce a new generation of low-
cost and efficient chemical sensors and biosensors. The extensive
variety of nanostructures, interrogation approaches, and setups makes a
direct comparison of the reported performance from different sensing
platforms a challenging exercise. In this feature Article, the most
common parameters used for the evaluation of plasmonic nanostruc-
tures will be reviewed, with particular focus on the advances in periodic
plasmonic nanostructures. Recent progress in the fabrication methods
that allow for the high-volume production of periodic plasmonic
sensors at low cost will be described, together with an assessment of
the state of the art in terms of periodic structures employed for
chemical sensing.

■ INTRODUCTION

Plasmonic materials, defined as metallic nanostructures that
support surface plasmon (SP) oscillations, constitute one of the
most explored platforms for chemical sensing. The surface
plasmon resonance (SPR) sensitivity to the dielectric environ-
ment in the vicinity of the metal surface forms the basis of the
sensors.1 Au, Ag, and Cu are metals that support SP waves in
the visible and near-infrared (NIR) range, and their plasmonic
materials offer a large range of advantages in the context of
chemical sensors, including facile surface chemistry for the
immobilization of molecular recognition elements;2 the
possibility of a small (subwavelength) sensing area;3,4 the
potential for massive multiplexing (detection of several different
chemical species at the same time);5 easy integration with
microfluidics,6 leading to small device footprint; and excellent
sensitivity. All these favorable properties justify the high
research activity aimed at the development of different types
of SPR-based sensors. In fact, any architecture that support SPs
is a potential chemical sensor, and proof-of-concept molecular
detection has been demonstrated for virtually all of them,
including thin metal films; metallic nanoparticles, either
randomly distributed7 or single particles;8 and SP-based
waveguides.9 It is then not surprising that several reviews and
books on the subject of plasmonic sensors have been published
in the past few years.1,10−13 The relatively narrow scope of this
Feature Article will concern only periodic plasmonic substrates,
specifically, periodic arrays of metallic nanoparticles or
nanoholes on metal thin films. Figure 1 illustrates a few
examples of the variety of arrays of nanoholes and nanoparticles
of different shapes, sizes/diameters (d), and periodicities (P)
that have been used as chemical sensors. Our main goals are to
provide a brief tutorial on plasmonic sensors, including some
discussion of the state of the art by covering recent advances in
the fabrication of periodic plasmonic structures and their
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Figure 1. Scanning electron micrographs (SEMs) of different types of
periodic plasmonic structures used as chemical sensors. (A) Arrays of
circular nanoholes on a 100-nm-thick gold film supported on glass.
The distance between the holes is the periodicity, P, and the diameter
of the holes (d) is indicated. (B) The same as in A but with rectangular
holes instead. The hole dimensions and periodicity are indicated. (C)
Square array of circular metallic nanodisks.13 (D) Arrays of triangularly
shaped nanoparticles fabricated using self-assembled nanospheres as
templates. 12 Pictures are reproduced with permission from refs 14 and
15.
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evaluation as chemical sensors and a brief comparison of the
performance from different platforms.
Although plasmonic effects also form the basis for a series of

surface-enhanced spectroscopic methods such as surface-
enhanced Raman scattering (SERS),16 this article will
concentrate only on refractometric-based SPR.

■ SPR SENSING: BASIC CONCEPTS

SPs cannot be created on a smooth metal surface by direct
optical excitation.1 The reason is that the SP momentum is
larger than that of a free photon, and direct light-to-SP
conversion is forbidden. Therefore, special coupling schemes, as
depicted in Figure 2, need to be devised to allow for SP
generation.
The most common configuration for SP-based sensing is the

prism coupling proposed by Kretschmann and Raether (Figure
2a).17 In this case, the evanescent field from the totally reflected
light from the prism side extends through a thin metal film
(about 50 nm) to launch SPs on the other side of the film
(Figure 2a). In a typical experiment, a (p-polarized)
monochromatic light source is used and the intensity of the
light reflected from the prism side (reflectivity (R)) is measured
at different angles of incidence (θ). An R versus θ plot,
schematic shown in Figure 2b, will present a minimum at the
angle where the incident light is absorbed to generate SPs (SPR
angle; θSPR). The position of θSPR is dependent on the effective
refractive index at the metal surface. The adsorption of
molecular species at the top metal surface, as illustrated in

Figure 2a, changes the conditions for SP generation (by
changing the refractive index adjacent to the metal surface),
provoking a shift in the θSPR position in the reflectivity curve
(Figure 2b). The quantity Δθ is the measured response of the
sensor in this case (angular interrogation). Because plasmonic
sensing is a refractometric measurement, the platforms are not
inherently able to recognize particular chemical species of
interest. The selectivity of the sensor is imparted by the
appropriated surface modification.2 In the generic example of
Figure 2, the metal surfaces are modified by a capture target
that recognizes a specific protein in solution. Another common
experimental mode in Kretschmann−Raether-based SPR
consists of maintaining a constant angle of incidence for the
monochromatic light (closer to the minimum) and monitoring
the reflectivity changes (ΔR) during adsorption (binding). This
fixed angle arrangement, indicated in a schematic plot in Figure
2b (also known as an intensity interrogation mode), is widely
used in biomedical research because it allows the determination
of real-time binding kinetics.1 The Kretschmann−Raether
configuration SPR is the most common arrangement for
studying biomolecular interactions and affinities that is available
commercially (e.g., www.Biacore.com).
Another approach is to generate SPs by grating coupling,

which employs metal films with subwavelength periodic
corrugations, as illustrated in Figure 2c. These corrugations
can be periodic arrays of either metallic nanoparticles supported
in a dielectric substrate or subwavelength holes (nanoholes)
perforated in a metal thin film. These are typical periodic

Figure 2. Coupling schemes for the generation of SPs. (a) Kretschmann−Raether arrangement (prism coupling); (b) schematic of reflectance
curves, before and after adsorption, obtained from a prism-coupling experiment; (c) grating coupling, the usual arrangement used for chemical
sensing with periodic plasmonic structures; (d) schematic of extinction or transmission measurements that are typically obtained from grating-
coupling experiments.
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plasmonic structures, with a few examples shown in Figure 1,
and they constitute the focus of this Feature Article.
The geometric characteristics of the structures (type of

corrugation (particles or holes), shape, and periodicity18) can
be tailored to control the characteristics (resonance energy) of
the SPs. As illustrated in Figure 2c, grating-coupled SPR can be
realized in either reflection or transmission mode.1,8 In the case
of periodic arrays of nanoparticles, the most common measured
quantities are the extinction parameters (light absorption +
scattering) of the substrate (ε),8 whereas in the case of
nanohole arrays the SPs allow enhanced light transmission (T)
at particular wavelengths, a phenomenon known as extra-
ordinary optical transmission (EOT).19 Similar to the
Kretschmann−Raether case, either the maximum in extinction
or the maximum in transmission will shift when the dielectric
conditions at the metal interface are altered by molecular
adsorption. Although measurements of θSPR can also be realized
in grating-coupling SPR using monochromatic radiation
(angular interrogation, as in Figure 2b), in most cases reported
in the literature the periodic plasmonic structures are
illuminated with white light at a fixed angle (normal incidence
is the most common) and peaks in either extinction or
transmission reveal the resonance conditions (wavelength
interrogation mode, as represented schematically in Figure
2d).6 As indicated in Figure 2d, intensity interrogation in the
form of changes in light intensity from a monochromatic source
(Δε or ΔT) at a fixed angle can also be used to follow the
binding kinetics in periodic plasmonic nanostructures.
SPs can be broadly classified according to the characteristics

of their electromagnetic field. They are the propagating surface
plasmons (PSPs) and the localized surface plasmons (LSPs).
The main characteristic lengths of PSPs are represented
schematically in Figure 3a. The SP field intensity is maximum
at the metal surface, but it evanescently decays toward the
dielectric with a decay length of δd. Typically, δd values for PSPs
are on the order of half of the resonance wavelength for
structures excited in the visible range. The PSP waves also
travel parallel to the surface with a propagation length of δSP.
The values of δSP depend on the loss channels that affect the
propagation at particular excitation energies, but generally δSP is
between 5 and 500 μm for experiments in the visible and near
IR.20 The δSP value determines the minimum size of a PSP
sensing element. PSPs are present in both prism- and grating-
generated SPs, as illustrated in Figure 2. An example of LSPs,
shown in Figure 3b, is from the excitation of electronic
oscillations in an Au nanoparticle immobilized on a glass

surface. Under those conditions (diameter ≪ wavelength), the
momentum conservation requirements are relaxed and SPs can
be directly excited. Figure 3b shows a condition where the
resonant light field induces the displacement of the free
electron cloud in an Au nanoparticle, generating a dipolar
response. The local field generated by the SP excitation is
confined around the nanoparticle (no propagation) and also
decays exponentially toward the dielectric with a typical length
of δd. In the case of LSPR, however, the δd value is only on the
order of a few tens of nanometers (depending on the type of
metal and nanoparticle shape and size).21 The SP field in the
LSPR case is then more confined to the metal surface than in
the case of PSPs.
In the context of periodic plasmonic structures, both PSPs

and LSPR resonances might play a role in a particular system.
Grating-generated SPs have defined δSP values and show an
angular dependence that is characteristic of PSPs. However, SP
fields can be localized in shaped elements of the periodic
structure.

■ FABRICATION OF PERIODIC PLASMONIC
STRUCTURES

Research on periodic plasmonic structures and grating-based
SPR sensing has increased drastically in the past few years. The
increased activity in this area started in the late 1990s, and it is
correlated to the increased availability of top-down specialized
nanofabrication methods such as focused ion beam (FIB)
milling and electron beam (e-beam) lithography (EBL). The
FIB method consists simply of bombarding the (metal) sample
with gallium ions to sculpt any desired pattern.22 Electron beam
lithography (EBL) uses electrons (rather than light in
conventional photolithography) to write directly (maskless)
and sensitize a resist (normally poly(methyl methacrylate),
PMMA).23 The patterns can then be developed and the sample
can be processed using steps that are well established in the
microelectronics industry. Both FIB and EBL allows precise
control of the shape and size of the structures with an ultimate
resolution of only a few nanometers.23 These methods are then
excellent for the systematic evaluation of geometrical
parameters and the fundamental understanding of their effect
on the plasmonic properties of periodic structures. However,
both FIB and EBL are serial fabrication methods that require
costly specialized instrumentation. Moreover, they are not
suitable for large-area patterning, and the typical sensing areas
obtained using these methods are on the order of 30 × 30 μm2

Figure 3. Illustration of characteristic lengths of SPs. (a) PSP case: an SP wave is generated and it propagates parallel to the surface to a distance of
δSP. The wave propagation is attenuated by the intrinsic metallic absorption and others losses channel, such as surface roughness and defects. The
color-coded diagram illustrates an exponential decrease in the SP field from the most intense value at the surface (red) toward the dielectric (violet
corresponds to 1/e of the maximum field strength). The decay length of the field is δd. (b) Free electrons in metal nanoparticles can be collective
driven by an incident light field (diameter smaller than the incident wavelength), generating LSPs. The color code shows a schematic of the field-
strength decay length (from red (maximum field) to blue (1/e of the maximum field strength)).
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for FIB and 100 × 100 μm2 for EBL. Although improvements
in beam focus, directionality, and other aspects allowed the
patterning of 1 cm2 by EBL,24 these methodologies are clearly
too slow and expensive to be considered as viable tools for the
mass fabrication of periodic plasmonic sensors.
Recently, the fabrication focus of periodic metallic structures

has changed toward the implementation of methods for large-
area patterning that are suitable for mass production.25−27

These approaches are more appropriate for the possible
commercialization of the new generation of plasmonic sensors
based on periodic structures. Many techniques for large-area
patterning have been reported, including soft lithography,28

nanoimprinting,29 and templating using either block copoly-
mers or polystyrene nanospheres.30

Figure 4 shows three examples of large-area patterning that
fulfill the demands of low cost and high throughput required for
the mass production of sensor devices. Figure 4A illustrates an
approach where a poly(dimethylsiloxane) (PDMS) stamp,
obtained from a master structure fabricated in silicon, was used
to mold a pattern in UV -curable polyurethane (PU) matrices.
The PU substrate was then coated with a metal film,
reproducing the original pattern of the master.31

Figure 4B demonstrates the fabrication of large-area
nanoaperture arrays by a template-stripping method.32 A
nanoimprint stamp was first generated from an EBL-fabricated
master. The stamp was used to transfer a pattern to a silicon
substrate. A metal film was then evaporated onto the patterned
silicon, as illustrated in Figure 4B. In the last step, an epoxy
resin was applied to the metal film, and because the metal
interaction to the epoxy is stronger than with the silicon
substrate, the whole structure was easily peeled off of the silicon
master.32 The overwhelming advantage of this method is that
the smoothness of the silicon substrate is imprinted on the
metallic surface of the sensor, allowing for longer PSP
propagation and sharper plasmonic resonances. The PDMS
stamp in Figure 4A and the Si template in Figure 4B are
reusable, allowing the fabrication of hundreds of metallic

periodic structures from an original master with high fidelity.
Figure 4C illustrates an example of periodic nanohole array
patches fabricated in gold thin films by interference (or
holographic) lithography (IL).33 Photolithography is widely
used in the microelectronics industry to generate patterned
surfaces and devices. However, plasmonic sensors require
metallic features below 200 nm, and this size range is achievable
only with conventional lithography in the UV region. A low-
cost benchtop UV photolithography system has been recently
reported,34 and the combination of UV with near-field optics35

allowed spatial resolutions that rival the EBL method. However,
the use of short wavelengths and near-field probes requires
costly specialized optics and infrastructure. The IL method,
however, can be used for the fabrication of periodic (1D, 2D, or
3D) nanostructures using visible radiation.32,33,35,36 The
process involves the combination of laser beams (from two
or more arms from the same beam) on the surface of a
substrate coated with a photoresist, generating a predetermined
interference pattern that is transferred to the photoresist.
Further exposure through a micropatterned mask using a
regular UV lamp led to a structure of patches, illustrated in
Figure 4C, that are ideal for multiplexing biosensing
(simultaneous detection of different proteins from different
patches). The metal deposition and lift-off steps that follow the
IL writing (and the subsequent regular photolithography in
Figure 4C) are standards in any fabrication laboratory. Periodic
plasmonic structures fabricated by IL were compared to
equivalent FIB-fabricated substrates and showed similar
plasmonic sensing performance.37 The IL technique is quick,
easy, and takes advantage of the fabrication know how already
established in the microelectronics industry, being a good
candidate for the mass-scale production of periodic plasmonic
geometries.

Figure 4. Examples of methods that allow the fabrication of large-area periodic plasmonic structures: (A) periodic plasmonic structures are generated
from metal deposited on polyurethane (PU) replicas from a Si template; 30 (B) template stripping method where the plasmonic structure is
generated from metal deposited on a Si master;31 and (C) interference lithography to fabricated nanohole arrays, followed by regular
photolithography to define sensing “patches” suitable for multiplexing detection.33 Images are reproduced with permission from refs 31−33.
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■ PERFORMANCE OF PLASMONIC SENSORS

Different types of periodic plasmonic biosensors, fabricated by
diverse methods, have been reported in the past few
years.26,31−33,38 However, it is sometimes difficult to compare
the sensing characteristics of different platforms because of the
various ways that the performance of the sensors are evaluated
and reported. However, the performance characteristics of
commercially available SPR devices, based on the Kretsch-
mann−Raether configuration, are widely used in the field as
benchmarks. The general objective in the area then is to
produce platforms that can outperform the commercial state of
the art and/or provide additional advantages in terms of
analysis speed, device miniaturization, and multiplexing. Before
comparing a variety of periodic plasmonic sensors from
different groups, a brief description of the main sensor
performance characteristics will be introduced.
Several contributions participate in the outcome of a sensing

platform, varying from the design and quality of the fabricated
periodic structure to the method used for the detection of the
sensor response, including the overall setup instrumentation
and surface chemistry. An understanding of these contributions
is important in comparing sensors from different laboratories.
The simplest quantitative performance parameter of a

plasmonic sensor is the sensitivity to bulk refractive index
changes (bulk sensitivity, Sb). In a typical experiment (for
instance, the experimental arrangement illustrated in Figure
2c), the periodic plasmonic nanostructure is exposed to liquids
with different refractive indexes, and shifts in the SPR (as
illustrated in Figure 2d) are recorded. The bulk sensitivity (Sb)
is the slope of the plot between the changes in the measured
quantity (Δθ, Δλ, ΔT) versus the refractive index of the liquids.
It is important to point out that the sensitivity of the SPR
sensor is wavelength-dependent; therefore, the direct compar-
ison of performance needs to be considered in the same range
of wavelength. The bulk sensitivities from arrays of either
metallic nanoparticles or nanoholes are generally between 300
and 600 nm/RIU in the visible range.26,33,36,39 A comparison of
Sb behavior for both grating- and prism-coupled SPR systems
has been reported. In principle, grating-based SPR sensors are
less sensitive to bulk refractive index variations then prism-
based sensors in wavelength interrogation mode (measurement
of Δλ, as in Figure 2d). However, their Sb values are
comparable in angular interrogation mode (Figure 2b).40

In most applications, however, plasmonic platforms are
required the detection of surface binding events rather than
bulk refractive indexes, and Sb is not the best metric for surface
sensing performance. The differences between bulk (Sb) and
surface sensitivity (Ss) will be discussed next.
Figure 5 illustrates the evanescent nature of the intensity (E2)

of the SP field, which decays exponentially from a maximum
value at the metal surface toward the solution (δd is roughly half
of the exciting wavelength for the PSP case).41 The
characteristics of the SP mode depend on the refractive index
within this decaying field. Figure 5a illustrates the simplest case:
without molecular adsorption. This situation occurs when the
sensitivity of the SPR platform is tested by exposing the metal
surface to liquids of different refractive indexes (Sb case).
Notice that eventual differences in the dielectric properties
from the structure of the molecules of the liquid in the double-
layer region (structured solvent layer adjacent to the metal
surface) are not considered in this model. In that case (Figure
5a), the refractive index inside the SP field is homogeneous and

the sensor responds to bulk refractive index changes. Figure 5b
shows the case where a layer of adsorbate is formed. As
observed in Figure 5b, the binding of species to the metal is
probed by only a small part, although the most intense part, of
the SP field. Figure 5b also shows that the SP field probes the
bulk index and the index gradient (formed, for instance, by
loosely adsorbed species or by the diffusion layer) between the
surface and the bulk. The index gradient contribution can be
eliminated by simply flushing the solution with the solvent
(electrolyte) prior to the measurement. In other words, in a
typical surface sensing experiment (such as in biosensing, for
instance), a baseline is established with an appropriate
electrolyte that does not contain species that adsorb to the
surface (for instance, phosphate-buffered saline (PBS)
solution), a situation akin to Figure 5a. Then a solution
containing the analyte is introduced, and the conditions
described in Figure 5b are established. After a certain amount
of time, the initial electrolyte is again introduced into the
system, taking away the unbound species and, ideally, leaving
only a layer of the adsorbate attached to the surface. The sensor
response in the presence of adsorbates will depend on the
effective refractive index inside the SP field. In a first
approximation, this effective refractive index can be estimated
using a weighted average within the exponential SP decay.41

In terms of surface sensors, the useful performance parameter
that allows for a comparison between different platforms is then
the surface sensitivity (Ss), defined as the sensor response to a
determined number of molecules adsorbed to the surface.
Parameters such as the surface coverage, given in terms of
either the number of molecule per mm2 or the mass per mm2,
are then required to evaluate Ss values. This type of information
can be obtained by independent measurements. For instance,
QCM (quartz crystal microbalance) experiments can be used to
obtain the mass of adsorbates. Other approaches have also been
reported to evaluate Ss experimentally. For example, the
performance of the commercial system from Biacore was
evaluated by comparing the response of their SPR system after
protein adsorption experiments to the surface coverage
measured by scintillography using 14C-labeled proteins.42 An
average unit response value per surface coverage was obtained.
Interestingly, the instrument response per surface coverage (in
pg/mm2) was the same for proteins of different molar masses
because the refractive index of protein films does not depend
strongly on the nature of the protein.41

The surface sensitivity can also be reported in terms of
sensor response to a certain adlayer thickness (Sst). For

Figure 5. Schematic of the decay field profile (field intensity (E2)
variation from the surface toward the bulk − z axis): (a) in the absence
of adsorbates and (b) in the presence of adsorbates. nbulk and nsurface
correspond to the refractive index of the bulk liquid and the adsorbed
layer, respectively.
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wavelength interrogation, Sst is given in nm (of wavelength
shift)/nm (of adlayer thickness). Parameters available in the
literature for the density and thickness of most common self-
assembled monolayers (SAMs) and polymeric materials are
then used for the estimation of the adlayer thickness at the
metal surface. In particular, the layer-by-layer deposition of
positively and negatively charged polymers, such as polyallyl-
amine (PAA) and poly(sodium styrene sulfonate) (PSS),
respectively, have been mostly used.43 In this case, relative
homogeneous surface layers of the polymers with defined
thickness can be formed rapidly by electrostatic interactions.
The structures can be independently evaluated by ellipsometry
to closely relate the SPR shift with the layer thickness. The
relative consistency of the layer-by-layer growth allows this
method to be used to estimate the value of δd.
The sensitivity can also be expressed in terms of the sensor

response to changes in the analyte concentration in solution
(concentration sensitivity (Sc)). Sc values are obviously
dependent on the type of analyte and on the strength of the
molecular interaction with the surface layer, given by the
adsorption constant. Although Sc is sometimes reported in SPR
sensor evaluation involving periodic plasmonic structures, the
quantity is not general enough to be useful for the comparison
between different platforms.
Another very important aspect that can be obtained from

Figure 5b is that plasmonic devices with more surface-confined
SP fields (smaller δd values) should present better Ss values.
Notice that the adsorbate layer in Figure 5b overlaps with part
of the SP field. The overlap should be larger when δd is smaller.
In fact, there is theoretical and experimental evidence (for
wavelength interrogation) in the literature demonstrating this
assumption. For instance, although LSPR platforms have bulk
sensitivities that are an order of magnitude smaller than those
of PSP devices, their surface sensitivities are equivalent as a
result of the more surface-confined nature of the LSPR.8,44 It is
important to point out, however, that because the evanescent
decay field is about only 5% of the incident wavelength for
LSPR devices, they can only be efficient as surface sensors (or
biosensors) if the surface-modification layer (immobilized
species that confer the selectivity to the sensor) does not
exceed about 20 nm.45

Although most of the papers on new types of periodic
plasmonic structures as chemical sensors report some sort of
sensitivity (bulk or surface), there are other parameters that
need to be considered in the comparison of different platforms,
including the spectral shape and the noise in the detection
system.
The spectral shape is taken into consideration by calculating

a figure of merit (FoM) according to

=

S
FoM

fwhm

b

(1)

where Sb is the bulk sensitivity (given, for instance, in nm/RIU
when Δλ is monitored (wavelength interrogation)) and fwhm
is the full-width at half-maximum of the SP resonance being
considered. The fwhm, in fact, is related to the SP lifetime (or
propagation length, δSP, in the case of PSPs), which generally
controls the sharpness of the peak. The FoM is probably the
most popular metric for comparing the performance of
plasmonic platforms.46 Again, it is important to point out
that the FoM is wavelength-dependent, and a comparison
between sensors needs to take that into consideration.11 The

concept of FoM was recently expanded by taking into
consideration the physical characteristics of the device.47

The diffraction characteristics of periodic plasmonic
structures allow the occurrence of asymmetric sharp peaks
due to Fano resonances. This feature arises from the
interference between resonant and nonresonant channels.48

Intrinsically, the Fano feature is more sensitive to a change in
the dielectric environment, and an ∼2-fold improvement
(compared to typical values from grating-based SPR) in bulk
sensitivity (Sb) has already been reported.49 Moreover, the
sharpness of the peak (smaller value for the fwhm) also
contributes to a larger FoM value according to eq 1. Periodic
plasmonic sensors based on Fano resonance have been shown
to present performance comparable to that of commercial state
of the art.50

The use of only the FoM to compare plasmonic platforms,
however, does not take into consideration instrument factors (it
is considered that the fwhm is not limited by the spectral
resolution of the instrumentation), such as the detection
method, setup configuration, and overall instrumentation
performance and noise. The development of SPR platforms is
generally driven toward the detection of the smallest
concentration of analytes, including proteins, antibodies, cancer
markers, and DNA/RNA base pairs, to achieve certain
biomedical goals such as to determine genetic mutations or
for the early diagnosis of illnesses. In addition, the sizes of the
most common SPR analytes are on the order of 1 to 2 nm. All
of this means that that the goal is to detect a small number of
surface binding events involving small molecules that lead to a
small perturbation within the sensing volume of the SP field. In
this sense, the concepts of sensor resolution (res) and limit of
detection (LOD) are then the most appropriate parameters for
determining the overall efficiency of a plasmonic structure such
as chemical sensors. In that sense, these are the best
quantitative parameters for comparing the performance of
different platforms. The term “resolution” in SPR means the
smallest detectable change in refractive index. The LOD has a
connotation familiar to analytical chemists, and it is defined as
the minimum variation of the measured quantity that the
sensor can detect with reasonable certainty (normally taken as
3 or 5 times the standard deviation of the signal).1 The
resolution is then reported in RIU (refractive index units), and
the LOD is reported either in surface coverage units (pg/mm2)
or in terms of the minimum concentration detectable for a
particular analyte. Experimentally, the resolution (res) is easier
to determine because it does not require any information about
the surface concentration and it does not depend on the
chemical nature of adsorbates. res is obtained from the noise in
the detector output (for instance, the noise in the
determination of a wavelength shift in nanometers), σso, and
the bulk sensitivity (Sb in nm/RIU) according to

σ

=

S
res

so

b (2)

Improving res can then be achieved by reducing noise and
improving the sensitivity of the plasmonic platform. There are
at least three types of instrument noise common in plasmonic
sensors: (1) the noise derived from the fluctuation of the light
source, which is proportional to its intensity; (2) the shot noise,
from Poisson statistics of the photon flux, which is proportional
to the square root of the light intensity; and (3) the read-out
noise, which relates to all the electrical conversions and
propagations of the signal. The role of each one of these types
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of noise in the SPR resolution has been discussed elsewhere.1

Stable light sources, temperature control, vibration-isolated
tables, reference channels, and high-end detectors and cameras
are common approaches to improving noise levels. Figure 6A,
for instance, illustrates a dual-wavelength approach to
generating an in situ reference channel.51 The two colors are
chosen to be on each side of the resonance peak such that the
intensity at one channel decreases while that at the other
increases during a peak shift. The signal-to-noise ratio (SNR) is
improved because the difference between the red and green
variations (indicated in the figure) eliminates spurious artifacts.
Data treatment algorithms can also be used to decrease the

variation in the determination of the system response. For
instance, a simple fit of the SPR peak, instead of using the
noisier raw data, allow for a better localization of the resonance.
More elaborate statistical approaches have been implemented
to provide a more robust monitoring of spectral changes. The
centroid method,52 for instance, follows the changes in the
geometrical center of a portion of the SPR peak with a high
degree of accuracy. Other protocols use the concept of an
integrated response, where changes in the whole spectrum,
rather than a single-point peak shift, are evaluated.43,53 The
integrated response method was proven to increase the signal-
to-noise ratio significantly.
The majority of the effort in plasmonic sensor research,

however, is centered mostly on improving sensitivity (although,
as shown in eqs 1 and 2, the sensitivity is not the only variable
that determines the performance (resolution) of the sensor).
Particularly for periodic plasmonic structures (arrays of metallic
nanoparticles on glass, subwavelength holes on metal films, or
even some combinations of these structures), the parameter
space to be explored includes the thickness of the metal layer,54

the distance between the elements of the arrays (periodicity),
and the shape of the individual elements. Figure 6B shows an

example of improved sensitivity achieved by changing the shape
of the nanoholes. In that case, overlapping double-hole arrays
were used instead of single circular apertures.39 The reported
improvement in sensitivity was attributed to LSPR contribu-
tions at the double-hole apexes. The shape effect in periodic
structures can also contribute to improvements in surface
sensitivity because their LSPR characteristics present lower δd
values. The shape effect on the sensitivity of the sensors has
been explored by using elliptical holes, tiny slits, and squares
cavities. The same sort of shape effect has been observed for
arrays of nanoparticles.55 Similar to nanohole structures, the
more localized sensing field observed for sharper features
correlates to better overall performance in periodic arrays of
nanoparticles. For instance, the bulk sensitivity decreases from
arrays of nanorods to arrays of triangularly shaped nanoparticles
to arrays of nanodisks. Also, increasing the in-plane width and
the out-of-plane height of nanoparticles in the arrays might
influence their sensitivities. For instance, upon decreasing the
height by 70%, a sensitivity boost of almost 350% was found for
arrays of triangular nanoparticles.8 The use of arrays of double
particles (disks), separated by small (less than 30 nm) gap
distances, also leads to better sensitivity because of near-field
coupling effects.56

The use of anisotropic elements in periodic plasmonic
structures, as shown in Figure 6B, opens up the possibility of
polarization selectivity to improve the signal-to-noise ratio
(SNR). As can be seen in Figure 6B, the relevant LSPR for that
structure is excited only when the polarization of the excitation
is parallel to the apexes.39 Therefore, excitation polarized
perpendicular to the apexes offer a reference channel that can
be used to eliminate noise.
A similar polarization-selective approach was explored in the

structure presented in Figure 6C.57 In this case, the array
presented different periodicities for each direction (x and y,

Figure 6. Examples of approaches used to improve the performance of periodic plasmonic structures. (A) A dual-wavelength interrogation scheme is
used to create a reference channel.51 (B) Arrays of double holes that present better bulk sensitivity than array of circular holes due to the LSPR from
the apexes.39 (C) Array of nanoholes with different periodicities in the x and y directions allow different resonances to be accessed by polarization
selection. This approach can also lead to a polarization-sensitive reference channel.57 (D) Nanofabrication is used to etch the glass supporting an
array of nanoholes.58 This approach allows the solution to access the space under the array, leading to better refractive index matching between both
sides of the gold interface. Narrower SPR is the result of the matching refractive indexes. Images are reproduced with permission from refs 39, 51, 57,
and 58.
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defined in Figure 6C). Because the PSP will be excited in the
polarization direction, light polarized parallel to the x axis will
produce a resonance compatible to the periodicity in that
direction. However, the position of the resonance peak will be
at a different position when the polarization of the excitation
light is parallel to the y axis.59 The differential SPR shift from
both polarizations can then be obtained and compared to
eliminate common noise. Another fabrication approach to
improved sensor performance, illustrated in Figure 6D, consists
of providing better matching between the refractive indexes at
the top and at the bottom of the sensing surface.58 An array of
nanoholes in a gold film supported in glass, for instance, will
have a refractive index mismatch between the gold−glass
(n≈1.5) and the gold−solution (n ≈ 1.33) interfaces. This
asymmetric structure presents more losses, broader resonances,
and less sensitivity.1,60 The matching of indexes below the
sensing surface with the liquid or solution that is being tested,
as shown in Figure 6D, increases the PSP propagation length,
increasing the interaction with the environment being sensed,
leading to better sensitivity.58 The refractive index matching in
Figure 6D is achieved through the etching of the volume under
the gold film, generating a cavity that is filled with the sensing
solution. Other approaches involve depositing the gold film on
polymeric materials, such as fluoropolymers (Teflon and

Cytop), that have refractive indexes close to those of typical
aqueous solutions.61

The sensitivity can also be enhanced by special measurement
configurations, such as phase-sensitive detection.62 The change
in phase that accompanies the SPR is very steep, allowing a
larger response even for a very small surface perturbation, such
as the adsorption of a small number of molecules. However, the
better performance in this case is traded off by the more
complex modulation optics and electronics required for the
phase measurements. Dark-field microscopy is another
approach that leads to better performance. The collection at
a low angle of light scattered from metallic particles arranged in
periodic arrays provides a better contrast with the background
and minimizes the noise from the excitation source.

■ COMPARING THE PERFORMANCE OF PERIODIC
PLASMONIC PLATFORMS

Now that the basic concepts of SPR and the main performance
evaluation characteristics have been introduced together with
the recent advances in the fabrication of periodic plasmonic
structures, we are ready to present a brief survey of some of the
plasmonic platforms that have been reported in the past few
years.

Table 1. Summary of the Performance of Selected Periodic Nanohole Arrays

SPR detection scheme sample/fabrication performance (comments) ref

spectral interrogation square arrays of circular nanoholes on gold/FIB Sb = 400 nm/RIU

Sc = 16 nm/(mg/mL) (streptavidin−
biotin)

6

spectral interrogation square arrays of circular nanoholes on silver/template
stripping

Sb = 450 mn RIU−1; res = 2 ×

10−5 RIU
26

spectral interrogation intensity
interrogation

square arrays of circular nanoholes on au/interference
lithography

Sb = 271 nm/RIU

Sc = 15%/(μg/mL) (streptavidin−
biotin)

33

FoM = 11.7

spectral interrogation square arrays of circular nanoholes on gold/soft
lithography

Sb = 313 nm/RIU; FoM = 23.3 36

spectral interrogation square arrays of double nanoholes on gold/FIB Sb =600 nm/RIU

Sst = 6 nm/1.6nm (thiol SAM) 39

Sc = 3 nm/0.2% (BSA solutions)

intensity interrogation rectangular array of circular nanoholes on gold/FIB res = 6.4 × 10−6 RIU 59

phase interrogation square arrays of circular nanoholes on gold/FIB res = 2.9 × 10−7 RIU 62

intensity interrogation square arrays of circular nanoholes on gold/FIB Sst = 3.5%/nm (thiol SAM) 5

Sb = 16 600%/RIU

Table 2. Summary of the Performance of Selected Periodic Arrays of Nanoparticles

SPR detection scheme sample/fabrication performance (comments) ref.

spectral interrogation hexagonal array of triangular gold nanoparticles/nanosphere lithography Sc = 0.3 nm/(pg/mL) (serum p53
protein)

14

spectral interrogation copper particles deposited on silica nanoparticles/e-beam evaporation Sb = 67.8 nm/RIU
63

LOD = 10 fM (DNA)

spectral interrogation hexagonal array of spherical gold nanoparticles/ block copolymer lithography Sb = 47 nm/ RIU
38

Sc = 0.4nm/ (ng/mL) (PSA antibody)

spectral interrogation hexagonal array of triangular gold nanoparticles embedded in glass/nanosphere
lithography

Sst = 1.36 nm/nm (SAM polymers) 64

spectral interrogation silver nanoparticles deposited on nanowells/ nanosphere lithography Sb = 538 nm/RIU
65

FoM = 14.5

spectral interrogation square arrays of gold nanodots/Stencil lithography Sb = 179 nm/RIU
44Sc = 10 nm/μM (streptavidin−

biotin)

wavelength
interrogation

square arrays of Ag nanodisks/ EBL Sb = 354 nm/RIU FoM =
2.81

66
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Tables 1 and 2 present a collection of periodic plasmonic
platforms, nanoholes, and nanoparticle arrays and their
associated reported performance parameters. Is it again
important to mention that the performance of the sensors is
dependent on other variables, such as the wavelength range of
the measurements, the diffraction order of the gratings, and the
surface chemistry and nature of the analytes. The data
summarized in Tables 1 and 2 were from experiments in the
visible light and near-IR range and consider only the lowest
(first) order of diffraction. Plasmonic sensors that explore Fano
resonances were not included. Tables 1 and 2 are not intended
to be comprehensive; the objective is only to present an
arbitrary selection of periodic plasmonic sensors reported from
different groups for a general comparison.
As discussed earlier, the Krestchmann−Raether SPR

configuration provides a performance gold standard because
it is a well-established technology that is widely used mainly in
biomedical research. The ultimate resolution achieved by a
state-of-the-art system from Biacore (www.Biacore.com) is
reported to be ∼10−7 RIU, and the typical LOD is below 1 pg/
mm2. These are the limits that are expected to be matched (or
overcome) by the periodic plasmonic platforms.
Although the typical bulk sensitivity for periodic plasmonic

arrays in spectral interrogation generally lies below 1000 nm/
RIU,25,32,35,38,67 several research groups have reported a
performance for periodic plasmonic structures that rivals the
commercial implementation of SPR.5,50,67 Intensity inter-
rogation mode and phase change monitoring, in particular,
have been shown to reach resolutions of between 10−6 and 10−7

RIU.
Nanoparticles are widely used in SPR biosensing with

periodic structures as detection “enhancers” in sandwich-type
assays.68 Examples of some organized arrays of nanoparticles
are listed in Table 2, and their performance in terms of surface
sensing is comparable to that of nanohole arrays. Examples of
excellent achievements in terms of the determination of low
concentrations of bioanalytes from solutions are from the work
of Lee et al.63 and Luo et al.14 The former detected 10 fM DNA
filaments in solution, and the latter were able to measure the
binding from 60 pg/mL solutions of p53 antibody from the
serum of cancer patients.
In general, periodic plasmonic platforms offer additional

advantages over commercial (Kretschmann−Raether-based)
SPR systems on top of the quantifiable sensing performance
parameters (sensitivity, resolution, and LOD) presented in
Tables 1 and 2. For instance, although imaging SPR systems for
prism-based SPR are commercially available, allowing the
simultaneous detection of several binding events from different
spots on the surface (multiplexing), the angular interrogation
arrangement (required in prism-based SPR) yields distorted
(tilted) images that limit the spatial resolution. Easier
multiplexing in miniaturized devices can be achieved using
periodic plasmonic structures because the SPR excitation can
be realized at normal illumination.5,33 Normal excitation allows
the use of optimized imaging optics, including high-numerical-
aperture objectives, improving light collection and reducing
noise. Moreover, the simplified collinear optical arrangement
(normally used for periodic plasmonic structures) is best suited
for their implementation as detection elements in lab-on-a-chip
devices. For instance, miniaturized readers have been reported
for arrays of nanoholes integrated with microfluidic channels.69

In fact, the straightforward microfluidic integration constitutes a
major drive toward the development of periodic plasmonic

structures for chemical sensing applications. Recently, the
ultimate plasmonic−fluidic integration was achieved using the
flow-through concept on arrays of open-ended subwavelength
holes on suspended gold films.70 In this case, the open-ended
holes were used as nanochannels to transport the solution
containing the analyte from one side of the gold film to the
other. The advantage of this approach is illustrated in Figure 7.

The binding curve (Δλ vs time) reflects the adsorption of an
organic species on the surface of the sensor. The value of Δλ
increases as the surface coverage increases with time, up to a
saturation value. The two curves in Figure 7 are for the flow-
through experiment and the flow-over (dead-ended holes)
arrangement. It is clear that the saturation value is reached
much faster in the flow-through case because the small diameter
of the holes allows for faster transport to the sensor surface. In
principle, a ca. 20 times improvement in the analysis time can
be achieved in the flow-through scheme for diffusion-controlled
processes. Notice that this advantage is lost when the binding
kinetics is no longer controlled by diffusion.4

The integration with microfluidics opens the door to the use
of fluidic control schemes that can have a direct impact on the
performance of the sensor. For instance, although the flow-
through nanohole approach, described in Figure 7, has the
potential to decrease the time required for chemical analysis,
that approach does not provide any direct improvement in the
performance metrics, such as sensitivity and LOD. However,
the integration of the flow-through nanohole platform in a
microfluidic device provides access to fluid manipulation
protocols that can lead to lower LODs. This is illustrated in
Figure 8, where a scheme of a flow-through sensing element in
contact with an electrolyte solution containing a charged
analyte (a protein, for instance) is presented.3 The concen-
tration of the analyte in solution is assumed to be below the
LOD. However, a potential bias applied across the perforated
nanohole substrate sets up electric-field-induced movements of
ions. The electrophoretic (EP) flux of the anions, from both the
buffer solution and the analyte, generates a depletion region in
the vicinity of the holes that concentrates the analyte of
interest. The concentrated analyte plug can then be forced
toward the sensor surface using pressure (Figure 8).3 This
combination of electrical and pressure-driven flow has shown to
be able to increase the concentration of a protein in the vicinity
of the nanohole sensor surface by 100-fold, significantly
improving the LOD of the platform.

Figure 7. Comparison of the binding curves for the flow-through and
the flow-over approaches using arrays of nanoholes in gold thin films.
Reprinted with permission from ref 70.
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■ CONCLUSIONS

Periodic plasmonic structures are promising sensing platforms
that combine the regular advantages of SPR (surface-specific
label-free sensing) with the possibility of enhanced optical and
fluidic integrations. These structures (arrays of nanoholes in
metal thin films or arrays of nanoparticles) can now be mass
fabricated at low cost by several different approaches, indicating
that barriers for their commercialization at competitive prices
are no longer a limitation. Several research groups have
reported sensor applications using these platforms and have
indicated the quality of their sensors by using bulk and surface
sensitivities, FoMs, LODs, and the resolution as common
performance evaluation parameters. Although the resolution
and the LOD appear to be the best parameters for comparing
different sensors because they take into account both the
sensitivity and the noise, most of the reports quote only
sensitivities and FoMs in their performance evaluations. Several

novel data acquisitions, data analyses, and experimental
implementations have also been reported, leading to further
improvements in the performance of the sensors. The
Krestchmann−Raether SPR configuration is still the gold
standard, although several of the periodic plasmonic platforms
have reported comparable performance.
It is clear that pursuing new types of periodic plasmonic

sensors will continue to grow, driven by the need for label-free
sensing elements in a new generation of microfluidic devices.
The advantage of these platforms in terms of miniaturization
and multiplexing places them in a unique position to make a
significant impact on the next generation of sensor devices,
including point-of-care biomedical technologies.
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