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ABSTRACT: The development of high performing and
accessible sensors is crucial to future point-of-care diagnostic
sensing systems. Here, we report on a gold−titanium dioxide−
gold metal−insulator−metal plasmonic nanocup array device for
spectrometer-free refractometric sensing with a performance
exceeding conventional surface plasmon resonance sensors. This
device shows distinct spectral properties such that a superstrate
refractive index increase causes a transmission intensity increase
at the peak resonance wavelength. There is no spectral shift at
this peak and there are spectral regions with no transmission
intensity change, which can be used as internal device references.
The sensing mechanism, plasmon−cavity coupling optimization,
and material properties are studied using electromagnetic simulations. The optimal device structure is determined using
simulation and experimental parameter sweeps to tune the cavity confinement and the resonance coupling. An experimental
sensitivity of 800 ΔT%/RIU is demonstrated. Spectrometer-free, imaged-based detection is also carried out for the cancer
biomarker carcinoembryonic antigen with a 10 ng/mL limit of detection. The high performance and distinct spectral features of
this metal−insulator−metal plasmonic nanocup array make this device promising for future portable optical sensing systems with
minimal instrumentation requirements.

KEYWORDS: surface plasmon resonance, nanocavity, extraordinary optical transmission, biosensor, imaging, cancer biomarker

Plasmonic sensors are appealing for biosensing applications
due to the high sensitivity of the generated evanescent

fields to local refractive index (RI) changes. These sensors are
currently based on surface plasmon resonance (SPR),1

extraordinary optical transmission (EOT),2 localized surface
plasmon resonance (LSPR),3 or a combination of these
mechanisms with applications including gas detection,4 cancer
biomarker screening,5 and cell imaging.6 EOT plasmonic
devices, which primarily rely on the generation of grating-
coupled SPR on metallic nanohole arrays, are of particular
interest for biosensing applications due to excitation and
spectral detection in transmission mode at normal incidence,
which simplifies the instrumentation requirements.7−9 How-
ever, the performance of these devices in terms of the limit of
detection (LOD) is significantly worse than SPR sensors in the
Kretschmann configuration, which has a high angular sensitivity
that can exceed 500°/RIU.10,11 Current work in plasmonic
biosensors seeks to match or outperform SPR sensors while
simplifying the instrumentation requirements to lead to more
widespread applications of these tools.
Toward this objective, coupled optical plasmonic devices are

under development to overcome performance or instrumenta-
tion limitations. The incorporation of dielectric and metallic

multilayers on plasmonic waveguides to support additional
waveguide and cavity modes has been investigated12−17 in
addition to coupling between plasmonic modes and whispering
gallery modes18−20 or photonic crystal resonances.21,22

Structures consisting of dielectric and metallic multilayers on
nanohole23−25 and nanocup26 arrays have also been revealed to
have intriguing optical properties. In addition, multilayered
plasmonic devices have shown promising results for surface
enhanced Raman spectroscopy (SERS),27,28 enhanced catalytic
activity,29 probing local chemical reactions,30 and advanced
biomolecular detection.31,32

Here, for the first time, we demonstrate how a multilayered
plasmonic device can be applied for spectrometer-free
refractometric sensing with a performance exceeding SPR
sensors in the Kretschmann configuration. Instrumentation
costs, such as for a high-resolution spectrometer, are a limiting
factor toward the development of portable optics-based
molecular diagnostic systems. While the development of
miniaturized, low-cost spectrometers is an active area of
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research,33−35 an alternative approach taken here is to design a
sensor and sensing system that no longer requires spectroscopic
measurements, but still maintains a high sensing performance.
Further, by removing the spectrometer, we can extend the
technique to perform refractometric imaging.
Our sensing method consists of transmission resonance

intensity measurements occurring in a gold (Au), titanium
dioxide (TiO2), Au plasmonic metal−insulator−metal (MIM)
nanocup array. The spectral characteristics of this device show
sensitive on-resonance transmission changes with refractomet-
ric changes due to plasmon-cavity coupling in the multilayered
structure. In addition, spectral locations with no intensity
change can be used as internal device references, which is
important for reliable transmission measurements outside of a
controlled laboratory. While conventional plasmonic sensors
can also operate as refractometers based on intensity changes,
the LOD for this operating mode is worse than that of angular
or spectral methods, and spectral features such as shifts,
unreliable intensity changes, and lack of reference points make
the data difficult to collect and analyze accurately.36,37 In this
work, the sensing mechanism is studied and optimized in detail
using a combination of simulation and experiment followed by
demonstrated spectrometer-free detection of the cancer
biomarker carcinoembryonic antigen (CEA) with a 10 ng/mL
LOD.

■ RESULTS AND DISCUSSION

The Au-TiO2-Au nanocup array sensor consists of a nano-
structured polymer substrate, fabricated by a wafer-scale
nanoreplica molding process, with deposited layers of Au and
TiO2. Au is chosen for the metal layers due to its plasmonic
properties, its high field confinement capability due to high
reflectivity, and its chemical stability. TiO2 is chosen as the
cavity layer material due to its high RI, zero extinction
coefficient (k), and good manufacturability. A description of the
device fabrication is given in the Supporting Information. A
schematic of the device is shown in Figure 1a and a camera
image is shown in Figure 1b. This sensor has a bottom Au layer
of 90 nm, TiO2 cavity layer of 80 nm, and top Au layer of 90
nm, which is optimized based on simulation and experimental
studies that are described later in detail. The camera image
shows polychrome color due to the diffraction of the reflected
light from the periodic nanocup array structures. A top-down
SEM image of the device is shown in Figure 1c. A well-ordered,
periodic array is maintained after the full device fabrication. The
inset shows a SEM image at a higher magnification of the top-
down view of the individual nanocups. A tilted SEM image of
the device, where the sidewall Au nanoparticles are visible, is
shown in Figure S1.
The transmission spectra with increasing RI values are shown

in Figure 1d. An increase in RI leads to an increase in
transmission intensity at a peak resonance wavelength of 700

Figure 1. Fabrication and characterization of Au-TiO2-Au nanocup arrays. (a) Schematic and (b) camera image of a wafer-scale MIM nanocup array
with 90 nm top and bottom Au layers and a 80 nm TiO2 cavity layer. The reflected light off the device is diffracted due to the periodic nanocup array.
(c) Top-down SEM image of the device. (d) Experimental transmission spectra with increasing RI values. The spectral features show an increase in
transmission intensity at the resonance wavelength with spectral locations of no transmission change with RI increase.
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nm. Here we define the sensitivity as the relative percent
transmission intensity change per refractive index unit (ΔT
%/RIU). For this optimized device design, the experimental
sensitivity value is 800 ΔT%/RIU. There is no spectral shift at
the primary transmission resonance and there are also spectral
locations with no transmission intensity change with increasing
RI, which can be used as built-in reference points. It is well-
known that transmission measurements are prone to large
fluctuations based on factors such as sample defects and
contamination and therefore internal device references can help
to correct for these instabilities. This device is then suitable for
spectrometer-free measurements since it only requires trans-
mission values to be recorded on-resonance and at a reference
location.
A finite element method (FEM) model was used to study the

sensing mechanism, plasmon-cavity coupling, and cavity
confinement in this multilayered nanocup structure. Cross-
sectional, top-down, and 3D rotated views of the 3D-FEM
model of the MIM plasmonic nanocup device are shown in
Figure 2a−c. The simulation consists of a single tapered
polymer nanocup modeled in the center of the simulation
region with periodic boundary conditions along x and y to
simulate the array effect. The transfer matrix method (TMM)
was also used to simulate a planar multilayer sensor with no
plasmonic component, shown in Figure S2. A FEM study was
first used to investigate whether the spectral properties of the
MIM nanocup array can be obtained with different device
configurations. The transmission spectra with increasing RI
values were simulated for a planar multilayer sensor, a MIM
nanohole array, and the MIM nanocup array studied in this
work with the results shown in Figure S3. The optical effect of a
sensitive relative transmission intensity increase with increasing
superstrate RI without a spectral shift is only obtained for the
MIM nanocup array. The MIM nanohole array shows an
increase in transmission intensity, but with a reduced sensitivity
and a spectral shift. Likely the nanohole array is insufficient to
form an adequate MIM cavity structure.

Cross sections of the near-field electric field distributions in
the MIM nanocup from the 3D-FEM simulation study are
shown in Figure 2. All the near-field distributions shown are at
the transmission resonance wavelength. Figure 2d shows the
normalized electric field (|E|) and the x-component of the
electric field (Ex) with only a 90 nm bottom Au layer (no
insulator and second Au layer). Ex is shown because the
incident light in the simulation is polarized along the x-axis.
The z-component of the electric field (Ez), along the direction
of simulated light propagation, is shown in Figure S4. In Figure
2d, there is a highly localized field at the bottom of the
nanocup, at the rim of the nanocup, and at the Au nanoparticles
along the cup sidewalls, which is expected due to the excitation
of LSPR resonances in the plasmonic device. Figure 2e shows
the electric field distributions with the addition of a 40 nm
TiO2 cavity layer. The distributions of highly localized fields
remain similar, suggesting that the sensor is still primarily
operating as a plasmonic device. Figure 2f,g show |E| and Ex,
respectively, for a MIM plasmonic nanocup array with a 90 nm
bottom Au layer, 40 nm TiO2 cavity layer, and 50 nm top Au
layer with increasing superstrate RI values. With the addition of
the top Au layer, there is now a confined mode in the cavity
layer at the bottom of the nanocup with a high electric field
intensity. There is also a localized field near the top of the
nanocup that is surrounded by the upper MIM structure. As the
RI value of the superstrate increases, there is an increase in the
electric field intensity at the top of the nanocup.
The simulation results indicate that the sensing mechanism is

primarily driven by the MIM sensor. Light is incident from the
bottom of the nanocup and the confined optical energy is
stored in the TiO2 cavity layer. When there is a RI increase at
the superstrate, resonant light is coupled out from the cavity
layer to the far-field resulting in a transmission intensity
increase. While the cavity design is inherently leaky, a sufficient
quality factor (Q-factor) is required for the sensor to show a
large relative change in transmission with no spectral shift. The
role of the plasmonic effect is twofold. First, the plasmonic

Figure 2. Simulated near-field electric field distributions shown on resonance for the cross section of the nanocup device with different Au and TiO2
layers. (a) Cross section schematic of the MIM nanocup 3D-FEM model, which has periodic boundary conditions along x and y. Au nanoparticles
are modeled along the cup sidewalls. (b) Top-down schematic and (c) 3D rotated view of the MIM nanocup. |E| and Ex for a nanocup with a 90 nm
Au layer (d) and Au layer with an additional 40 nm TiO2 layer (e). |E| (f) and Ex (g) near-field electric field distributions are shown for the Au-TiO2-
Au MIM nanocup with a 50 nm top Au layer with increasing RI values.
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properties of the nanostructured Au provide high field
localization and confinement. Second, the plasmonic effect
will lead to efficient light scattering and out-coupling of the
light from the cavity to the far-field. The plasmonic component
then increases the initial transmission intensity compared to a
MIM sensor while also tuning the cavity loss and therefore the
output power. Therefore, the Q-factor of the cavity and degree
of plasmon-cavity coupling are two crucial parameters for
refractometric sensing with this device.
To determine the degree to which cavity−plasmon coupling

affects the sensing performance of the MIM nanocup array, the
effect of the cavity thickness was modeled. Figure 3a shows the
simulated transmission spectra for the MIM nanocup array with

a superstrate RI of 1.33 and changing cavity thickness values
from 40 to 120 nm with a step size of 10 nm. Spectral changes
with increasing top and bottom Au layers are shown in Figures
S6−S7. In Figure 3a, the bottom and top Au layers are 90 nm.
The changing cavity layer thickness results in spectral shifts and
changes to the transmission intensity at the peak resonance
wavelength. This is shown in Figure 3b,c where the resonant
wavelength and transmission intensity, respectively, are plotted
as a function of the cavity thickness with a bottom Au thickness
of 90 nm and a top Au thickness of 50, 75, and 90 nm. The
transmission intensity for all top Au layers has a maximum
value at a TiO2 cavity layer of approximately 100 nm. We
assume that the transmission maximum will occur when there is

Figure 3. Simulated spectral and near-field assessment of plasmon-cavity coupling in MIM nanocup arrays. (a) Simulated transmission spectra with
increasing TiO2 cavity thickness. (b) Resonant wavelength as a function of cavity thickness. (c) Transmission intensity at the peak resonance
wavelength as a function of cavity thickness. (d) Refractometric sensitivity as a function of cavity thickness. Near-field electric field distributions |E|
(e) and Ex (f) for different cavity thicknesses.

ACS Sensors Letter

DOI: 10.1021/acssensors.7b00878
ACS Sens. 2018, 3, 290−298

293

http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00878/suppl_file/se7b00878_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00878/suppl_file/se7b00878_si_001.pdf
http://dx.doi.org/10.1021/acssensors.7b00878


optimal overlap and coupling between the cavity resonance and
the plasmonic resonance. It is important to note that the
simulated device shows a larger transmission intensity than the
measured device (see Figure 3c and Figure 1d). This is
primarily because the simulation assumes a defect-free sensor
where the morphology of the layers in each nanocup is
identical. The presence of defects and nonuniformities in the
fabricated device reduces the plasmonic properties and leads to
a lower transmission intensity.
In Figure 3d, the sensitivity is plotted as a function of the

cavity thickness. The sensitivity value, here taken from a RI
value of 1.33 to 1.34, increases with increasing cavity thickness
until it reaches a peak value at a cavity thickness of 70 nm. The
sensitivity value then decreases with increasing cavity thickness.
At a cavity thickness of 100 nm, the sensitivity is at
approximately half of its peak value. This result suggests that
to have the optimal sensitivity, we want to design the MIM
structure such that the cavity resonance is off of the plasmonic
resonance. In particular, we want to find the cavity thickness
where we approach this doubly resonant condition, but are still
off-resonance such that we will have the optimal increase in
transmission intensity with RI increase.
This condition can also be understood by the near-field

electric field distributions for different cavity thicknesses as
shown in Figure 3e (for |E|) and Figure 3f (for Ex). In these
electric field distributions, the top and bottom Au layers are
both 90 nm. The field distributions for the 40 and 70 nm cavity

layers both show the confined mode in the TiO2 cavity layer at
the bottom of the nanocup. The electric field intensity for this
cavity mode is higher for the 70 nm cavity than for the 40 nm
cavity, which may be an indication of the higher sensitivity for
the thicker cavity layer. Once the cavity layer is 100 nm, the
electric field intensity remains high at the bottom of the
nanocup, but there is no longer a clearly confined mode in the
TiO2 cavity layer. The optimal coupling between the cavity
mode and the plasmonic mode leads to highly efficient out-
coupling to the superstrate, even for low RI values, which
makes this device less sensitive for refractometric detection. At
a cavity thickness of 120 nm, where the sensitivity is
significantly decreased, the near-field electric field distribution
shows greatly reduced field confinement. Overall, the
refractometric sensitivity is optimized by choosing the cavity
thickness such that it allows sufficient optical energy storage.
When the device is designed in this way, the RI change will
tune the plasmon resonance wavelength and consequently the
optical out-coupling from the device will significantly change.
Therefore, the sensing occurs by modulating the internal loss of
the cavity, which results in a power change without a spectral
shift. The cavity should not couple too strongly with the
plasmonic mode; otherwise, too much of the light will be out-
coupled and not available to contribute toward the sensing
mechanism.
We also analyzed cavity resonance tuning and sensitivity in a

planar MIM sensor using the TMM with the results shown in

Figure 4. Spectrometer-free sensing assessment of the MIM nanocup array device. (a) A schematic of the testing setup used for wavelength selection
and imaging. (b) Relative intensity increase as a function of RI of the superstrate solution. (c) Intensity at the peak (700 nm) and reference (623
nm) wavelengths as a function of RI increase. The images of the sensor surface are shown at the peak wavelength (d) and at the reference
wavelength (e).
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Figure S5, but from the MIM sensor data we cannot recover the
same resonance tuning and optimization as for the full 3D-FEM
model because we need to consider the plasmon−cavity
coupling to optimize the device properties. Studies of the
properties of the metallic and insulator layers for the full MIM
plasmonic nanocup device and the planar MIM sensor alone
were also used to investigate plasmon−cavity coupling and the
device optimization as described in the Supporting Information
with results shown in Figures S8−S9 for the metal material
study and Figure S10 for a study of added loss in the TiO2

insulator layer. Overall, it was determined that the optimal
materials should be chosen to enhance both the plasmonic and
cavity properties of this coupled device to obtain an improved
sensitivity value.
Cavity parameter optimization was done by sweeping the top

and bottom Au thicknesses and TiO2 cavity layer thickness in
simulation and experiment to identify the parameters with the
largest impact on the device sensitivity. Both the simulation and

experimental results, plotted in Figure S11, suggest that a
reliable way to obtain a high device sensitivity is to combine
thicker Au layers (higher confinement) with a cavity thickness
around 70−80 nm, which will allow the optimal storage of
optical energy in the TiO2 cavity layer. If the cavity thickness is
too large, the sensitivity drops significantly as discussed
previously. Overall, the device with the highest experimentally
measured sensitivity of 800 ΔT%/RIU was obtained for bottom
and top Au thicknesses of 90 nm and a cavity layer of 80 nm.
The optimized MIM nanocup array device was then assessed

for applications in spectrometer-free refractometric imaging.
The setup utilized is shown in Figure 4a. A white light source
passes through a monochromator, which selects either the peak
(700 nm) or reference (623 nm) wavelength. For applications
in the field, these elements can be replaced with two narrow
band light emitting diodes (LEDs) at these wavelengths. The
light at the selected wavelength is guided through a beam
expander and incident on the plasmonic sensor on a sample

Figure 5. Spectrometer-free detection of CEA with MIM nanocup arrays. (a) Schematic of anti-CEA immobilization and CEA detection. Images of
the sensor surface are shown (b) before and (c) after immersion in CEA solutions with varying concentrations indicated. (d) Relative intensity
increase for different CEA samples and (e) relative intensity increase plotted as a function of CEA concentration on a log scale.
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stage. The light is then collected by a 5× objective lens and
goes to an imaging camera. Figure 4b shows a linear (slope 600
± 30 ΔT%/RIU and R2 = 0.99) and a consistent relative
intensity increase with increasing superstrate RI values from
1.333 to 1.443 from solutions with increasing glycerol
concentrations. The increase in absolute intensity at the peak
(slope 16 ± 1 and R2 = 0.99) and the constant intensity of the
reference (slope 0.1 ± 0.2 and R2 = 0.06) wavelengths are
shown in Figure 4c and the corresponding transmission
intensity images of the device surface are shown in Figure
4d,e for the peak wavelength and reference wavelength,
respectively. For each intensity image, normalization was
done with the light source intensity at 700 nm for the peak
image and at 623 nm for the reference image. An increase in RI
does lead to a consistent and reliable increase in transmission
intensity at the resonance wavelength in this spectrometer-free
format and the reference spectral location shows good stability
with negligible slope.
The MIM nanocup array and sensing method were then

applied for the image-based detection of the cancer biomarker
CEA. The normal concentration of CEA in human serum is 3−
5 ng/mL and it becomes elevated (>10 ng/mL) in several
cancers, such as breast,38 lung,39 and colon,40 making low
concentration detection crucial.41 A schematic of the CEA
detection protocol is shown in Figure 5a. CEA antibody (anti-
CEA, 30 μg/mL) is covalently bound on the Au MIM nanocup
surface by 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) coupling to an
immobilized layer of 11-mercaptuoudecanoic acid (MUA).
Nonspecific binding of CEA on the sensor surface is suppressed
by two steps. The first is incubation in a bovine serum albumin
(BSA) surface blocking agent and the second is immersion in a
10% ethanolamine solution, which caps unreacted NHS. Images
of the sensor surface before and after CEA immersion are
shown in Figure 5b,c, respectively. To reduce noise, each image
represents the peak intensity value (700 nm) divided by the
reference intensity value (623 nm) averaged over three
relatively defect-free areas (250 × 300 pixels). The average of
the three intensities was used to calculate the relative intensity
increase. The relative intensity increase for the different CEA
concentrations studied in this work is shown in Figure 5d,
where the error bar corresponds to the standard deviation for
two replicate samples. A LOD of 10 ng/mL is demonstrated
with a linear calibration curve (R2 = 0.98) over a dynamic range
of 10−500 ng/mL, as shown in Figure 5e. The error is likely
due to device variability, which will have a significant impact for
very small RI changes. An additional quality control step to
reduce device variability would likely reduce error and improve
the LOD. However, even without this step an excellent label-
free LOD of 10 ng/mL is obtained.
The CEA detection shows that this sensing system can detect

protein−protein interactions with a sufficient LOD. The
detection of CEA using a commercialized SPR sensing system
using a protocol like the one utilized in this work has been
previously reported with a label-free LOD of 100 ng/mL.42

Therefore, in this work, the LOD has been improved by an
order of magnitude. The MIM nanocup array sensor and
sensing method presented here are then promising candidates
for portable sensing systems, but the performance will depend
on factors such as light source stability and further noise
reduction especially since the measured transmission values for
the optimized device are less than 1%. The overall transmission
can be increased by reducing the number of defects in the

device with better device screening and quality control or by
reducing the thickness of the metal layers.
In addition, we found that the measurement error was

reduced with a smaller image area. However, this is because a
smaller image area contains fewer defects. By limiting defects
and nonuniformities a larger image area can be used, which we
anticipate will improve the measurement error and the
sensitivity. The source of defects and nonuniformities primarily
comes from the fabrication steps. During the nanoreplica
molding process, the thickness of the polymer can vary and
defects in the nanoreplica mold can be transferred to the
polymer. In addition, the fabrication requires three deposition
steps, which have local and large-scale nonuniformities. The
choice of device design for a portable sensing system will
depend on a combination of the light source parameters, the
target application, and the required sensing performance.

■ CONCLUSIONS
This work has presented simulation and experimental results
for an Au-TiO2-Au MIM plasmonic nanocup array for
spectrometer-free refractometric sensing based on transmission
intensity variations at a fixed resonance wavelength. The
sensing mechanism and device optimization were studied and it
was determined that the sensing mechanism is dominated by
the MIM cavity structure. However, the sensitivity and overall
transmission of the sensor are determined primarily by the
degree of cavity-plasmon coupling, the degree of confinement,
and the ability of the chosen materials to generate SPR and
LSPR resonances. Spectrometer-free detection and imaging of
the cancer biomarker CEA was demonstrated with a LOD of 10
ng/mL. Therefore, this sensor design and sensing mechanism
are well-suited for the development of compact, portable
optical sensors for applications in areas such as drug discovery
and diagnostics.
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