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ABSTRACT Using full-wafer processing, we demonstrate a sophisticated i
nanotechnology for the realization of an ultrahigh sensitive cavity-coupled 0
plasmonic device that combines the advantages of Fabry—Perot microcav- ;
Nanodisks array

ities with those of metallic nanostructures. Coupling the plasmonic

i,

nanostructures to a Fabry—Perot microcavity creates compound modes, Ak
which have the characteristics of both Fabry—Perot and localized surface \/}Analyté\/
plasmon resonance (LSPR) modes, boosting the sensitivity and figure-of- ! s

\ [

merit of the structure. The significant trait of the proposed device is that the
sample to be measured is located in the substrate region and is probed by the compound modes. It is demonstrated that the sensitivity of the compound
modes is much higher than that of LSPR of plasmonic nanostructures or the pure Fabry—Perot modes of the optical microcavity. The response of the device

is also investigated numerically and the agreement between measurements and calculations is excellent. The key features of the device introduced in this

work are applicable for the realization of ultrahigh sensitive plasmonic devices for biosensing, optoelectronics, and related technologies.
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ecent developments in nanotechnol-

ogy have led to the realization of new

optical sensors that can measure a
broad range of analytes in both liquid and
gaseous forms.' '° Sensors based on sur-
face plasmon resonances have attracted
significant attention for chemical and bio-
logical sensing applications, thanks to their
ability to confine light at the nanoscale well
below the diffraction limit, which provides
record sensitivity and low noise.'" Plasmons
supported by thin films (excited via Otto or
Kretschmann configuration),’>~"” plasmo-
nic resonators,'® nanocavities,'>*° nano-
particles,’ ~2® nanocluster,?” nanopillars,?®
nanoantennas,?® and nanorods*° are some
of the numerous configurations for plasmo-
nic sensors which have been suggested to
take advantage of the field localization in
the subwavelength sensing region. All these
devices are designed to enhance the refrac-
tive index sensitivity, which is defined as the
ratio of the shift in resonance wavelength to
the change in the refractive index of the
analyte3' The refractive index sensitivity
depends on the characteristics of the fields
in the active regions of plasmonic nano-
structures and the perturbations of the
fields caused by the interactions of the

analytes within those regions.>?> However,
localized surface plasmon resonance (LSPR)
sensors are characteristically insensitive to
changes happening outside the active re-
gion of the structure, and their spatial sen-
sing depth is accordingly constrained to
a few nanometers around the nano-
structure.3373° Furthermore, the overall figure-
of-merit (FoM), which is defined as the
refractive index sensitivity divided by plasmon
resonance line width,*' of the LSPR-based
sensors harshly suffers from the large plasmon
resonance line width associated with the
large intrinsic absorption of metals at optical
wavelengths 3642

To increase the FoM, significant research
efforts have been devoted to boosting the
sensitivity of metallic nanostructures by
optimizing their shape.?®**~* Moreover,
several designs including plasmon hybri-
dization,*® transformation optics,*” and sub-
group decomposition,”® have been sug-
gested to narrow the resonance line width
of plasmonic nanostructures. However, the
spectral line width of these resonances is
still considerably larger than those of pro-
pagating surface plasmons.'*3'49°°

The most notable way of narrowing the
line width is to couple the broad plasmon
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resonance of plasmonic nanostructures to a narrow
resonance system. It has been shown in the plasmonic
analogue of electromagnetically induced transparency
that coupling a broad plasmon super-radiant mode to
a narrow subradiant one leads to excitation of a sharp
Fano line shape resonance.??’>'~>8 The resulting
resonance has superior refractive index sensing prop-
erties thanks to the control of the radiative losses,
compared to Lorentz-resonant systems.>® Additionally,
compound modes generated because of the interac-
tion between localized and propagating plasmonsin a
periodic gold grating array placed close to a thin gold
film have also been investigated recently.>*~%? These
resonances exhibit both characteristics of localized
and propagating surface plasmons, which lead to a
high sensitivity to the refractive index variations.

Alternatively, plasmon resonances can also be
coupled to an optical microcavity to decrease the
resonance line width.>~%8 The line width of such a
cavity-coupled plasmon resonance is determined by
the cavity quality factor which modifies the radiative
damping. The general characteristic of cavity-coupled
plasmonic sensors that have been reported so far is
that the sensing medium is localized outside the cavity
and is probed by the localized field of the plasmonic
structure. Therefore, the dielectric microcavity just
contributes to narrowing the line width of the cavity-
coupled plasmonic system and does not play a crucial
role for sensing. To the best of our knowledge, the only
work on a cavity-coupled plasmonic structure that
benefitted from the cavity modes for sensing was the
nanosensor platform proposed by Schmidt et al®®
They showed that the optical characteristics of the
substrate on a nanoscale area could be modified by
photobleaching the cavity layer using ultraviolet light,
thereby changing its refractive index. However, as the
material of the substrate cannot be changed once it
has been fabricated, the applications of this cavity-
coupled plasmonic sensor are severely limited and in
its present form it cannot be applied for sensing
analytes in liquid.

In this paper, we demonstrate that the coupling of
the dipolar plasmon resonance of a two-dimensional
nanodisks array to the narrow resonances of an optical
Fabry—Perot microcavity creates compound modes,
boosting both the sensitivity and FoM. It is shown
that this cavity—coupled plasmonic system excellently
combines the advantages of Fabry—Perot microcav-
ities with those of plasmonic nanostructures, providing
exceptional features such as ultrahigh sensitivity and
FoM, large spatial sensing depth, and a strongly im-
proved detection resolution. In particular, we study the
case where the cavity-coupled plasmonic device is
fabricated with the sensing medium inside the sub-
strate region of the structure. We reveal the optical
properties of this device using bright-field optical
microscopy and give a detailed explanation of the
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underlying physics using finite-difference time-
domain (FDTD) simulations. Finally, we discuss the
sensing properties of this structure and demonstrate
them experimentally. Let us emphasize that such a
cavity-coupled plasmonic device benefits both from
the LSP resonance and Fabry—Perot modes, for which
respective contributions can be distinguished in the
optical response of the compound modes. Furthermore,
having the sensing medium inside the substrate region
makes possible the joint utilization of both the LSP and
the Fabry—Perot resonances for sensing the refractive
index variations.

RESULTS AND DISCUSSION

Cavity-Coupled Plasmonic Structure. In the optical sys-
tem investigated here, the localized surface plasmon
resonance is supported by the subwavelength metallic
nanodisks. Their resonance wavelength can be tuned
by changing the size of the nanodisks, the background,
or the metal. One of the major limitations of using such
a LSPR structure as a refractive index sensor is its large
line width, which is caused by the large intrinsic losses
of metals. Alternatively, Fabry—Perot cavities have nar-
row line widths which are more suitable for sensing
applications;®*~7® however, their field localization is very
poor. Thus, we propose here to effectively reduce the line
width while maintaining the field localization by cou-
pling the plasmonic structure to an optical microcavity.

The cavity-coupled plasmonic structure studied
here is shown in Figure 1a. It consists of two functional
layers: the top layer with a two-dimensional gold
nanodisks array placed on top of an ITO-coated glass
substrate and the bottom layer made up of a 200 nm-
thick gold metallic plane deposited on a SiO,-coated
silicon substrate, which acts as a back reflector.
A 200 nm-thick SiO, film is also deposited on top
of the gold reflective film as protective layer. Parylene
is used as spacer between these two functional layers
to create a microcavity with desired thickness. An
ITO-coated glass substrate is placed upside down on
the parylene spacer to form a Fabry—Perot resonant
cavity, Figure 1a.

Simulations are performed with a homemade
three-dimensional FDTD code. The structure is excited
by a transverse magnetic (TM) polarized Gaussian
modulated (in time) pulse source centered around
the frequency of interest, with a plane wave spatial
distribution and a normal incidence. The plane wave
propagates in the glass region along the z-direction
with the electric field polarized along the x-direction,
Figure 1a. To have a dominant dipolar plasmon reso-
nance in the investigated spectral range between 600
and 1000 nm, the diameter, thickness, and period of
the nanodisks array are fixed at 210, 50, and 300 nm,
respectively, unless stated otherwise. Further details
on the simulation method are presented in the Sup-
porting Information.
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Figure 1. (a) Schematic of the cavity-coupled plasmonic structure and (b) light paths through the structure.

When the structure is illuminated from the glass
side, some of the light is reflected back from the
nanodisks array, with a phase change of A¢,, and some
of the light is transmitted into the microcavity, as
illustrated in Figure 1b. During one round-trip inside
the Fabry—Perot cavity, the light is partly reflected
back from the nanodisks array into the cavity and partly
transmitted out of the cavity with a A¢, phase change.
When the geometrical parameters of the nanodisks
array and Fabry—Perot cavity are properly chosen, the
transmitted light from inside the cavity will have an
odd multiple of & phase difference with the light
reflected back from the nanodisks array; that is,
Apy — Apy = (2k — 1)z, with k being an integer, and
destructive interference for the total reflection from
the structure will be achieved. In this case, a net
absorption of 1 at the corresponding wavelengths
can be observed, that is, perfect absorption.”” How-
ever, when the Fabry—Perot resonances coincide with
the LSPR mode of the nanodisks array, the transmitted
light from the cavity will have an even multiple of &
phase difference with the light reflected back from
the nanodisks array; that is, A¢, — A¢; = (2k)z, and
constructive interference for the total reflection will be
achieved, which leads to a near unity reflection.

First, we study the effect of the cavity length on the
optical response of the system. For the time being, the
material inside the cavity is assumed to be air (e = 1).
The normalized reflectance and the phase difference
between the transmitted light from the cavity and the
reflected light from the nanodisks array are shown as a
function of the wavelength and of the cavity length in
Figure 2a,b. Figure 2a clearly shows the Fabry—Perot
modes and their mode number N. In the vicinity of
these Fabry—Perot resonances, phase differences be-
tween the transmitted light from the cavity and the
reflected light from the nanodisks array exhibit strong
variations within its value of £, Figure 2b. In this case,
destructive interference for the reflection is achieved.
As can be seen in Figure 2a,b, for a fixed wavelength,
the higher order modes of the cavity-coupled plasmo-
nic structure exhibit the Fabry—Perot resonance
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condition with increasing microcavity length. The cor-
responding microcavity lengths, which satisfy the con-
dition of destructive interference for the reflected light,
and the corresponding reflection efficiencies are given
in Table 1 (normal font). Moreover, there is one region
in Figure 2a,b where the Fabry—Perot dips vanish, such
that near unity reflection is achieved. This region,
highlighted by a horizontal white dashed line, corre-
sponds to the LSPR mode. We observe that when
the Fabry—Perot resonances coincide with the LSPR
mode of the nanodisks array, the transmitted light
from the cavity is in-phase with the reflected light from
the nanodisks array and constructive interference of
the reflected planewaves leads to near unity reflection.
When the cavity length is varied, this interaction with
the plasmon mode occurs whenever the Fabry—Perot
resonance is equal to the LSPR resonance. Vertical
black arrows in Figure 2a,b indicate these resonant
modes. It is obvious from the phase distribution that
the constructive interference condition highly de-
pends on the cavity length. In fact, a small variation
in the cavity length can jeopardize the constructive
interference condition. The corresponding microcavity
lengths, which lead to constructive interference for the
reflection, are also depicted in Table 1 (bold font). For a
meaningful comparison, the normalized reflectance as
a function of the wavelength and cavity length for a
conventional Fabry—Perot cavity with a 50 nm thin
gold layer instead of the two-dimensional nanodisks
array is shown in Supporting Information, Figure S2a.
This figure exhibits the conventional Fabry—Perot
resonant modes. However, since the top boundary
does not support any LSPR modes due to the absence
of nanostructures, the near unity reflection peak can-
not be achieved, and instead we can see a dip.

Cuts through Figure 2 panels a (blue solid line) and
b (red dotted line) for the cavity length of 1830 nm are
shown in Figure 2c. For comparison, a cut through
Figure S2a for the same cavity length of 1830 nmis also
shown in Figure S2b. As can be seen in the reflection
spectrum of the cavity-coupled plasmonic structure, a
nearly perfect destructive interference in the reflection
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Figure 2. Colormaps of (a) normalized reflectance and (b) phase difference as a function of the wavelength and cavity length
for cavity-coupled plasmonic structures shown in Figure 1. (c) Normalized reflection spectra (blue solid line) and phase
difference (red dotted line) for a cavity-coupled plasmonic structure for 1830 nm cavity length. The reflection spectrum for a
bare two-dimensional gold nanodisks array without the underlying Fabry—Perot cavity is also shown as blue dashed line.
(d) LSPR wavelength for a bare two-dimensional nanodisks array (blue dashed line) and the normalized reflectance (red
dotted line) for the second mode of the proposed cavity-coupled plasmonic structure as a function of the size of the
nanodisks. For clarity, the corresponding Fabry—Perot mode, which results in constructive interference, is also shown (blue
solid line). For the phase plots, the phase difference of the transmitted light outside the cavity with the reflected light from

the nanodisks array are calculated and shown.

TABLE 1. Resonant Mode Number, Resonance Wave-
length, and Normalized Reflectance for the Resonant
Modes and Their Corresponding Microcavity Length?

d  resonant mode number resonance wavelength normalized reflectance

(nm) N (nm) (%)
1100 4 725 94.5
1220 4 776 0.04
1280 5 652 0.3
1460 5 725 94.2
1600 5—6 775—652 0.1-0.3
1830 6 725 93.9
1930 7 651 0.4
1990 6 776 0.02

“Bold font and normal font indicate the constructive and destructive interference
cases, respectively.

spectrum and correspondingly near unity absorption
at 4 =624.7 nm can be achieved. The phase difference
between the transmitted light from the cavity and the
reflected light from the nanodisks array is almost zz. The
absorption efficiency is about 97.18% at this wave-
length. On the other hand, perfect constructive inter-
ference for the reflection (phase difference of zero) and
correspondingly near unity reflection, with a reflection
efficiency of about 93.87%, at 4 = 725 nm is also
achieved. Moreover, we can see another mode at A =
864.5 nm with an absorption efficiency of about 61.4%,
for which neither perfect constructive or destructive
interference occur. For comparison and qualitative
analysis, the normalized reflection spectrum of a bare
two-dimensional gold nanodisks array on top of the
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ITO-coated glass substrate, without the presence of the
underlying cavity, is also shown in Figure 2c (blue
dashed line), from which we can see the dipolar
resonance at the wavelength of 4 = 725 nm. The
reflection efficiency is about 82.12% at this wave-
length. Despite some minor similarities in the peak
resonance wavelength, the reflection spectra for the
cavity and no-cavity systems are significantly different,
indicating that the cavity has an important impact on
the optical response of the structure. The large line
width of the dipolar resonance peak of the bare two-
dimensional nanodisks array structure is 432.8 nm (full-
width at half-maximum, fwhm). On the other hand, the
line widths of the resonance dips and peak for the
cavity-coupled plasmonic structure are 11.1 nm, 3 nm,
12.5 nm at their corresponding resonance wavelength
A =624.7 nm (third mode), 1 = 725 nm (second mode),
A = 864.8 nm (first mode), respectively. This very
significant narrowing in the line width of the cavity-
coupled plasmonic structure arises from the high
quality factor of the microcavity and has a positive
influence on the sensing capabilities of the structure, as
will be shown later. For comparison, the line widths of
the conventional Fabry—Perot cavity modes, shown in
Supporting Information, Figure S2b, are 2.4, 3.4, and
4.7 nm, respectively; note that the second hybrid mode
is slightly narrower than the corresponding mode of
the conventional Fabry—Perot cavity.

Let us now consider the effect of detuning the LSPR
wavelength with respect to the Fabry—Perot mode on
the peak observed in the spectral response. Figure 2d
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Figure 3. Total electric field amplitude distributions, at the resonance wavelengths of (a,b) 1 =624.7 nm, (c,d) A =725 nm, and
(e,f) 2 = 864.8 nm for cavity-coupled plasmonic structure and (g,h) at 1 = 725 nm for the bare two-dimensional gold nanodisks
array. The left panel shows the local electric field distributions in the xy plane and the right panel gives the electric field
distributions in the xz plane cut through the center of the gold nanodisks.

shows the influence of the nanodisks size on the LSPR
wavelength for a bare two-dimensional nanodisks
array (blue dashed line) in addition to the Fabry—Perot
mode (blue solid line). As the size of the nanodisks is
increased from 160 to 250 nm, a red shift of the
plasmon resonance is observed from 691 to 753 nm,
as expected.”® The intersection of these two lines
determines the exact dimension of the nanodisks at
which constructive interference can be achieved.
Furthermore, the normalized reflectance of the second
mode as a function of the size of the nanodisks for the
complex cavity-coupled plasmonic structure is also
depicted (red dotted line). A strong variation of the
reflectance is clearly seen. For example, for the size of
160 nm a reflectance of 2.52% is obtained which
increases to 93.87% for the nanodisks size of 210 nm.
A further increase in the nanodisks size results in a
decrease in the reflectance. This indicates that the peak
observed in the spectrum for 210 nm is due to the
constructive interference, and deviations of the LSPR
from the Fabry—Perot mode result in a change in the
interference condition which transforms the peak
into a dip.

For better understanding of the physics behind the
proposed cavity-coupled plasmonic structure, FDTD
simulations of the total electric field amplitude distri-
butions (absolute value) at the resonance wavelengths
of A =624.7 nm, Figure 3a,b, A = 725 nm, Figure 3c,d,
and 4 = 864.8 nm, Figure 3e,f are compared with the
electric field amplitude distribution of the plasmon
mode of the bare two-dimensional nanodisks array,
Figure 3g,h. In particular, the left panel shows the local
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electric field distributions in the xy plane, 5 nm above
the nanodisk inside the cavity, and the right panel
illustrates the electric field distributions in the xz plane
cut through the center of the gold nanodisks. To
ease interpretation of the presented field distributions,
we note that the structures are illuminated by a plane
wave which is polarized in such a way as to contain
only the E, component of the electric field, black arrow
in Figure 3a.

The field plots corresponding to the third mode at
A=624.7 nm, Figures 3a,b, clearly show that the electric
field is strongly enhanced not only at the edges of
the nanodisk but also inside the Fabry—Perot cavity
because of destructive interference. From the xy field
distribution, Figure 3a, it is obvious that the dipolar
plasmon resonance cannot be effectively exited and
the Fabry—Perot component dominates in this com-
pound mode. Furthermore, the field in the xz plane
shows a standing wave pattern within the cavity,
characteristic of a Fabry—Perot kind of resonance.
From the same plot, it can be observed that the strong
fields associated with the nanodisks are located pri-
marily in the ITO layer, indicated by pink lines in
Figure 3b. The absence of a strong standing wave
pattern outside the structure also provides additional
proof of destructive interference. In contrast to the
third mode at which almost destructive interference is
obtained, the second mode at 4 = 725 nm exhibits
constructive interference and hence completely differ-
ent field distributions. Standing wave patterns can be
observed both inside and outside the cavity, Figure 3d.
However, the field intensities for the second mode
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inside the cavity are lower as compared to the fields
observed for the third mode at identical spatial loca-
tions, Figure 3b and Figure 3d. In the case of this mode,
the fields associated with the nanodisks are predomi-
nantly localized in the cavity region as opposed to the
ITO layer. Even though the field localizations due to the
nanodisks are different for the third and the second
modes, the maximum intensities observed are very
similar. The xy field plot of the second mode, Figure 3c,
clearly shows the excitation of the dipolar plasmon
resonance associated with the nanodisks. This is in
contrast with the fields observed on a similar plane for
the third mode, Figure 3a. Therefore, in the case of the
second mode, both the Fabry—Perot and LSPR modes
play a crucial role for creating the compound mode.
The field distributions for the first mode, 1 = 864.8 nm,
which exhibit neither perfect constructive or perfect
destructive interference of the reflected light, are
shown in Figure 3ef. In this case the electric field is
localized at both the edges of the nanodisk as well as
inside the Fabry—Perot cavity. The maximum intensi-
ties observed for this mode are higher as compared to
that for the other two modes. Figure 3e shows the xy
field plot elucidating the excitation of a dipolar plas-
mon resonance, similar to the one associated with the
second mode. Additionally, the electric field associated
with the nanodisks is localized in both the cavity region
as well as in the ITO layer, Figure 3f. For completeness,
we also present the electric fields for nanodisks in the
absence of the cavity in both the xy and xz planes,
Figure 3g,h. The electric field in this case is just
localized at the edges of the nanodisk. As can be seen,
the field distribution of the dipolar mode matches
quite well with the field distributions computed for
the second mode of the cavity-coupled plasmonic
structure, Figure 3¢,d.

As discussed before, the second mode of the cavity-
coupled plasmonic structure is much narrower than
the first and third modes. The physical principle of this
line narrowing can be evaluated from the loss mechan-
isms in play within the cavity-coupled plasmonic
structure. From Figure 3b/f it is clearly seen that the
light is mostly concentrated inside the cavity. Since the
main source for losses in the system is the plasmonic
nanostructures, the concentrated light inside the cav-
ity would face higher losses when compared to the
second mode, in which most of the light is concen-
trated outside the cavity, Figure 3d. Therefore, the
higher rate of energy loss relative to the stored energy
inside the cavity for the first and third modes results in
a lower quality factor and broadening of the line
widths.

The aforementioned numerical analysis demon-
strates that the various interactions between the
Fabry—Perot and the LSPR resonances can be used
for constructing compound resonances with narrow
line widths. In the subsequent sections, we detail the
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various steps used for realizing the cavity-coupled
structures and the experimental validation of their
sensitivity for bulk refractive index sensing.

Nanofabrication. To experimentally realize the pro-
posed cavity-coupled plasmonic device, we have com-
bined electron beam lithography with UV-lithography
to fabricate metallic nanostructures and the microflui-
dic chamber defining the optical Fabry—Perot cavity.
Although the fabrication is quite intricate, this geo-
metry enables the sensing medium to be inside the
substrate, in direct interaction with the plasmonic
nanostructures. The fabrication process is illustrated
in Figure 4.

First, a standard 4 in. crystalline silicon wafer (545
um thickness, specification 100/P/SS/01—100) was
cleaned in piranha solution (96% sulfuric acid, H,SO,,
and 30% peroxide, H,0,) for 10 min at 100 °C to
remove organic residue on the wafer surface. A con-
tinuous 500 nm SiO, layer was deposited using e-beam
evaporation (Leybold Optics LAB 600H). Then, a
200 nm-thick layer of gold with a chromium adhesion
layer of 2 nm was deposited on the SiO; layer; this layer
acts as the mirror for the cavity-coupled plasmonic
structure. A 200 nm-thick SiO, film was also deposited
on top of the gold film, with a chromium adhesion layer
of 2 nm, to facilitate the adhesion of parylene in the
next step and also as a protective layer for the gold
mirror, Figure 4a.

It is well-known that bonding glass to silicon wafers
with polymer glue as the intermediate layer is possible,
since the polymer layer is elastic and can be effec-
tively heated above its glass transition temperature.”
Among different polymers utilized to perform polymer
bonding, parylene-C was used in this work both to
form the microcavity and to perform the bonding
operation. An advantage of parylene-C is that it is
biocompatible and can be deposited at room tempera-
ture; furthermore, it does not require thermal anneal-
ing or baking cycles during deposition.”® Therefore,
1830 nm parylene-C was deposited on the sample
using a Comelec C-30-S parylene deposition system,
Figure 4b.

A UV-lithography technique was used to create the
microcavity in parylene. The batch priming of the
substrate was done in a YES lll, HMDS primer oven
(BITA BeNeLux) for 10 s at 125 °C to enhance adhesion
of the positive photoresist. Before coating the sub-
strate with the photoresist, the dehydration baking
step was performed on a hot plate for 4 min at 160 °C.
This step has a substantial impact on adhesion of
positive photoresist to the substrate. Then, a 5 um
thick layer of AZ9260 positive photoresist (AZ Elec-
tronic Materials) was spin-coated on the top of the
parylene film using EVG150 coater and developer
system for positive resist (EV Group). Soft baking of
the substrate was then carried out on a hot plate at
115 °C for 4 min, followed by 8 min relaxation at 25 °C.
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bonding.

Then, a chrome-coated glass mask was used to transfer
the patterns of the microcavities into the photoresist.
The mask consists of square features (1 x 1 mm?) with
the pitch size of 2 mm. UV-Lithography was performed
with a Karl Suss MA6 double side mask aligner (Karl
Suss Inc.) in the hard contact mode between the wafer
and the mask with a 10 mW/cm? mercury light source,
and 17 s exposure time, corresponding to a dose of
approximately 170 mJ/cm? Then the exposed areas
were removed with a solvent (AZ 400 K:DI 1:4) during
the development process. Using the photoresist as a
mask, parylene was then successfully etched with Sur-
face Technology Systems (STS) Multiplex ICP (RF power
800 W, platen power 150 W, O, flow 20 sccm, pres-
sure 95 mTorr, time 2 min), Figure 4c. Any remaining
photoresist was striped by bathing the wafer in Shipley
1165 for 10 min followed by fine rinsing with deionized
(DI) water and drying with N, gas. The SEM image of
the parylene wall of the microcavity is shown in Figure
5a. To fabricate the inlet and outlet holes inside the
cavity, the wafer was spin-coated with 8 um thick layer
of AZ9260 photoresist after batch priming of the sub-
strate in YES lll, HMDS primer oven for 10s at 125 °Cand
a dehydration bake step for 4 min at 160 °C. After soft
baking the photoresist layer at 115 °C for 4 and 20 min
relaxation at 25 °C, another chrome-coated glass mask
with an array of holes (200 xm in diameter) was used to
transfer the patterns precisely inside the previously
fabricated cavities. The exposure was performed
for 24 s, corresponding to a dose of approximately

BAHRAMIPANAH ET AL.

Figure 5. SEM images of the fabricated sample: (a) parylene-
edge of the cavity after plasma etching; (b) cavity part of the
structure with two holes as inlet and outlet; (c) microhole
channel for injecting analyte inside the cavity; and (d) two-
dimensional array of gold nanodisks on ITO-coated glass
substrate.

240 mJ/cm?, after precise alignment of the second
mask with the previous microcavity patterns in the
parylene layer. These exposures have been tuned
according to the substrate material and the layers
reflectivity in order to elude immoderate stress, failure
in the adhesion, or undesired pattern dimensional
changes. Similar to the previous step, the exposed
areas were removed with a solvent (AZ 400 K:DI 1:4)
during the development step by the developer. Using
the patterned AZ9260 photoresist as a mask, the
200 nm SiO,, 200 nm gold, and 500 nm SiO, layers
were then etched by argon ions using Nexus IBE350,
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Figure 6. Photograph of the fabricated superchip contain-
ing 60 microcavities.

broad-beam ion etcher, Figure 4d. The etch rates for
SiO, and gold were found to be 88 nm/min and
100 nm/min, respectively, for low ion damage with
energy range of about 50 V. Then deep reactive ion
etching (DRIE) of Si was performed, using the same
AZ9260 photoresist mask, on Adixen AMS200 etcher
with SFg plasma for 1 h with a vertical etch rate of
5 um/min to etch 300 um of Si wafer inside the holes,
Figure 4e. The wafer was then thinned down from the
backside using a DAG810 automatic surface grinder, until
the paths to the holes were opened, Figure 4f. At last, any
remaining photoresist was stripped by bathing the wafer
in Shipley 1165 for 10 min followed by rinsing with DI
water and drying with N, gas. The SEM image of the
microcavity with the two holes inside and the magnified
image of the microhole are shown in Figure 5b,c.

On the other hand, 100 nm ITO was deposited using
e-beam evaporation (Leybold Optics LAB 600H) on a
glass wafer (540 um thickness), Figure 4g. Then, the
two-dimensional gold nanodisks array was fabricated
on the ITO-coated glass wafer using electron-beam
lithography, gold evaporation, and subsequent lift-off,
as shown in Figure 4h,i. The SEM image of the nano-
disks array is shown in Figure 5d.

To bond these two wafers together to form the
cavity-coupled plasmonic structure, the wafers were
diced in 1.5 x 2 cm? rectangles and were then treated
with O, plasma at 150 W during 10 s for surface
activation using a Tepla 300 plasma stripper under
400 mL/min O, flow. Next, the wafers were bonded at
100 °C during 4 h with a pressure of 3000 mbar using
Thermal Nanoimprinter EHN-3250, Figure 4j.

Figure 6 shows a photograph of the fabricated
sample before the bonding process. For each chip,
there are 60 microcavities with 1 x 1 mm? dimensions
and two 200 um circular holes in each microcavity as
inlet and outlet. This wafer-scale fabrication technol-
ogy yields a total number of 540 individual devices on a
4 in. wafer; each device can be used separately for
different sensing applications.
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Figure 7. Microscopic images of the cavity filling with
p-glucose solution after (a) 10 and (b) 60 s. The blue dashed
line shows the liquid/air interface which flows from the inlet
into the microcavity. The green dashed line in the middle of
the structure indicates the gold nanodisks array.

The specific fabrication steps can be replaced by
more low-cost fabrication techniques, such as nanoim-
print lithography for the fabrication of nanostructure
or injection-molding for realizing the microcavity to
reduce the fabrication costs.2%'

Ultrahigh Sensitive Cavity-Coupled Plasmonic Biochemical
Sensor. In this section, the performance of the pro-
posed cavity-coupled plasmonic device as a biochem-
ical sensor is evaluated. Since the reflection peak and
dips, Figure 2c, of the cavity-coupled plasmonic struc-
ture are spectrally much narrower than the LSPR mode
of the bare nanodisks array, they are employed to
probe bulk refractive index changes with a very high
resolution. The interaction of the analyte with the
compound modes of the device changes the effective
index of the modes, and thus the resonance wave-
lengths of the structure and the detection can be made
by monitoring the shift in the reflection peak/dips
wavelengths.

In the realized device, the microcavity can be filled
via standard microfluidic pumps or via mere capillary
forces. For the current study, we use the latter tech-
nique for filling the cavity. Putting a drop of analyte on
top of one hole results in a self-filling procedure via
capillary forces only, which ensures a bubble-free filling
for the microcavity. The filling process is demonstrated
in Figure 7 to illustrate the temporal development of
the filling. In particular, this figure shows the snapshots
of the cavity as visualized under a microscope at two
different time points (10 s and 60 s) after the addition of
the drop. No additional external pressure was intro-
duced to the inlet. For the case of 10 s, the liquid/air
interface is clearly visible (indicated by the dashed blue
line). Driven by capillary forces, the solution automati-
cally flows from the inlet into the microcavity and
within 60 s the whole cavity is filled with the sensing
solution without trapping any visible air bubbles. Fill-
ing via capillary forces is handy for simple and rapid
tests of analytes and does not require any extraneous
microfluidic equipment. However, since the proposed
device is microfluidic compatible, it can always be
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Figure 8. Colormap of the reflection spectra as a function of the wavelength and p-glucose solution refractive index; the
corresponding solution concentration is also indicated. (a) Measurements and (b) numerical simulation results for the cavity-
coupled plasmonic structure. (c) Measurements and (d) numerical simulation results for a bare two-dimensional gold

nanodisks array.

coupled either to needles or pumps and valves to
develop more sophisticated assays. Note that micro-
fluidics also enables real-time handling of analytes.
Let us now perform bulk biochemical sensing ex-
periments to demonstrate the sensing capability of the
device. Deionized (DI) water is injected through the
inlet and the reflection spectrum is measured. Subse-
quently, p-glucose (CgH,,0¢) solutions with different
concentrations are injected through the inlet, and the
shifts of the modes are measured with respect to the
wavelengths of the modes for DI water. After each
sensing step, the cavity is completely washed with DI
water and isopropyl alochol followed by drying with N,
gas to make sure that no residue of glucose is left inside
the cavity or on the nanostructures and that the sensor
response is back to that of the DI water. The experi-
mentally measured reflection spectra as a function of
the wavelength and concentration and corresponding
refractive index of the p-glucose solution are shown
in Figure 8a. For comparison, we also perform bulk
biochemical sensing simulations. It is assumed that the
cavity is filled with p-glucose solutions in DI water with
mass concentrations of 0—22%. A sensing analysis is
then simulated as a uniform medium whose refractive
index is changed from its original refractive index 1.33
up to 1.37 (An = 4 x 1072).%? The simulated reflection
spectra as a function of the wavelength and concen-
tration and corresponding refractive index of the b-
glucose solution are illustrated in Figure 8b. As can be
seen, the simulation results agree well with the experi-
mental data. On the basis of the measurement results,
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the resonance wavelengths of the compound modes
redshift almost linearly from 912 to 932.3 nm for the
first mode, from 797.4 to 819.3 nm for the second
mode, and from 707.4 to 724.9 nm for the third mode
when the p-glucose solution concentration varies from
0 to 22% with a corresponding variation of its refractive
index from 1.33 to 1.37.

The experimentally derived detection sensitivities,
defined as the derivative of the peak wavelength
versus the refractive index of the analyte, are
507.5 nm/RIU, 547.5 nm/RIU, and 437.5 nm/RIU for
the first, second, and third mode, respectively. By
utilizing a commercial high-performance optical spec-
trum analyzer (Agilent 86146B) with 10 pm wavelength
resolution, the minimum detection limit for bulk sen-
sing is as low as 1.970 x 107> RIU, 1.826 x 107> RIU,
and 2.285 x 10 RIU for the first, second, and third
modes, respectively. The sensitivity of the first mode is
higher than the sensitivity of the third mode which is
related to the spectral position of the resonance.
Indeed, when the resonance wavelength is shifted to
the red, a higher sensitivity can be achieved upon
index changes. This is so because a larger fraction of
the spatial region with enhanced electric fields is
exposed to the material under sensing.®® On the other
hand, the sensitivity of the second mode is higher than
those of the first and the third modes, since this
resonance is caused by the constructive interference,
i.e. the Fabry—Perot mode coincides with the LSPR
mode of the nanodisks array and we can benefit from
both the characteristics of Fabry—Perot mode of the
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cavity and the LSPR mode of the nanostructures.
However, this is a bit counterintuitive since, at the
wavelength where we obtain constructive interference
(second mode), the net field enhancement is lower as
compared to the two other modes, Figure 3. Therefore,
we would naturally expect the first and the third modes
to exhibit a higher sensitivity, which is clearly not the
case. A possible origin of this anomalous higher sensi-
tivity of the second mode as compared to the other
two modes could be related to the actual field distribu-
tions supported by the structure. Specifically, in case of
the second mode, the majority of the fields associated
with the nanodisks are contained into the cavity, with
the sensing medium, whereas, in the cases of the first
and the third modes, the reverse holds true; that is, the
fields are mainly contained in the ITO and the substrate.
Hence, higher sensitivity can be achieved for the second
mode compared with the two other modes in which the
Fabry—Perot resonances are dominant.

The experimentally measured fwhm of the resonant
modes are 23.4, 9.3, and 19.8 nm for the first, second,
and third mode, respectively, Figure 8a. Hence, our
system shows a remarkably high FoM, with values of
21.68, 58.87, and 22.09 for the first, second, and third
modes, respectively. The high FoM of 58.87 of the
realized device greatly exceeds those of the plasmonic
sensors in the case of a semi-infinite substrate, where
typical FoM values are 0.6—17 for LSPR sensors without
the occurrence of Fano resonance, and 2.9—21 for LSPR
sensors with Fano resonance. Moreover, it is much
higher than those of the SPP sensors without the
occurrence of Fano resonance, in which the typical
FoM values are as high as 31. However, it is almost
lower than those of SPP sensors with Fano resonance,
in which the typical FoM values are 48—252. A detailed
summary of the resonance wavelengths, FWHMs, re-
fractive index sensitivities, and FoM values of different
plasmonic metal nanostructures along with the refer-
ences are provided in Tables S1 of the Supporting
Information. As expected, the smallest line width,
corresponding to the largest FoM, is achieved in the
constructive interference region. Hence, this cavity-
coupled plasmonic device is especially well suited for
boosting the sensing performances of localized plas-
monic systems.

For quantitative comparison and to demonstrate
the improved sensitivity with the proposed cavity-
coupled plasmonic structure, the experimental and
simulated reflection spectra for a bare two-dimen-
sional array of gold nanodisks without the underlying
cavity are shown in Figure 8c,d as a function of
wavelength and p-glucose concentration, as well as
the corresponding refractive index. We can see a good
agreement between the simulation results and the
experimental data. The LSPR peak wavelength red-
shifts almost linearly from 801 to 809 nm, when the
p-glucose solution concentration varies from 0 to
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Figure 9. Experimental results for the shift in the resonance
wavelengths as a function of the p-glucose solution refrac-
tive index for the cavity-coupled plasmonic structure and a
bare two-dimensional nanodisks array.

22.0%, corresponding to a variation of its refractive
index from 1.33 to 1.37. Based on the measurement
results, the experimental detection sensitivity is calcu-
lated to be 200 nm/RIU which is almost 2.7 times lower
than that for the second mode of the cavity-coupled
plasmonic structure. Moreover, the fwhm of the reflec-
tion peak is 498 nm, which is much larger than those for
the cavity-coupled plasmonic structure. Hence, the FoM
of the bare two-dimensional nanodisks array structure is
calculated to be 0.4 which is almost 147 times lower
than that of the cavity-coupled plasmonic sensor.

In Figure 9, we summarize the measurement results
for the reflection peak/dips wavelengths of the pro-
posed cavity-coupled plasmonic device as a function
of the concentration and the corresponding p-glucose
solution refractive index; these data are also compared
with those of the bare nanodisks array. Linear relation-
ships can be seen between the resonance wavelengths
and the p-glucose solution concentration. Moreover,
larger shifts are achieved for the compound modes of
the cavity-coupled plasmonic device and the highest
sensitivity corresponds to the second mode, which
represents the constructive interference region where
the LSPR mode coincides with the Fabry—Perot mode
of the cavity.

The cavity-coupled plasmonic structure has a high-
er refractive index sensitivity than the conventional
Fabry—Perot cavity. Supporting Information, Figure S3
shows the resonance wavelength shift for the first,
second, and third modes of the conventional Fabry—
Perot cavity as a function of p-glucose concentration
and corresponding refractive index. The shifts are 19.4,
17,and 15 nm for the conventional Fabry—Perot cavity,
while they are 20.3, 21.9, and 17.5 nm for the cavity-
coupled structure, leading to a significant sensitivity
improvement, up to almost 30%, for the cavity-coupled
structure.

Moreover, we have mentioned that an interesting
feature of the proposed structure is that the analyte is
in the substrate region in direct contact with the
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Figure 10. Resonance wavelength shifts as a function of
p-glucose refractive index for the proposed cavity-coupled
plasmonic structure with the sensing medium (white area)
inside the cavity (red dashed line) and for the cavity-coupled
plasmonic structure with the sensing medium outside the
cavity (blue solid line).

plasmonic nanostructures, as opposed to other cavity-
coupled plasmonic systems, where the sensing medi-
um is outside the cavity.®* Here, we compare these two
configurations and focus on the constructive interfer-
ence region in which near unity reflection and highest
sensitivity can be achieved. Figure 10 shows the simu-
lated resonant peak wavelength shifts as a function of
the p-glucose solution refractive index for both geo-
metries. In the case of the nanodisks outside the cavity,
itis assumed that the cavity is filled with SiO,. Since the
Fabry—Perot mode redshifts in the presence of a SiO,,
the size of the nanodisks must be adjusted to 250 nmin
order to have constructive interference. For this con-
figuration, the shift of the resonance wavelength for a
22% p-glucose concentration is only about 1.5 nm, blue
solid line in Figure 10, while for the previously dis-
cussed configuration with the analyte inside the cavity,

METHODS

Reflection Measurement. The normal incidence reflection mea-
surements were performed using an inverted optical micro-
scope (Olympus IX-71) coupled to a spectrometer (Jobin Yvon
Horiba Triax 550). The sample was illuminated using a halogen
light source focused onto the sample using a 10x objective (NA
0.25). The reflected light was collected using the same objective
and analyzed using a spectrometer. The reflected intensity was
normalized to the reflection from a silver mirror.
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the shift is about 21 nm which is about 14 times larger,
red dashed line in Figure 10. This small shift of 1.5 nmin
the resonance wavelength of the cavity-coupled plas-
monic structure with the sensing medium outside the
cavity, even in comparison to the bare two-dimensional
array of gold nanodisks array, is also observed in previous
researches on cavity-coupled plasmonic structures.®*

CONCLUSIONS

We have introduced a novel approach to realize an
ultrahigh sensitive cavity-coupled plasmonic device,
using full-wafer level processing, which combines the
advantages of Fabry—Perot microcavities with those of
plasmonic nanostructures to boost the sensitivity and
figure-of-merit. Detailed characteristics of the device
are studied by FDTD numerical simulations to demon-
strate the feasibility of this concept. The role played by
the compound resonances arising from the construc-
tive and destructive interferences has been discussed
in detail. The experimental results demonstrate that
the resonant compound mode of the device has a
sensitivity of 547.5 nm/RIU, a resolution of 1.826 x 10>
RIU, a fwhm of 9.3 nm, and a FoM of 58.87 at an optical
wavelength of around 800 nm. The special feature of
the proposed device is that the sample to be measured
is localized in the substrate region and is probed by the
compound modes. Another distinct advantage is the
convenient self-filling of the microcavity employing
only capillary forces, without needing any additional
microfluidic structures. Furthermore, the proposed
cavity-coupled plasmonic device technology is parti-
cularly promising for biomedical and biochemical ap-
plications. This combination sets groundwork for
developing hybrid sensors that can be fully integrated
into lab-on-chip solutions.

charge on the ACS Publications website at DOI: 10.1021/
acsnano.5b02977.
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