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y for plasmonic sensing with non-
interacting Au nanodisk arrays

Niccolò Michieli, Ionut Gabriel Balasa, Boris Kalinic, Tiziana Cesca *
and Giovanni Mattei

Combining finite elements method electrodynamic simulations and cost-effective and scalable

nanofabrication techniques, we carried out a systematic investigation and optimization of the sensing

properties of non-interacting gold nanodisk arrays. Such plasmonic nanoarchitectures offer a very

effective platform for fast and simple, label-free, optical bio- and chemical-sensing. We varied their main

geometrical parameters (diameter and height) to monitor the plasmonic resonance position and to find

the configurations that maximize the sensitivity to small layers of an analyte (local sensitivity) or to the

variation of the refractive index of an embedding medium (bulk sensitivity). The spectral position of the

plasmonic resonance can be tuned over a wide range from the visible to the near-IR region (500–1300

nm) and state-of-the-art performances can be obtained using the optimized nanodisks; we obtained

local and bulk sensitivities of S0 ¼ 11.9 RIU�1 and Sbulk ¼ 662 nm RIU�1, respectively. Moreover, the

results of the simulations are compared with the performances of experimentally synthesized non-

interacting Au nanodisk arrays fabricated by combining sparse colloidal lithography and hollow mask

lithography, with the parameters obtained by the sensitivity numerical optimization. An excellent

agreement between the experimental and the simulated results is demonstrated, confirming that the

optimization performed with the simulations is directly applicable to nanosensors realized with cost-

effective methods, due to the quite large stability basin around the maximum sensitivities.
1 Introduction

Plasmonic nanostructures are very effective in conning light at
the nano scale.1 Ranging from nonlinear optics2–4 to photovol-
taics5,6 and light emission control,7–9 a lot of nanosytems have
been proposed which exploit plasmonic effects to get nano-
devices with improved performances.10 On the other hand, the
eld in which nanoarchitectures gave remarkable and widely
investigated results is sensing. Several plasmonic sensing
approaches have been demonstrated to realize biosensors,11–15

gas sensors16,17 or SERS-based nanosystems.18–20

Herein, we focus on sensors based on the spectral shi of the
localized surface plasmon resonance (LSPR) of nanostructures
due to the change of the refractive index around the nano-
structures,21–23 probed by spectrophotometric transmittance
measurements.11,15,24 This approach has several practical
advantages, due to the ease of the measurements which do not
need complex optics nor careful alignments. A sensor that
operates with this scheme is usually made of an array of
nanoparticles arranged on a substrate. Particular interest has
been attracted by sensors fabricated with colloidal methods,
due to the cost-effectiveness of these fabrication methods and
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due to their ability to produce large nanopatterned areas.
Nanosphere lithography (NSL)25–27 and sparse colloidal lithog-
raphy (SCL)28,29 are two popular colloidal techniques that yield
patterning at the nano scale using polystyrene nanospheres.
Many ordered geometries can be obtained, ranging from
nanoprism arrays16,20,30 to nanohole arrays,31–33 semi-nanoshell
arrays15 and nanodisk arrays.34 In these systems order plays an
important role, both due to the activation of lattice modes and
due to the interparticle interaction.35–37 Hole mask lithography
(HML),38 a technique used to replicate patterns, combined with
SCL allows to fabricate large-area random arrays of nanodisks.39

HML enables to get a narrow size distribution population of
nanodisks, and to control the electromagnetic interaction by
tuning the minimum interparticle distance.

Given the high level of control of the fabrication process which
can be obtained with these techniques, one can exploit the fact
that the geometry of the nanostructures and their spatial distri-
bution affect the LSPR spectral position and the sensitivity of the
sensors. In particular, shape,40–46 size42,47–49 and mutual interac-
tion among the nanostructures35–37,50 can be tuned to modify the
LSPR maximum wavelength according to experimental require-
ments andmaximize the sensitivity. The same parameters control
the nanostructure sensitivity, and optimizing the geometry by
varying its parameters is thus of paramount importance to get the
best performing sensors.24,44 In the present work, we optimized
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Geometry of the FEMmodel. (a) Top view (cxy plane) and (b) side
view ( byz plane) of the simulation cell. The lower part of the model
(aqua) has the silica refractive index nsub ¼ 1.45, while the upper part
(light purple) has the refractive index of air (nmed ¼ 1) or of the simu-
lated bulk environment. (c and d) Side views of a nanodisk in which it is
highlighted the presence of an adhesion layer (tadh¼ 2 nm) of Cr below
the nanodisk (c), and a ta-thick layer of analyte (green) all around the
nanodisk (d).
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the particle geometry of a random array of gold nanodisks with an
interparticle distance larger than the plasmonic eld decay
length, so that we can ignore both particle–particle and lattice
mode interactions. In this framework, the LSPR position and the
sensitivity are controlled by the shape and size of a single nano-
disk. To nd the best performing ones, we considered nanodisks
with different combinations of diameter D and height h. For each
conguration, we evaluated the LSPR spectral position, the local
sensitivity (i.e., the sensitivity to a small amount of analyte on the
surface of the sensor) and the bulk sensitivity (i.e., sensitivity to
the change of refractive index in the whole medium around the
sensor). The optimal values for D and h are found by maximizing
local or bulk sensitivities. We also performed an optimization of
the gures of merit that accounts also for the LSPR wavelength
and width of the analyte-free sensor. Moreover, we compared the
sensitivities of the best performing nanodisk arrays to other
popular plasmonic sensing schemes like spherical nanoparticles
and nanoprism arrays, and we discuss the advantages of the
nanodisk conguration. To perform our study, we used nite
elements method (FEM) simulations. To interpret the depen-
dence of the bulk sensitivity on D and h and to make a compar-
ison with simpler systems, we also carried out calculations based
on Mie's analytical methods for isolated plasmonic nano-
spheres.51 We also compared the results of our simulations with
the performances of experimental samples of disordered nano-
disk arrays (d-NDAs) fabricated following the results of the
numerical sensitivity optimizations, nding a very good agree-
ment. The results show that the optimized nanodisks are
competitive with the other explored plasmonic architectures
working with the same sensing mechanisms.

2 Materials and methods
2.1 FEM simulations

Finite elements method (FEM) electrodynamic simulations
were made using the commercial soware COMSOL Multi-
physics.8,24,52 The geometry of the simulated model is shown in
Fig. 1. In the cxy plane, it consists of a nanodisk placed in the
center of a square cell (Fig. 1a); the cell size is of the order of
three times the nanodisk diameter, thus large enough for the
plasmonic elds to be decayed at its boundaries. In the ẑ
direction, the model is divided into two parts at z ¼ 0, to
separate the substrate from the medium surrounding the
nanodisk (see Fig. 1b). The nanodisk is a cylinder with rounded
top edges (Fig. 1c). The cylinder has a radius R (and diameter D
¼ 2R) and a height h. Between the nanodisk and the substrate,
another cylinder is placed to model the presence of an adhesion
layer. In all the investigated congurations, the radius of the
adhesion layer is kept the same as the one of the nanodisk and
its thickness is constant at tadh ¼ 2 nm. When the local sensi-
tivity is simulated, a conformal layer of an analyte is placed
around the nanodisk, as shown in Fig. 1d. The thickness of the
analyte layer, ta, can be varied parametrically. All around the
modeled domains, perfectly matched layers (PMLs) are placed
to absorb the radiation that exits from the boundaries of the
model, to assure that no unphysical back reections of the light
take place (no periodic boundary conditions are imposed). We
This journal is © The Royal Society of Chemistry 2020
solved the Helmholtz equations in the frequency domain using
the PARDISO direct solver implemented in COMSOL Multi-
physics, based on LU decomposition.24 Regarding the meshing,
we veried that convergence of the solution was reached. In
particular, around the nanodisk surface, a very ne meshing is
adopted in order to better calculate the eld hot-spots. This
point is particularly relevant when calculating the local sensi-
tivity for which we added very thin (few nanometers thick)
dielectric conformal layers around the nanodisks.

The lower part of the model reproduces the substrate with
the refractive index of silica glass, nsub ¼ 1.45. The wavelength-
dependent complex refractive indexes of the nanodisk ndsk(l) ¼
nAu(l) and of the adhesion layer nadh(l)¼ nCr(l) are those of gold
and chromium, respectively. They have been experimentally
determined by spectroscopic ellipsometry measurements on
magnetron sputtered thin lms of the two metals.8 The refrac-
tive index of the upper part of themodel is set to nmed¼ 1 (air) to
estimate the LSPR of the systems without the analyte and also to
calculate the local sensitivities; it is set to nmed ¼ 1.47 for bulk
sensitivity calculations. The refractive index of the analyte layer,
used for local sensitivity calculations only, is set to na ¼ 1.5.
2.2 Cross-section calculations

Simulations were carried out for a set of wavelengths to extract
extinction cross-section spectra as follows. The absorption
cross-section sabs is calculated using the formula:

sabs ¼
ð
Vmet

j$EdV (1)

where the Joule power dissipation density, j$E, is integrated
over the volume Vmet of the nanodisk plus the adhesion layer.
The scattering cross-section ssca is computed by integrating the
scattered Poynting vector, Ss ¼ Es � Hs, over the surface Smet of
the boundaries enclosing Vmet:
Nanoscale Adv., 2020, 2, 3304–3315 | 3305
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ssca ¼
ð
Smet

Ss$ndS (2)

The extinction cross-section sext of one nanodisk is given by
the sum of sabs and ssca:

sext ¼ sabs + ssca (3)

The absorbance A at the normal incidence of a sample with
a surface density cs of identical, non-interacting nanodisks,
each with extinction cross-section sext, is given by Lambert–
Beer's law:

A ¼ cssext (4)

2.3 Sensitivity calculations

For wavelength-interrogated sensors, as for the systems under
investigation, the response of the sensor is given by the spectral
shi of the maximum of absorbance, lmax, due to the addition
of an analyte: Dl h l(ana)max � l(0)max, where l(0)max is the spectral
position of the sensor maximum absorbance without the ana-
lyte and nmed ¼ n(0)med ¼ 1. The bulk sensitivity is then obtained
by normalizing the spectral shi by the difference in the
refractive index nmed of the medium around the sensor (i.e., the
nanodisk), with or without the analyte, Dn ¼ n(ana)med � n(0)med:

Sbulkh
Dl

Dn
¼ lðanaÞmax � lð0Þmax

n
ðanaÞ
med � n

ð0Þ
med

(5)

and its unit is nm/RIU (Refractive Index Unit).
To dene the local sensitivity, we consider the response of

the sensors to a layer of analyte of thickness ta and refractive
index na, according to the equation:11,24

DlðtaÞ ¼ SqDn

�
1� exp

�
� 2ta

ld

��
(6)

where q is the surface coverage of the analyte (in the following
we consider q ¼ 1, i.e., we assume that the entire available
surface of the sensor is covered by the analyte), Dn ¼ na � nmed

is the difference of refractive indexes between the analyte and
the surrounding medium, ld is the effective decay length of the
near-eld (dened as the effective distance from the metal
surface at which the electric eld is decayed by a factor 1/e) and
S is the limit sensitivity (dened as the sensitivity in the limit of
ta /N, in our case, the bulk sensitivity Sbulk). Using eqn (6), we
can dene the local sensitivity S0 as the limit response of the
sensor to an innitesimal layer of analyte, normalized by the
refractive index difference Dn:

S0h
1

Dn

vDlðtaÞ
vta

����
ta¼0

¼ 2S

ld
(7)

and the unit of S0 is RIU
�1.

2.4 Experimental synthesis of disordered nanodisk arrays

Disordered nanodisk arrays (d-NDA) were fabricated by
combining sparse colloidal lithography (SCL)28 and hole-mask
3306 | Nanoscale Adv., 2020, 2, 3304–3315
lithography (HML).38 First, silica glass substrates were cleaned
using an acid piranha solution (H2SO4 : H2O2, 3 : 1) at 90 �C for
1 h, followed by a basic piranha solution (NH3 : H2O2, 3 : 1) at
80 �C for 15 minutes to enhance substrate hydrophilicity. Then,
a 100 nm thick sacricial layer of polymethylmethacrylate
(PMMA, MW ¼ 350000, from Sigma-Aldrich, in a 2.5% solution
in toluene) was deposited by spin-coating on the SLG
substrates, and cured on a hot plate at 80 �C for 10 minutes. A
brief UV/ozone treatment was done to enhance PMMA hydro-
philicity and then it was exposed to a 2% w/w poly(-
diallyldimethylammonium chloride) solution to obtain
a positively charged surface. Aer this treatment, the substrates
were exposed to a 0.2% w/w solution of COOH-terminated
(negatively charged) polystyrene (PS) nanospheres with
a nominal diameter of 300 nm (supplied by ThermoFisher) in
order to obtain a sparse layer of nanoparticles adsorbed on the
substrate surface. The PS nanospheres that were not adsorbed
were washed away with Milli-Q water and the substrate was
dried in nitrogen ux. A thin layer of Cr, about 20 nm thick, was
deposited by magnetron sputtering and subsequently the PS
nanoparticles were peeled off using adhesive tape, to obtain
a nanohole mask. The PMMA layer was then selectively etched
by reactive ion etching (RIE) in an Ar/O2 plasma down to the
silica substrate. Finally, Au disordered nanodisk arrays were
obtained by thermal evaporation of a 2 nm-thick layer of Cr as
an adhesion layer followed by the evaporation of the Au layer,
and the li-off of the PMMA sacricial layer by sonication in
toluene. Scanning electron microscopy (SEM) images of the
synthesized d-NDA were collected using a Zeiss Sigma HD eld-
emission SEM (FE-SEM), operated at 1 kV to reduce charging
effects, using the InLens secondary electron detector. Atomic
force microscopy (AFM) measurements were carried out using
a NT-MDT Solver-Pro AFM in semi-contact mode.
2.5 Sensitivity measurements

To determine the bulk sensitivity of the synthesized d-NDAs, the
absorbance spectra of the samples were acquired in different
media: air (nmed ¼ 1), deionized water (nmed ¼ 1.33) and ethanol
(nmed ¼ 1.36). The spectra were collected in the range 200–
1100 nm using an OceanOptics HR4000 spectrophotometer
with a OceanOptics DH2000 source. For the local sensitivity
measurement, thin layers of SiO2 of increasing thickness (ta ¼
(5.0 � 0.2), (9.0 � 0.2), (13.0 � 0.2), and (21.0 � 0.3) nm),
measured by AFM were deposited by magnetron sputtering on
the d-NDAs, and the absorbance spectra were acquired at each
step. The refractive index of the silica layers was measured by
spectroscopic ellipsometry with a J. Woolham V-VASE spectro-
scopic ellipsometer and it resulted in na ¼ 1.40; the measured
value is slightly lower than the tabulated one for silica, probably
due to an imperfect stoichiometry/densication of the thin
lms obtained by magnetron sputtering.
3 Results and discussion

To carry out the parametric optimization of the bulk and local
sensitivities of the designed sensors, we varied the diameter D
This journal is © The Royal Society of Chemistry 2020
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of the nanodisks in the range 100–400 nm and the height h in
the range 50–110 nm. Random arrays of nanodisks character-
ized by any combination of these parameters can be fabricated
by hole mask lithography.

The rst obtained result is the spectral position of the LSPR
resonance of the nanodisk array, without the analyte (i.e., nmed

¼ 1 and ta ¼ 0), for each (D, h) combination considered. Fig. 2a
shows the simulated extinction cross-section of six nanodisk
arrays, with h ¼ 70 nm and a different diameter D. In all the
cases, the spectra have a well-dened resonance, and the
spectral position of its maximum, l(0)max, results strongly
dependent on the nanodisk dimensions. To better visualize the
dependence of l(0)max on D and h, a contour plot is reported in
Fig. 2b. As highlighted by the color scale, the variation of l(0)max is
quite large, ranging from about 520 nm to about 1280 nm. We
note that this range is larger than the one obtained in similar
Fig. 2 LSPR of the nanodisk array sensors, without the analyte (nmed ¼
1 and ta ¼ 0). (a) Extinction cross-sections of nanodisks with height h¼
70 nm and diameter D ranging from 100 nm to 400 nm. (b) Colored
contour plot of the LSPR maximum wavelength, l(0)max, as a function of
D (horizontal axis) and h (vertical axis). The green, red, cyan and blue
contour lines indicate, respectively, the wavelengths of the emission
lines of some of the most common lasers: Nd:YAG second harmonic
(532 nm), HeNe (633 nm), Ti:Sapphire (tunable between 650 nm and
1100 nm, with best efficiency around 800 nm) and Nd:YAG funda-
mental (1064 nm).

This journal is © The Royal Society of Chemistry 2020
parametric studies previously carried out on nanoprism arrays
and reported in ref. 24. In that case, the resonance ranged
between 600 nm and 1100 nm, even though the variation of
parameters was larger than the present one. The capability to
tune the spectral position of the resonance is extremely
advantageous for biosensing applications, since it allows to
optimally couple the sensor to a large set of experimental
equipment (sources, detectors, etc.) and/or analyte features, to
enhance the sensor sensitivity.24,53,54 As an example, in Fig. 2b
we indicate the emission lines of some of the most common
laser sources – Nd:YAG laser (fundamental, 1064 nm, and
second harmonic, 532 nm), HeNe laser (633 nm) and Ti:Sap-
phire laser (tunable between 650 nm and 1100 nm, with the best
efficiency around 800 nm) – showing that such a wide range of
laser wavelengths can be used to excite resonantly the LSPR, e.g.
for SERS sensing. Fig. 2b also clearly shows that the dependence
on the disk diameter D is much more important than that on
the height h, at least for normal incidence. Such a strong
dependence on D is due to the nature of the plasmonic mode
Fig. 3 Local field enhancement maps around a h ¼ 70 nm, D ¼
250 nm nanodisk at l(0)max ¼ 894 nm, excited by a plane-wave traveling
towards the negative ẑ direction and polarized along the x̂ axis. (a) Top
view at z ¼ 2 nm and (b) side view in the y ¼ 0 plane; black lines
indicate the levels of field enhancement 1, 2, 3 and 5. (c) Side view of
the distribution of the electric field component parallel to the polari-
zation of the incident wave, Ex.

Nanoscale Adv., 2020, 2, 3304–3315 | 3307
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excited by the incident plane wave of modulus E0. Fig. 3a shows
the distribution of local eld enhancement (|FE| ¼ |E|/E0)
around a h ¼ 70 nm, D ¼ 250 nm nanodisk at z ¼ 2 nm (i.e., at
the interface between the nanodisk and the adhesion layer).
Fig. 4 (a) Contour plot of the local sensitivity S0 as a function of the ND
indicates the best performing nanodisk configuration in terms of local s
vertical lines indicates the region where S0 > 11.5 RIU�1, while the one pat
(b) Contour plot of the bulk sensitivity Sbulk as a function of the nanodisk d
contour lines of nanodisks with l(0)max equal to the upper limit of the work
scale: bulk sensitivity Sbulk of h ¼ 90 nm nanodisks (red line) and isol
nanosphere sensitivity has been normalized to the exposed surface of a
scale, blue line: LSPR peak wavelength of h ¼ 90 nm nanodisks as a func
300 nm nanodisks as a function of the height h (red line) and of isolated
sensitivity has been normalized to the exposed surface of a nanodisk with
peakwavelength ofD¼ 300 nmnanodisks as a function of the height h. (e
of merit FOMl.

3308 | Nanoscale Adv., 2020, 2, 3304–3315
Two lobes appear in the direction of the polarization of the
incident wave. Fig. 3b shows the eld enhancement distribution
in the incidence plane (y ¼ 0): in this case, the eld enhance-
ment is distributed along the full height of the nanodisk (the
diameter D and height h. The star located at D ¼ 250 nm, h ¼ 70 nm
ensitivity, with a value of S(max)

0 ¼ 11.9 RIU�1. The area patterned with
terned with horizontal lines indicates the region where S0 > 11.0 RIU�1.
iameterD and height h. Yellow, green and blue dashed lines indicate the
ing range of GaAsP, GaAs and Si detectors, respectively. (c) Left-hand
ated nanospheres (orange line) as a function of the diameter D; the
nanodisk with the same diameter and height h ¼ 90 nm. Right-hand
tion of the diameter D. (d) Left-hand scale: bulk sensitivity Sbulk of D ¼
nanospheres as a function of the radius (orange line); the nanosphere
diameter D ¼ 300 nm and height h. Right-hand scale (blue line): LSPR
) Contour plot of the figure ofmerit FOMw. (f) Contour plot of the figure

This journal is © The Royal Society of Chemistry 2020
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|FE| ¼ 3 contour encircles the whole side of the nanodisk) with
the two hottest spots at the top and at the bottom; even at the
hottest spots, however, the eld enhancement is never greater
than 20. Fig. 3c shows the distribution of the electric eld
component in the incidence plane Ex: the amplitude is constant
throughout the height of the nanodisk, conrming that the
resonance can be labeled as dipolar.51 For spherical nano-
particles, Mie theory foresees a spectral shi of the LSPR
towards longer wavelengths as the radius of the sphere is
increased: this behavior is also found for the investigated
nanodisk arrays.

3.1 Local sensitivity optimization

To determine the local sensitivity of each (D, h) nanodisk
conguration, rst we computed the LSPR peak wavelength l(ta)
for different thicknesses of the analyte layer (ta ¼ 2, 3, 5, and 10
nm) and we calculated the corresponding shis Dl(ta) with
respect to the condition without the analyte. Then, the values of
Dl(ta) were tted with an exponential function according to eqn
(6), to obtain the limit sensitivity S and the effective near-eld
decay length ld. We recall that the surface coverage is consid-
ered to be q ¼ 1, and for the simulations the refractive index
difference is set at Dn ¼ 0.5. The local sensitivity is then
calculated as S0 ¼ 2S/ld (see eqn (7)). Fig. 4a shows the contour
plot of S0 as a function of the nanodisk diameter D and height h.
The highest local sensitivity is reached for D ¼ 250 nm, h ¼
70 nm nanodisks and results in S(max)

0 ¼ 11.9 RIU�1, indicated
with a star in Fig. 4a. An important issue in nding the
maximum is the extension of its stability basin, which prevents
large uctuations in the sensors due to nanofabrication
imperfections. The contour plot also shows that for a quite large
region (patterned with vertical lines in the gure), approxi-
mately in the range 200# D# 250 nm, and 55 # h# 80 nm, S0
is higher than 11.5 RIU�1, and that for an even larger region
(patterned with horizontal lines) the sensitivity is still better
than 11.0 RIU�1. We stress the fact that for sensors based on
arrays of nanostructures, the difference in sensitivity among the
nanostructures is important as much as the sensitivity itself; if
the nanostructures had different sensitivities, as a conse-
quence, for example, of the presence of defects or fabrication
tolerances, the resulting LSPR shi would be the convolution of
all the different shis produced in the different populations,
giving rise to a broadening of the measured spectra and thus to
larger measurement errors. In the present case, for the inves-
tigated nanodisk arrays the wide region around the best per-
forming parameter combination – for which S0 > 11.5 RIU�1 –

assures that the broadening of the resonance due to small
defects or imperfections has a low impact on the operation of
the sensor; the designed sensors have a high stability with
respect to fabrication tolerances, whichmakes them compatible
with low-cost fabrication methods.

3.2 Bulk sensitivity optimization

To evaluate the bulk sensitivity of each (D, h) nanodisk cong-
uration, we performed different simulations changing the
refractive index of the environment surrounding the nanodisk
This journal is © The Royal Society of Chemistry 2020
from n(0)med ¼ 1 to n(ana)med ¼ 1.47. Then, the LSPR maximum
wavelength l(ana)max and the spectral shi Dl ¼ l(ana)max � l(0)max were
calculated. The bulk sensitivity was obtained by applying eqn
(5).

Fig. 4b shows the bulk sensitivity as a function of the
diameter of the nanodisk D (horizontal axis) and of the height h
(vertical axis). In the investigated range, Sbulk does not show any
local maximum; it grows with the increase of the diameter D
and, with a less pronounced dependence, with the increase of
the height h; for D ¼ 400 nm and h ¼ 110 nm the NDs reach
a bulk sensitivity of S(max)

bulk ¼ 662 nm/RIU. As previously noted
(Fig. 3c), the LSPR mode has a dipolar character, as for an iso-
lated plasmonic nanosphere. In terms of bulk sensitivity, this
parallel is evident. Fig. 4c shows the dependence of Sbulk on D
for nanodisks with h ¼ 90 nm (red line) and for nanospheres
(orange line). For the nanospheres, the Mie sphere and coated
sphere models are solved using an in-house implementation of
Bohren's routines55 for MATLAB. In this case, to have a more
meaningful comparison, the sensitivity was normalized to the
exposed surface of a nanodisk with the same diameter and
height h ¼ 90 nm. Both curves show a slight upward concavity
for diameters below about 250 nm; in this region the depen-
dence of Sbulk on D is a super-linear function. Above this region,
both curves show a linear dependence, with a slope of 1.26 �
0.07 RIU�1 for the nanodisks (for the NSs the slope is about half
that for the nanodisks: 0.58 � 0.01 RIU�1). A similar depen-
dence on the diameter is observed for nanodisks of different
heights. Fig. 4d shows the trend of the bulk sensitivity as
a function of the disk height (red line) for nanodisks with
diameter D¼ 300 nm. Sbulk grows with the height as it does with
the diameter. For comparison, the orange curve in Fig. 4d
represents the bulk sensitivity of isolated nanospheres, as
a function of the nanosphere radius, normalized, with the same
approach described above, to the exposed surface of nanodisks
of diameter D ¼ 300 nm and height h. The blue curves in Fig. 4c
and d (right-hand scale) show the trend of the LSPR peak
wavelength as a function of D (for nanodisks with h ¼ 90 nm,
Fig. 4c) and as a function of h (for nanodisks with D ¼ 200 nm,
Fig. 4d). An almost linear dependence of l(0)max on the diameter D
is observed (Fig. 4c). On the contrary, the LSPR peak wavelength
slightly blue-shis when the height increases; however, the
variation is very small, around 20 nm, in the explored range.
Looking at the trend of bulk sensitivity and LSPR peak wave-
length as a function of the nanodisk's diameter, it turns out that
increasing D to get higher values of Sbulk also produces an
increase of l(0)max and l(ana)max . As a consequence, the working
spectral range of the sensor shis towards the infrared region
(for nanodisks with D ¼ 400 nm l(0)max is over 1250 nm for all the
heights h); in this spectral region, the sensor may suffer from
limitations due to light sources, detectors and optical compo-
nents, and also the presence of characteristic absorption lines
of solvents and media used for bulk sensing, such as water,
ethanol or polymers. In this regard, as an example, the yellow,
green and blue dashed lines in Fig. 4b indicate the contour lines
of nanodisks with l(0)max equal to the upper limit of the working
range of three popular semiconductor detectors currently used
in spectrophotometers and CCDs: GaAsP, GaAs and Si
Nanoscale Adv., 2020, 2, 3304–3315 | 3309
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detectors, respectively; only nanodisks with geometric param-
eters lying on the le of these lines can be used with these
detectors. It is worth saying that for bulk sensing the limits are
even more strict, since the red-shied resonance in the pres-
ence of the analyte layer should also lie in the working range of
the selected detector.

Furthermore, it is important to note that the full width at
half maximum (FWHM) of the LSPR, w0, increases as the reso-
nance red-shis (see Fig. 2a); thus, larger nanodisks also yield
broader resonances. To account also for this effect, we
computed the following gure of merit (FOMw):

FOMw ¼ Sbulk

w0

(8)

Fig. 4e shows a contour plot of FOMw as a function of
nanodisks diameter and height. The highest value of FOMw ¼
1.2 RIU�1 is found for nanodisks with D ¼ 150 nm and h ¼
65 nm, for which the bulk sensitivity is
Sðbest FOMwÞ
bulk ¼ 275 nm=RIU, l(0)max ¼ 656 nm and w0 ¼ 230 nm.

FOMw is best suited for assessing better accuracy in the LSPR
shi at low analyte concentration, i.e., to improve the limit of
detection (LOD). On the other hand, for the situations in which
it is more important to limit the LSPR wavelengths than the
width of the resonance, a second gure of merit (FOMl) can be
considered, given by:

FOMl ¼ Sbulk

lð0Þmax

(9)

Fig. 4f shows a contour plot of FOMl versus D and h. In this
case, the maximum value of FOMl ¼ 0.54 RIU�1 is obtained for
nanodisks with D¼ 260 nm and h¼ 110 nm, for which the bulk
sensitivity Sðbest FOMlÞ

bulk ¼ 491 nm=RIU, l(0)max ¼ 911 nm and w0 ¼
466 nm, for which a value of FOMw ¼ 1.05 RIU�1 is obtained.

As a nal comment, it is worth saying that for biosensors
aimed at detecting small molecules, the most signicant
benchmark gure to consider is the local sensitivity, S0, since
typically in these nanosensors the analyte is immobilized within
a few nm from the surface of the nanoparticles.24 On the other
hand, when considering gas or chemical sensors, the bulk
sensitivity, Sbulk, is a more interesting gure, as usually the
sensors must probe very small variations in the refractive index
of the medium in which they are embedded.16 In any case,
hybrid congurations in which the gas analyte is entrapped for
instance in a polymeric membrane at the nanoparticle surface
take advantage of the enhanced local sensitivity.56
3.3 Bulk and local sensitivity of experimental d-NDA

Disordered nanodisk arrays (d-NDA) were synthesized by
combining sparse colloidal lithography and hollow mask
lithography (see Materials and methods). On the basis of the
simulation results of the local sensitivity optimization (Fig. 4a),
the nanodisks parameters were chosen to work close to the
maximum of local sensitivity, S0. For the fabricated samples we
obtained: D ¼ 250 � 20 nm and h ¼ 70 � 3 nm. A SEM image of
3310 | Nanoscale Adv., 2020, 2, 3304–3315
the corresponding d-NDAs is presented in Fig. 5a. Fig. 5b shows
the radial distribution function (RDF, g(r)) of the d-NDA calcu-
lated on 7416 nanodisks: an average distance (center-to-center)
of ravg z 590 nm is obtained. This means that the average
surface-to-surface minimum distance between the nanodisks is
dss ¼ ravg � D z 340 nm. From the FEM simulations we found
that the eld decay length in the array plane is ld ¼ 18.8 �
0.7 nm. Since dss [ ld, the nanodisks in the synthesized
samples can be considered as non-interacting.

Fig. 5c shows the absorbance spectra of the d-NDAmeasured
in air (nmed ¼ 1), water (nmed ¼ 1.33) and ethanol (nmed ¼ 1.36).
A progressive red-shi of the resonance maximum is obtained
by increasing the refractive index of themedium, with respect to
air (Dl ¼ 166 � 2 nm for water and Dl ¼ 182 � 2 nm for
ethanol). As shown in Fig. 5d, the trend is linear, and the bulk
sensitivity of the d-NDA can be computed from the slope of the
line that ts the data, consistent with eqn (5). In the present
case, we got S(exp)bulk ¼ 505 � 20 nm/RIU, even higher than the
simulated one (Sbulk ¼ 428 nm/RIU, Fig. 4b). This could be
related to a possibly reduced effective thickness of the Cr
adhesion layer which reduces the losses.

To determine the local sensitivity of the synthesized d-NDAs,
a silica layer of increasing thickness was deposited on the
samples by magnetron sputtering. Fig. 5e shows the absorbance
spectra of the d-NDA aer the deposition of the silica layer.
Fig. 5f shows the corresponding redshis Dl, as a function of
the layer thickness ta. The red line is the best-tting curve ob-
tained using eqn (6). The local sensitivity is then computed
from the tted values with eqn (7); the change of refractive index
with respect to air isDn¼ 0.40 (see Materials andmethods). The
resulting local sensitivity is S(exp)0 ¼ 10.9 � 1.0 RIU�1. This value
is in very good agreement with the simulations (S(max)

0 ¼ 11.9
RIU�1), taking into account the presence of defects in the
fabricated samples also.

These results conrm that the optimizations carried out for
non-interacting nanodisks with FEM simulations can be
successfully applied to disordered nanodisk arrays that can be
experimentally realized with cost-effective methods.

3.3.1 Comparison with other sensing nanostructures. To
further highlight the potential advantages of non-interacting
nanodisks (NDs) as sensing platforms, we compared their
performances with those of two different nanostructures:
nanospheres (NSs) and nanoprism arrays (NPAs). The similari-
ties in the behavior of nanospheres and nanodisks pointed out
in the previous sections make NSs a natural choice for this
comparison. Moreover, they are the simplest and most investi-
gated plasmonic nanostructure, and the only one for which
a complete analytical solution exists, as found by Mie.51 We also
compared the performances of nanodisks with nanoprism
arrays due to their popularity and large use in the literature that
make them a benchmark for nanosphere lithography-based
biosensors.11

To compare the performances of nanospheres and nano-
disks, we considered nanospheres with the same diameter D
as the nanodisks. In terms of local sensitivity, the best-
performing nanodisks are the ones with D ¼ 250 nm, h ¼
70 nm, for which the local sensitivity resulted in S(max)

0 ¼ 11.9
This journal is © The Royal Society of Chemistry 2020



Fig. 5 (a) SEM image of the fabricated d-NDA. (b) Radial density function g(r) computed on 7416 nanodisks. In the inset, the FFT of the original
image is reported. (c) Absorbance spectra of the d-NDA in air (n¼ 1, gray), water (n¼ 1.33, red) and ethanol (n¼ 1.36, blue). (d) Dl as a function of
the refractive index nmed (gray dots); the red line is the linear fit of the data. (e) Absorbance spectra of the d-NDA covered by incremental layers of
silica. (f) Dl as a function of the thickness of the silica layer ta (gray dots); the red line is the nonlinear fit of the data using the exponential function
in eqn (6).
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RIU�1. For an isolated nanosphere with D ¼ 250 nm instead,
we determined with the Mie model a local sensitivity of S(NS)

0 ¼
10.1 RIU�1, about 20% less than that of the nanodisks.
Moreover, we point out that while in the case of the nano-
spheres the analyte is all around the nanosphere, for the
nanodisks the presence of the substrate limits the surface
available for the analyte; nonetheless, the nanodisks perform
better than nanospheres with the same diameter. Regarding
the bulk sensitivity, as shown in Fig. 4c (red and orange lines),
for nanospheres S(NS)

bulk(D) is lower than the one computed for
nanodisks, S(ND)bulk(D), for diameters D larger than 250 nm and
nearly equal to it for D < 250 nm. Moreover, our results on
This journal is © The Royal Society of Chemistry 2020
bulk sensitivity can be compared to other literature data on
isolated nanoparticles with different shapes57 or on spheres
with increasing diameter.58 Our nanodisks optimized for the
FOMw have a bulk sensitivity of 275 nm/RIU and a FOMw ¼
1.2. They outperform the nanospheres (FOMw ¼ 0.6) and
nanoparticles with a more exotic shape like nanobranches
(FOMw ¼ 0.8), which exhibit the largest bulk sensitivity
(703 nm/RIU) among the different nanoshapes investigated in
ref. 57. In any case, we would like to underline that the main
aim of the present work is to optimize the sensing perfor-
mances of random nanodisk arrays, more than nding the
most sensitive nanostructure.
Nanoscale Adv., 2020, 2, 3304–3315 | 3311
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Concerning the nanoprism arrays, we performed, as
described in ref. 24, a similar sensitivity optimization study for
NPAs, making it possible to compare the best performing
congurations of the two nanoarchitectures. For bulk sensing,
we demonstrated that the best performing Au nanoprism arrays
are NPAs with a0 ¼ 700 nm, h¼ 140 nm, and L¼ 210 nm, which
have a bulk sensitivity of S(max,NPA)

bulk ¼ 342 nm/RIU. Nanodisks
overcome this value when D > 200 nm (see Fig. 4c, red curve). On
the other hand, in terms of local sensitivity the maximum value
obtained for the nanodisks is S(max)

0 ¼ 11.9 RIU�1 (Fig. 4a),
which is sensibly lower than the value determined for the
optimized NPAs, namely S(max,NPA)

0 ¼ 39 RIU�1 for a0 ¼ 200 nm,
h¼ 10 nm, and L¼ 60 nm Au NPAs.24 Nonetheless, in the case of
nanodisks, the eld distribution gives them two important
advantages with respect to NPAs. The rst advantage is that the
presence of an adhesion layer negligibly affects the absorbance
spectrum. As an example, Fig. 6a shows the effect of a 2 nm-
Fig. 6 Simulated extinction cross-section spectra of Au nanodisks (a) an
and without (orange curves) a 2 nm-thick Cr adhesion layer. (c–f) Map
column) and of a nanoprism (right column) without (c and d) and with (

3312 | Nanoscale Adv., 2020, 2, 3304–3315
thick Cr adhesion layer on the extinction cross-section of Au
nanodisks; the resonance is almost unaffected by the presence
of the adhesion layer and a negligible redshi and increase of
the maximum occur when Cr is present. The presence of an
adhesion layer instead has a dramatic effect on the nanoprism
arrays. Fig. 6b shows a comparison between the extinction
cross-section of a local sensitivity-optimized Au NPA, with (gray)
and without (orange) the same 2 nm-thick Cr adhesion layer. In
this case, the resonance almost vanishes when Cr is present.
Thus, the best performing NPAs must be reconsidered if an
adhesion layer has to be added to the nanostructure.

The differences in the behavior of nanodisks and nano-
prisms is due to the eld localization and enhancement given
by the two geometries. The smooth side surface of the nano-
disks produces a eld enhancement lower than 20, but is
homogeneously distributed along almost all the surface itself,
as shown in Fig. 6c. Conversely, Fig. 6d shows that the eld
d local sensitivity-optimized Au nanoprism array (b) with (gray curves)
s of local field enhancement close to the surface of a nanodisk (left
e and f) the adhesion layer of Cr.

This journal is © The Royal Society of Chemistry 2020
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enhancement around the nanoprisms is strongly conned at
the nanoprism tips, where it can reach a value larger than 1000.
Losses due to Joule's heating are present at each point of the
nanostructure, with a local power dissipation given by the
product 32|E|

2, where 32 is the imaginary part of the dielectric
function of the material. 32 is more than one order of magnitude
higher for Cr than for Au; thus, in the presence of a strong local
eld the losses in the Cr layer are larger than the losses in the
plasmonic metal. In the case of nanodisks, Fig. 6e shows that
the eld enhancement is never as high as it is needed to
produce signicant losses in the adhesion layer; the maximum
eld enhancement is reduced by a negligible factor by the
presence of Cr and only a slight stretching of the eld decay
length in the surrounding medium is observed. Conversely, in
the case of nanoprisms the eld is so strong at the tips that the
losses due to Cr damp the energy stored in the LSPR, giving rise
to a low Q-factor resonance, and reducing the eld enhance-
ment by a factor of more than 25 (Fig. 6f). We further stress that
the fact that the losses in the adhesion layer are so large that the
plasmonic resonance is almost totally quenched represents
a major limitation of the NPA architecture; since the exposure to
analytes usually implies functionalization in solution and
subsequent wash, rinse and dry cycles, the option of using an
adhesion layer strongly enhance the stability of the sensors
during the whole process.

The second advantage of nanodisks with respect to the
nanoprism conguration is that, since in the case of nanodisks
the mode is spread around the nanostructure (Fig. 3, 6c and e),
the sensitivity to small molecules is less dependent on the
precise binding position of the molecule relative to the nano-
disk's surface. This implies that a lower concentration of
molecules is sufficient to assure that the number of molecules
needed to get a detectable signal are in the region where the
mode is strong.

4 Conclusions

The bulk and local sensitivities of non-interacting Au nanodisk
arrays have been investigated by nite elements method elec-
trodynamic simulations. The diameter D and height h of the
nanodisks are varied in the range 100# D# 400 nm and 50# h
# 110 nm, to determine the optimal congurations to be used
for sensing. The highest local sensitivity, S(max)

0 ¼ 11.9 RIU�1, is
obtained for nanodisks with D ¼ 250 nm and h ¼ 70 nm. We
also found the region where S0 > 11.5 RIU�1 (i.e., within 3.3%
below the maximum value) extends to a quite large range of (D,
h) combinations. Regarding the bulk sensitivity, we observed
that no local maximum exists for the explored nanodisks, whose
resonance is within the vis-NIR range, and that larger nanodisk
diameters and, to a less extent, larger heights produce better
bulk sensitivities. For the extreme point considered (D ¼
400 nm and h ¼ 110 nm) we got a maximum bulk sensitivity
S(max)
bulk ¼ 662 nm/RIU. Moreover, two gures of merit (FOMl and

FOMw) have been introduced to account for the progressive red-
shi of the resonance as the diameter of the nanodisks is
increased and correspondingly, its width is increased. The
simulated results have been compared with those obtained
This journal is © The Royal Society of Chemistry 2020
experimentally with disordered, non-interacting nanodisk
arrays synthesized by combining sparse colloidal lithography
and hollow mask lithography. The samples were fabricated
choosing the parameter combination that gave us the highest
local sensitivity in the simulations. A very good agreement
between the experimental and simulated results was obtained,
conrming that the optimization performed with the simula-
tions is directly applicable to nanosensors realized with cost-
effective methods, due to the quite large stability basin
around the maximum sensitivities. Therefore, the nanodisks
were revealed to be extremely robust against fabrication defects.
Finally, the performances of the investigated non-interacting
nanodisk arrays have been compared with those of two other,
widely investigated, geometries: nanospheres and nanoprism
arrays. The results show that for all the congurations explored,
the nanodisks perform better than nanospheres with the same
diameter, both in terms of bulk and local sensitivity. Regarding
the comparison with nanoprism arrays, instead, the simula-
tions demonstrated that a higher bulk sensitivity can be ob-
tained with nanodisks with respect to the best performing
nanoprism arrays, whereas these last have a much larger local
sensitivity, about 4 times larger, than the optimized nanodisks.
Nonetheless, in the case of nanodisks, the local eld distribu-
tion gives them two important advantages: the rst is that the
possible presence of an adhesion layer does not affect the
operation of the sensor, contrary to what happens for nano-
prism arrays, making nanodisk array sensors more suitable to
be used with aggressive chemical agents, for which structurally
stable nanostructures are necessary. The second advantage is
the possibility to work with lower concentrations of analyte
molecules which makes these systems particularly useful for all
the situations in which the availability of analyte molecules is
limited.
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