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ABSTRACT We present the fabrication and optical characteriza-

= - ~
tion of plasmonic nanostructures consisting of nanohole arrays in two
thin films, a metal and a dielectric. A novel method called mask-on- - - -
metal colloidal lithography is used to prepare high aspect ratio holes,

= - -
providing efficient mass fabrication of stable structures with close to e

30nm (v N

vertical walls and without the need for an adhesion layer under the v S, S g
metal. Our approach for understanding the transmission properties is t 1200“’" | Nb:Os |
based on solving the dispersions of the guided modes supported by glass

the two films and calculating the influence from interference. The

methodology is generic and can be extended to multilayered films. In particular, the influence from coupling to waveguide modes is discussed. We show

that by rational design of structural dimensions it is possible to study only bonding surface plasmons and the associated hole transmission maximum.

Further, numerical simulations with the multiple multipole program provide good agreement with experimental data and enable visualization of the

asymmetric near-field distribution in the nanohole arrays, which is focused to the interior of the “nanowells”. The refractometric sensitivity is evaluated

experimentally both by liquid bulk changes and surface adsorption. We demonstrate how the localized mode provides reasonably good sensitivity in terms

of resonance shift to molecular binding inside the voids. Importantly, high resolution sensing can be accomplished also for the surface plasmon mode,

despite its extremely low figure of merit. This is accomplished by monitoring the coupling efficiency of light to plasmons instead of conventional sensing

which is based on changes in plasmon energy. We suggest that these nanohole structures can be used for studying molecular transport through nanopores

and the behavior of molecules confined in volumes of approximately one attoliter.
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he broad and interdisciplinary research

field of plasmonics was established

with the new millennium and has
emerged in strong synergy with advancesin
nanofabrication technology. The possibility
to focus and control electromagnetic fields
on the nanoscale has led to the develop-
ment of several new types of devices.' 3
One of the most popular areas of applica-
tion for plasmonics is molecular sensing by
local changes in refractive index (Rl), that is,
refractometric detection.* In comparison with
conventional surface plasmon resonance
(SPR) in planar metal films,? plasmonic nano-
structures are expected to offer simpler
and cheaper detection platforms that are
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also compatible with extreme miniaturization
and single molecule resolution® Much of
the research on fabrication and characteriza-
tion of plasmonic nanostructures for sensing
applications has focused on nanoparticles.
Since the first work on refractometric sensing
with colloidal gold,” many new shapes of
nanoparticles have been synthesized and
investigated® In attempts to enhance the
sensitivity further and become competitive
with SPR, more complex nanoparticle assem-
blies that support Fano resonances’ have
been fabricated'® and nanoparticle-based
metamaterials have been used in SPR-like
reflection configuration.'" Also, spectroscopic
readout based on phase changes has recently
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been introduced for nanoparticles, again in order to
improve sensitivity.12 Yet, in most real sensing applica-
tions SPR remains the golden standard,” arguably
because it does not require any nanofabrication and
provides excellent resolution in terms of surface coverage
(commercial instrument specifications &~ 10 pg/cm?).
Miniaturization of plasmonic sensors through mea-
surements on single nanoparticles does not improve
this value.™

In contrast to nanoparticles, nanoholes in metal films
offer several unique possibilities as refractometric sen-
sors.”>~ 17 Holes can be used for entrapment of nano-
scale objects such as lipid vesicles'®'® or even plas-
monic nanoparticles.?’ The fact that the sensitivity is
strongly localized to the interior of the holes?'~*
makes it simple to work with alternate surface chem-
istry, for instance solid supported lipid membranes.?'
Certain types of nanohole arrays also open up for
formation of pore-spanning lipid membranes,?® which
offer compatibility with studies of membrane proteins
and transport processes. Further, the continuous metal
film enables simple implementation of additional sens-
ing techniques such as piezoelectric excitation®® or
electrochemical control.?”28 Last but not least, nano-
holes can be used as nanochannels in a flow-through
configuration,?® 3" which provides efficient delivery of
molecules. Although nanohole arrays provide a sens-
ing performance similar to nanoplasmonic sensors
utilizing nanoparticles,'® all these unique advantages
motivate further research. Since the discovery of ex-
traordinary transmission,>? much effort has been spent
on understanding the optical properties of nanohole
structures in a single metal film.3® However, there is
little work addressing optical properties of nanohole
arrays in multilayers, that is, the influence of additional
thin films. Yet, in many devices, an additional dielectric
film is indeed part of the structure, such as the silicon
nitride support in flow-through configuration®>2°~3'
and additional hard'®2*3*33 or soft®® coatings on the
metal. Concerning fabrication of more advanced nano-
hole arrays, attempts have also been made to “elevate”
the metal film,*” ~3° usually by etching into the under-
lying support. The motivation is normally that a volume
can be liberated for use in refractometric sensing, there-
by enhancing the sensitivity by utilizing more of the
probing volume. However, no such fabrication tech-
nique provides structures with cylindrically shaped
voids and planar interfaces. Indeed, vertical walls and
precise control of smaller diameters (100 nm) cannot
be achieved by isotropic wet etching,*®3° and even dry
etching®® or focused ion beam®® tends to produce
conical holes. In addition, many fabrication approaches
are limited by serial processing and high costs.

Here we take an important step toward understand-
ing nanohole arrays in multilayered films by a coherent
study of the case of two thin films, one metal and
one dielectric. We introduce a new fabrication process
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that can provide cylindrical holes through both films,
without the need of an adhesion layer and with high
throughput. To understand the optical properties, we
first use Fresnel calculations to determine the influence
from Fabry-Pérot interference on the transmission.
Next, the dispersion relations for all types of surface
waves in the system, including waveguide modes in
the dielectric, are solved analytically. We?® and others***’
have shown that short-range ordered (characteristic
spacing) hole arrays*? provide essentially identical
optical properties as long-range ordered (fully periodic)
arrays, an analogy which is further investigated here. We
also perform numerical simulations using the multiple
multipole program®® (MMP) in order to visualize the
near field of the structure. The refractometric sensing
capabilities of the structure are investigated both in
terms of liquid bulk changes and surface binding. Finally,
we discuss how to perform spectral analysis for high
resolution sensing with this structure.

RESULTS AND DISCUSSION

Nanofabrication. The fabrication process for nanohole
arrays in metal—dielectric double films, which we refer
to as mask-on-metal colloidal lithography (MoM-CL) is
described in Figure 1. The dielectric is first deposited
on the support, followed by colloidal self-assembly as
described previously.?”?® Next, the metal film is de-
posited by physical vapor deposition (PVD), but in
addition a mask for dry etching is deposited on the
metal (preferably in the same evaporator run). The
colloids are then removed by a new lift-off process
which is based on rubbing the wetted surface with the
edge of a soft material, similar to squeegee polishing.
This type of “nanoshaving” has previously been used
to remove lipid vesicles from a planar surface.”® The
squeegee was critical for successful fabrication since it
was milder and more efficient than the conventional
tape lift-off.*? Next, reactive ion etching (RIE) is used to
etch holes that continue into the underlying dielectric.
It should be noted that with MoM-CL, etching of the
metal is not necessary because the holes are already
present in the metal after PVD. Finally, the RIE mask is
removed and the samples are thermally annealed to
improve stability. The only limitation of MoM-CL is that
it cannot be used to prepare thick metal films if the
hole diameter should also be small (metal thickness
must be below the colloid radius). These process steps
were further verified by measuring extinction spectra
after each step (Supporting Information).

The MoM-CL is compatible with several materials
for the metal and the dielectric films. For the metal,
we chose gold (Au) because of its well-known optical
properties and high chemical stability. Several dielec-
trics materials were evaluated, but below we only
present results for niobium pentoxide (Nb,Os) films
prepared by reactive sputtering. This material is known
to provide mechanically stable films with low stress
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Figure 1. Fabrication of nanohole arrays in metal—dielectric double films by mask-on-metal colloidal lithography. The
method is based on colloidal self-assembly and parallel processing of areas of several cm? By depositing an additional
protective film on top of the metal, the underlying dielectric can be etched anisotropically.

and is also biocompatible. In addition, Nb,Os provides
good adhesion to Au, thereby removing the need for
an optically lossy adhesion layer (Ti or Cr). Another
alternative which does not require an adhesion layer is
TiO,, but for this material we could not achieve an
anisotropic etch; that is, the walls were far from vertical.
The MoM-CL was also tested with silicon nitride or sili-
con oxide as dielectrics, but as expected this required an
adhesion layer for stability of the Au film. In prin-
ciple, one can also think of several materials for the mask
deposited on the metal (e.g., Al, Ni, Cr, or Ti) which should
provide good selectivity toward Nb,Os. However, we
noted that when using metals as RIE masks, the fabrica-
tion fails because of alloy formation with Au during the
etch. Instead, we used a thin (20 nm) alumina (Al,Os)
mask. The thermal annealing step was used to lower the
absorption of Au.?’ The relatively low temperature of
250 °C preserved the shape of the holes and is not
expected to alter the Nb,Os film significantly.***4
Figure 2 shows scanning electron microscopy (SEM)
images of nanohole arrays prepared by MoM-CL. For all
samples described in this paper, the Au film was 30 nm
thick. Figure 2A shows a large area sample with 100 nm
holes (colloids), illustrating that the lithography pro-
vides defect-free patterns also when performed on
Nb,Os. Figure 2B shows the cross section (~90° tilt)
of an incompletely etched hole (100 nm diameter and
300 nm Nb,Os), indicating the mechanism by which
the RIE digs out the dielectric. Figure 2C shows 150 nm
holes and 300 nm Nb,Os with the Al,O3 mask remain-
ing, after the RIE. Figure 2D shows a scratched and
tilted sample surface (also 150 nm holes and 300 nm
Nb,Os). The SEM images show several results related to
the RIE process. First, the Al,O; mask was extremely
resistant toward the RIE and protected Au well from
above (Figure 2C). Second, the borosilicate glass acts as
an efficient etch stop, as verified by the smooth surface
appearing under the Nb,Os in Figure 2D. To a small
extent, Au is also etched as can be deduced from the
top aperture in Figure 2B which is a bit larger than the

JUNESCH ET AL.

colloid diameter. Upon reaching the glass, the reactive
ions can only etch the walls of the holes. Results from
prolonged etching indicated that the holes then grow
in diameter and eventually all Nb,Os is removed by
etching under Ay, resulting in “ordinary” Au hole arrays
on glass. Since the RIE is directional but also material
selective, the shape of the holes when using MoM-CL is
very sensitive to the etch rate/time. An example of holes
that are very close to cylindrical is shown in Figure 2D
(~5° deviation from 90°). In Figure 2C, the holes
are slightly more conical (~10° deviation) as can be
seen from the contrast of the exposed glass. We
acknowledge that it was difficult to prepare perfectly
vertical walls in a reliable manner since the etch rate
in the RIE was not fully reproducible. Still, we believe
these nanoscale voids are much closer to a cylindrical
shape than what has been previously presented in the
literature.

Optical Characterization. We first emphasize that these
samples do not contain “random holes”, but display
a well-known short-range ordered pattern,?*27:2842
which is expected to be equivalent to long-range order
in terms of optical properties.?® The effective period-
icity (A) of the short-range ordered arrays is simply the
characteristic spacing to the nearest neighbors, as
determined from the radial distribution function.?>%"22
We present results from colloids with diameters of
100 and 150 nm that have characteristic spacing values
of A =290 nm and A =230 nm, respectively, as shown
in the Supporting Information. Extinction spectra (inverse
of transmission) of four different Au—Nb,Os nanohole
arrays in air are shown in Figure 3. The hole diameter (and
thus A) is varied together with the thickness of Nb,Os (h,)
which is either 200 or 300 nm. As expected, all samples
show the characteristic asymmetric resonance feature in
extinction, that is, a maximum accompanied by a mini-
mum at a nearby longer wavelength.?* However, as we
will show in this section, there are additional effects
contributing to the spectrum.
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Figure 2. Electron microscopy investigation of fabricated structures: (A) short-range ordered pattern on a large area; (B) cross
section of an incompletely etched hole; (C) a sample with the Al,0; mask remaining, after the dry etch; (D) scratched and tilted

sample surface.
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Figure 3. Experimental extinction spectra of four different
types of Au—Nb,05 double film nanohole arrays with di-
mensions described by the inset. For D = 100 nm colloids,
the periodicity of the arrays is A =230 nm and for D = 150 nm
we have A =290 nm. Spectra were recorded with samples
exposed to air.

Since we focus on thin Au films (h3 = 30 nm), these
nanohole arrays exhibit high “ordinary transmission”
through the metal.** The presence of a sufficiently
thick and high RI (n, = 2.24 for Nb,Os) dielectric film
in contact with the metal is expected to introduce
Fabry—Pérot type interference effects in the trans-
mitted light. Figure 4 shows transfer matrix calcula-
tions of the extinction of the corresponding planar film
system without holes. These calculations agreed very
well with experimental spectra of samples that did not
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Figure 4. Transfer matrix calculations of the extinction of a
two planar film system without holes, for the two different
thickness values of Nb,Os investigated. Refractive index
values are shown in the inset. Note that the wavelength
interval is the same as in Figure 3.

contain holes (not shown) and can be used to estimate
the influence from interference. It can be seen that the
spectral features in the 500—600 nm region (Figure 3),
which are in part due to Au absorption, can be repro-
duced by the calculations (Figure 4) for the different
values of h,. More importantly, for h, = 300 nm, inter-
ference causes a peak feature in the spectrum very
similar to that of plasmon excitation in nanohole
arrays.*? Thus, for the samples with h, = 300 nm, the
contribution from the nanoholes to the spectrum is
hard to distinguish because interference at normal
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incidence can generate “false resonances”. On the con-
trary, for h, = 200 nm, there are no clear peaks resulting
from interference since such effects are pushed into
the UV region. Although some spectral features re-
main, this suggests that 200 nm of Nb,Os is preferable
if one wants to focus on the optical properties in terms
of surface waves that propagate along the thin films (at
least for the vis—NIR).

In addition to interference, one must also con-
sider the influence from all different surface waves to
which the presence of holes enables coupling. Metal—
dielectric double films do not only support surface
plasmons, but also planar film waveguide modes.*
The arbitrary equation for the dispersion relation of
surface waves in a four-material, three-interface, and
two-film system is given by?®4¢

o_ (8 _@l[a alfles
B ikz1 ikzZ ikzz ikz3 isz ikz4
+ 8_1 7_8_2 8_2 _ .83 6_3 ,.8_4 e ~2ikzh;
|kz1 |kz2 |k22 |k23 |kz3 |kz4
& &2 &2 €3 _2iky3hs
— — |0 75 e
+ |:ikz1 ikzz:| l:ikzz k :| |:Ik23 Ikz4:|

+ & _ £ —2i[k12hz+k13h3]
ikz1 ikzZ |k22 |kz3 |kz4

m

Here 1 and 4 represent the semi-infinite materials, ¢ is
the permittivity of each material (complex for Au), and
k, is the vertical component of the wavevector in each
material. We can assume transverse magnetic (TM)
polarization so that the magnetic field H obeys

Flr 2, 1) = Hoellb 4oz — oty @

For any surface wave, k, has the same value in each
material.*® Momentum conservation implies that k, =
[ko> — k1'% in material j. For the case of waveguide
modes, transverse electric (TE) polarization is also pos-
sible,*” in contrast to surface plasmons which are TM.?
It is straightforward to solve for TE modes instead by
modifying the boundary conditions for the field.

The presence of a periodic structure introduces diffrac-
tive grating coupling to the surface waves, whether it is a
dielectric waveguide mode3®* or a surface plasmon.>?
The plasmon resonance/waveguiding excitation con-
dition is that both energy and in-plane wavevector
match for photon and surface wave. For normal in-
cidence, all momentum is provided by the periodic
structure on the surface. Further, for first order cou-
pling the surface wave should have a wavelength
equal to the periodicity of the nanohole array. Thus,
the resonance condition is simply

2
Re(ky)

= A (3)

Note that none of the equations contain the diameter
D of the holes. Since we have the values for A (the char-
acteristic spacing) for our MoM-CL nanohole arrays
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Figure 5. Calculated dispersion relations for the surface
waves in a system with four materials, three interfaces,
and two thin films as defined by the inset. The dispersions
are presented as mode wavelength plotted against vacuum
wavelength. For this system, there are two surface plasmon
modes and two waveguide modes. All dispersion are calcu-
lated in an air environment, but for the bonding surface
plasmon the curve for water is also included (solid line
shifted slightly down). The photon lines for the dielectrics
are also shown. The dashed arrows show the periodicities of
the nanohole arrays.

from SEM image analysis, only the dispersion relations
are needed to predict the resonant wavelength at which
coupling to a surface wave occurs by eq 3.2 We
solved eq 1 numerically by using an analytical fit*’
literature data*® for the optical properties of Au (e3),
thereby taking absorption into account. The major
challenge is to find all the solutions to eq 1 and to
identify which type of mode that corresponds to which
dispersion. For the case of surface plasmons in a finite
metal film there are two modes>*® which can be
referred to as bonding and antibonding surface
plasmons.**° These can be identified by utilizing the
fact that the antibonding mode has low dissipation,
that s, Im(k,) is low, and longer field extension into the
environment, that is, Im(ky,) is low. Further, in order to
simplify interpretation of the results, we also solved the
waveguide modes separately using another formalism
as described in the Supporting Information.

Figure 5 shows the calculated dispersion relations
for surface plasmons and waveguide modes in a sys-
tem with h, =200 nm Nb,Os (n, = 2.24) and h3 =30 nm
Au. The supporting material is glass (n, = 1.52) and the
Au is exposed to air (n4 = 1). We plot the dispersions as
wavelength (27/Re(k,)) versus vacuum wavelength
(27t/ko) for the different modes and include the photon
lines for water, glass, and Nb,Os. The Nb,Os film only
supports first order waveguide modes for this thick-
ness and they appear above the photon line for Nb,Os,
illustrating total internal reflection inside the dielectric
film. The dispersion above the glass line is the anti-
bonding surface plasmon, which is leaky into the
higher Rl material in contact with Au.* Finally, at low
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Figure 6. (A) Schematic of simulated near-field and far-field optical properties of a Au—Nb,05 nanohole array; (B) extinction
spectra for the surface in contact with air or water; (C) time-averaged field enhancement plots for the case of water at the
wavelengths corresponding to the extinction maximum and minimum. The cross section is along the direction of the

polarization of the incident wave.

energies the bonding surface plasmon appears (solid
lines), for which we also calculate the dispersion in
water (ny = 1.33), resulting in a curve slightly shifted
downward in Figure 5. Next, the resonance condition
eq 3 can be utilized by inserting the periodicity values
of the arrays on the y-axis in Figure 5 (dashed arrows).
For A = 290 nm (150 nm colloids) Figure 5 predicts
coupling to waveguide modes in the 500—600 nm
region and coupling to the bonding surface plasmon
around 800 nm, which is in good agreement with the
extinction peak at ~820 nmin Figure 3. For A =230 nm
(100 nm colloids), that is, below the Nb,Os photon line
in Figure 5, the dispersions predict coupling only to the
bonding surface plasmon around 700 nm, in excellent
agreement with the observed extinction peak in
Figure 3.

In summary, we have now shown that the vis-NIR
spectral features in the transmission through these
nanohole arrays have contributions from interference
in the thin films, especially for thicker Nb,Os, and that
there is also a possible influence from coupling to
waveguide modes, at least for the higher value of A.
For thicker dielectric films like h, = 300 nm, second
order waveguide modes are also supported and the
first order modes are further shifted to the red. Thus, it
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seems likely that for the 150 nm holes, the extinction
spectra in Figure 3 should have a significant contribution
from waveguides approximately in the 500—700 nm
region. This is supported by the extinction increase
already below 600 nm because interference should not
contribute until above 600 nm (Figure 4). However, all
waveguide modes must lie above the Nb,Os photon
line in Figure 5. Therefore, for the 100 nm holes (A =
230 nm), it is clear that waveguide modes cannot be
excited because the periodicity of the hole array gen-
erates a k, vector which is too high in magnitude.
Although it is intriguing to further investigate wave-
guide excitation in these structures, we have chosen
to focus on the plasmonic properties in this work.
(Coupling to waveguide modes by short-range or-
dered nanoholes is currently being thoroughly inves-
tigated by us in a parallel study.) Thus, for the rest of
this paper, the “purely plasmonic” structure with 100 nm
holes and 200 nm Nb,Os is investigated.

To visualize the near field in the nanostructure, we
performed simulations using MMP (Figure 6). Because
of the requirement of periodic boundary conditions in
the simulations, a hexagonal hole array was used to
represent the short-range ordered samples. As shown
here and in previous work,>> the analogy between
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short-range and long-range order validates the use of
this approach. Therefore, the structure was modeled
as shown in Figure 6A, using an interference length
for the plasmon in the hexagonal lattice of 234 nm,
that is, essentially the same as the periodicity of
A = 230 nm. The permittivity of Au was estimated
from linear interpolation of literature data points.*®
The full extinction spectrum was calculated in air and
water environments (note that here the Rl is changed
also inside the holes) as shown in Figure 6B. Sharper
resonance features are predicted by these calcula-
tions mainly because of the idealized conditions
in the MMP simulations (infinite periodicity and iden-
tical holes), that is, not because the simulated arrays
exhibit long-range order.® In terms of far field proper-
ties, the extinction peak position in air is in perfect
agreement with the experimental results (Figure 3)
and the small shift upon changing to water is compar-
able to that predicted by the dispersion of the bond-
ing surface plasmon (Figure 5). The nearby extinction
minimum appears at a shorter wavelength (~730 nm)
in the MMP simulations compared to the experiments
(~800 nm). This is expected because the extinc-
tion minimum corresponds to a localized void reso-
nance which is very sensitive to the shape and order-
ing of the holes.?® The error is thus explained by
the fact that the real structure (Figure 2) differs
from the idealized shape and periodicity in the MMP
(Figure 6A). In contrast, the surface plasmon peak
position is sensitive only to the periodicity of the
holes,”® eq 3, whether it is short-range or long-range
order.

Figure 6C shows the near field at the extinc-
tion maximum and minimum for the case of a water
environment. The spatial distribution of the field en-
hancement is quite similar in both cases but for the
extinction peak there is a local minimum in the field
just above the Au aperture, while the extinction dip
shows a strong field enhancement in general in the
upper part of the cylindrical voids. This confirms
the surface wave character of the bonding surface
plasmon and the localized nature of the transmis-
sion maximum. Also, the extension of the field is on
average similar for the minimum and maximum.
This is explained by the quick field decay of the
bonding surface plasmon, which is expected to
be comparable to localized plasmons.?® Further, the
near field distribution is highly asymmetric and
shifted toward the Nb,Os side of the Au film, as ex-
pected due to the high Rl contrast between water
and Nb,0s.*® Overall, these results suggest that the
double film nanohole array structure should provide
interesting refractometric sensing properties. It should
be especially well suited for detecting molecules inside
the nanoscale voids where the asymmetric field is
strongly enhanced.
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Figure 7. Refractive index sensing with glycerol in water
using a 30 nm Au and 200 nm Nb,Os nanohole array with
100 nm holes. (A) Full spectra. The dashed arrows indicate
the width of the spans used to estimate the resonance
wavelengths. Spectra were measured at 5, 10, 15, 20, 25, 30,
35 and 40% glycerol by mass. (B) Sensitivities in terms of
wavelength shifts for the extinction peak (asterisks) and dip
(circles). The theoretical shifts for the bonding surface
plasmon predicted from the dispersion relation are also
shown (squares).

Refractometric Sensing. We focus again on the plas-
mon resonances in the structure with h, = 200 nm
Nb,Os, hs = 30 nm Au, and D = 100 nm holes. For the
peak, the changes when going from air to water have
already been predicted to be low by the dispersion
relation (~7 nm peak shift) and the MMP simulations
(Figure 6B). Indeed, as expected by the asymmetric
field distribution around the Au film, the sensitivity in
terms of extinction peak shift per Rl increase is low. As
shown in Figure 7A, the peak appears at essentially the
same wavelength in water. Figure 7 also shows a more
precise calibration of the spectral changes upon in-
creasing the Rl of the environment with glycerol in
water.?®>" The extinction maximum and minimum
were both monitored and their positions were defined
using a 100 nm wavelength span (dashed arrows) for
calculating the centroid.®' The resonance shifts are
plotted in Figure 7B, together with the predicted shifts
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Figure 8. (A) Sensing of protein adsorption inside the nanoholes with the surface functionalized as described in the sche-
matic. Thiol chemistry is used to selectively block Au so that NeutrAvidin adsorbs only inside the holes on the Nb,Os or glass
regions. (B) Changes in the full spectrum after saturated adsorption. The insets highlight the changes in the peak and the dip.
(C) Redshift of the extinction minimum in real-time (protein added after 8 min); (D) the same adsorption event but in terms of
extinction changes. The monitored parameter is the extinction at 700 nm minus the extinction at 900 nm.

from dispersion relation calculations for the bonding
surface plasmon. Again, the extinction peak is excel-
lently described by surface plasmon theory, and the
low signal in terms of peak shift (34 nm per Rl unit) is
confirmed. In constrast, the extinction dip shows a
higher peak shift of 144 nm per Rl unit, which is a
typical value for localized resonances, for example, in
individual nanoparticles.?®>2 The shift of the extinction
minimum also agreed well with the values predicted
by MMP (~40 nm air to water).

Next, we evaluate the structure for sensing surface
binding events, as summarized in Figure 8. Motivated
by the high field enhancement inside the nano-
holes (Figure 6C), we used selective chemistry to direct
molecules to the Nb,O5 walls (and the glass bottom if
the holes are deep enough). A short thiolated oligo-
(ethyleneglycol) (OEG) was specifically bound to Au
using established chemistry, making it inert toward
biomolecular adsorption.?? As expected, the OEG bind-
ing in ethanol to Au resulted in only a small peak

JUNESCH ET AL.

shift of ~0.4 nm. Then, we let a protein (NeutrAvidin,
60 kD) adsorb inside the nanoscale voids (Figure 8A).
The surface functionalization with OEG and the
material-specific protein adsorption were verified
independently by quartz crystal microbalance mea-
surements (data not shown). The spectral changes
upon protein adsorption are shown in Figure 8B.
Again, only the extinction dip shows a strong shift,
which is tracked in real-time in Figure 8C. Thus, the
low sensitivity in terms of redshifting for the bonding
surface plasmons (extinction peak) in these struc-
tures is well compensated for by the fact that the
localized mode (extinction dip) maintains good sen-
sitivity. However, the extinction peak can still be
utilized for sensing by ignoring redshifts altogether
and instead measure the difference between the
extinction values at two fixed wavelengths,®’*® as
shown in Figure 8D (700 and 900 nm). We emphasize
that here the major cause for the signal, that is, the
extinction change, is the peak because it increases so
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strongly in magnitude, while the extinction changes
associated with the dip are lower (insets in Figure 8B).
Notably, this type of spectral analysis is quite differ-
ent from the conventional approach that aims to
measure only the resonance redshift in response to
a Rlincrease.

Next, we wish to discuss the binding curve in
Figure 8D in relation to the well-established figure
of merit (FOM) parameter, which is currently the
benchmark for evaluating the performance of novel
nanoplasmonic sensors.'®'>>* The FoM is calculated
as redshift per Rl unit divided by peak width, which for
the surface plasmon in our structure translates to
approximately 0.2. This likely represents the world
record in low FoM. Yet, utilizing this spectral reso-
nance clearly provides excellent resolution in protein
surface coverage (with the appropriate spectral
analysis), comparable to the best nanoplasmonic
sensors (~0.1 ng/cm?®) even in this unoptimized sys-
tem. Thus, we suggest that the FOM concept must be
used with care since it does not provide the full
picture. Indeed, as we have discussed in detail,*?%>°
changes in relative intensity (e.g., extinction) is what
matters in the end for the refractometric sensing
performance.

Following this formalism, if one considers the
sensitivity in terms of relative intensity changes
(instead of redshifts), the new structure has a sensi-
tivity of ~0.41 extinction units per Rl unit at the peak
(~710 nm). When comparing this value to nanohole
arrays of similar dimensions in a single Au film, one
sees that the intensity-based sensitivity is actually
~50% higher,?® even though the FoM is lower than
for the “ordinary” structures (typical FoM =~ 1). The
higher intensity-based sensitivity is not surprising
since a solid volume is liberated under the metal
aperture. When changing the liquid Rl one can thus
expect stronger spectral changes because more of the
plasmonic probing volume is available. Also in terms
of surface binding, the performance is slightly in-
creased upon etching out the dielectric bottom of
the holes. This is because the signal from molecular
binding is higher at the Au walls compared to the
middle of the apertures, as we have previously shown
by experiment®? and theory.?* Since the field en-
hancement continues from the Au quite far down
along the Nb,0Os walls (Figure 6C) inside these new
holes, one can expect a similar signal per molecule
as for conventional holes and a higher signal for a
saturated monolayer due to the increased surface area.

As a final point, it is interesting to consider the
underlying physical mechanism for the high sensitiv-
ity in terms of peak magnitude. Apparently, a Rl in-
crease inside or just below the metal aperture en-
hances the coupling efficiency to the bonding surface
plasmons. This concept differs from the established
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“plasmonic sensing dogma” which states that the
energy of any resonance is lowered in a more optically
dense dielectric environment. In principle, any physi-
cal mechanism that provides a change in measured
intensity as a result of increased Rl can be utilized for
refractometric sensing and the performance of the
sensor depends on the magnitude of those intensity
changes.

CONCLUSIONS

We have shown the fabrication and optical charac-
terization of nanohole arrays in metal—dielectric dou-
ble films and evaluated their refractometric sensing
performance. The new MoM-CL technique was used
for efficient fabrication of these “nanowell” nanostruc-
tures. We have focused on the situation where the
metal film is very thin (tens of nm) and the dielectric
film relatively thick (hundreds of nm). Using transfer
matrix calculations, solutions of the surface wave dis-
persion relations and numerical simulations we have
investigated the influence from different excitation
mechanisms in the double film system. We have
shown how the parameters such as dielectric layer
thickness and hole periodicity can be tuned such
that only plasmon resonances contribute to the
optical spectrum. The approach summarized in this
work should prove useful for future investigations of
nanohole arrays in multilayered structures. For in-
stance, the transfer matrix calculations are applicable
to multilayers* and the dispersion relations in multi-
layers can also be expressed generically.*® Further-
more, we have shown how the asymmetric field
distribution results in an extremely low sensitivity in
terms of redshifting for the surface plasmon. However,
appropriate spectral analysis still provides high signal-
to-noise upon molecular adsorption by monitoring
either the localized mode shift or the coupling effi-
ciency to the surface plasmons. We raise concerns
about the use of the FOM to evaluate refractometric
sensing performance.

As a future outlook, we suggest that these nanohole
arrays in metal—dielectric double films can be used to
analyze chemical phenomena in nanopores®® and the
behavior of molecules confined in nanoscale voids. For
instance, one can envision functionalizing the Au with
polymers or biological peptides and measure transport
events through the pore opening into the nanowell
below. If a single molecule is entrapped in the dielectric
void, it represents a local concentration >1 uM, which
implies interesting consequences, for example, for
reaction kinetics. Further, our fabrication process can
be directly transferred to SisN, membranes in order to
construct flow-through devices with two separate
liquid compartments.? ' Applications related to
pore-spanning lipid membranes are particularly inter-
esting in this case.?” Overall, we suggest that the main
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motivation of developing nanohole arrays for sensing
applications is not to overcome the performance of

METHODS

Nanofabrication. Borosilicate glass (Menzel Glaser) was soni-
cated in acetone, isopropyl alcohol and H,O before cleaning with
microwave O, plasma for 5 min at 150 W and 1 mbar (Technics
Plasma 100-E). Reactive sputtering was done with a Nb target and
Ar + O, plasma (50% each) at 3.9 x 10~ mbar and 200 W. The RI
and thickness of the Nb,Os films was measured by spectroscopic
ellipsometry. Absorption in Nb,Os was negligible (imaginary part of
n < 0.001), strongly suggesting the amorphous pentoxide form. >4
Prior to colloid adsorption, the surface was cleaned with UV
generated Oz (UVOCS) for 15 min and exposed to a 5% solution
of chlorohydrol (SummitReheis). Sulfate-stabilized polystyrene col-
loids (105 & 4 nm and 152 + 4 nm) were purchased from Micro-
particles GmbH. A 0.05% suspension was applied to the surface
for ~2 min, followed by H,0 rinse, heating in ~130 °C ethylene
glycol for ~5 s, H,O rinse, and N, blow dry. Prior to metal deposition
the chlorohydrol was removed by an additional 2 min of UV Os
treatment, which also shrinks the colloids a few nanometers.
Subsequently 30 nm Au and 20 nm Al,O; was deposited by
e-gun PVD (Leybold Univex 500). A pastry scrape was used for
removing the colloids (squeegee liftoff) with the sample immersed
in isopropyl alcohol. RIE was performed with 40 sccm CF, + 10 sccm
0, at 18 x 10~3 mbar and 150 W (Oxford Instruments Plasmalab
80). Al,O; was removed in a 30 mM NaOH solution®” for ~1 h.
Thermal annealing was done on a 250 °C hot plate in air. SEM
imaging was done with a Zeiss Supra 60VP and a JEOL JEM7100F.

Simulations. The MMP simulations were conducted with
OpenMax solver package (http://openmax.ethz.ch/). The edges
were rounded by ca. 8 nm to avoid singularity. The extinction
spectra were calculated from the efficiency of the Rayleigh
expansions located at the bottom boundary.

Sensing Experiments. All chemicals were from Sigma unless
stated otherwise and milli-Q water was used. Samples were first
cleaned with RCA1 (1:1:5 volume mixture of 30% H,0,, 25% NH;
and H,0) at 60 °C for ~5 min, rinsed with H,0, and dried with N..
Passivation of Au with OEG (Prochimia) was done with a 1.5 mM
solution in ethanol for ~2 h. NeutrAvidin (Pierce) adsorption
was measured in 10 mM 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid with 150 mM NaCl and pH adjusted to 7.4.

Spectral Analysis. The centroids of the extinction maximum
and minimum were calculated as described previously.>'>?
Extinction was defined as Q = log(lo/l), where I, is reference
intensity and / is measured intensity, using natural logarithms
(not “absorbance”, i.e. log,o). The reference spectrum was re-
corded without the flow cell, which introduced a small constant
offset in the spectra (no wavelength dependence). The dark
spectrum was dynamically updated by a long pass filter.”’
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