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ABSTRACT

We experimentally and theoretically demonstrate that a continuous gold film on a periodically
textured substrate exhibits extraordinary optical transmission, even though no holes were etched
in the film. Our film synthesis started by nanoimprinting a periodic array of nanocups of period
~750 nm on a polystyrene film over a glass substrate. A thin non-conformal gold film was
sputter-deposited on the polystyrene with angle-directed deposition. The gold film was
continuous with spatial thickness variation, the film being thinnest at the bottom of the nanocup.
Measurements revealed an extraordinary transmission peak at a wavelength just smaller than the
period, with an enhancement of ~2.5 as compared to the classically expected value. Scattering
matrix simulations model well the transmission and reflectance measurements when an ultrathin
gold layer (~5 nm), smaller than the skin depth, is retained at the bottom of the nanocups.
Electric field intensities are enhanced by >100 within the nanocup, and ~40 in the ultrathin gold
layer causing transmission through it. We show a wavelength red-shift of ~30 nm in
extraordinary transmission peak when the nanocups are coated with a thin film of few
nanometers, which can be utilized for biosensing. The continuous corrugated metal films are far
simpler structures to observe extraordinary transmission, circumventing the difficult process of
etching the metal film. Such continuous metal films with ultrathin regions are simple platforms

for non-linear optics, plasmonics, and biological and chemical sensing.
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INTRODUCTION

The seminal discovery of extraordinary transmission in sub-wavelength hole arrays by Ebbesen
et al.' spurred an immense body of activity in sub-wavelength optics®’, plasmonics*” and
sensing®’. It is very well established that a sub-wavelength array of holes in a free standing thin
metal film, exhibits an extraordinary transmission peak at a wavelength (1) close to array period
(a) i.e. L ~ a. When the hole array in the metal film resides on a substrate of refractive index n,
there is an is an additional transmission peak at the wavelength A ~ na. At both peaks the
transmission is dramatically enhanced over the expected classical value® for the area of holes,
with the enhancement increasing for smaller holes. The sub-wavelength holes do not allow
transmission of classical waveguided modes. Rigorous studies established that the excitation of
surface plasmon modes on both surfaces of the metal film and their coupling to each other

underlies the physics of the extraordinary transmission (EOT) phenomena’.

Experimental demonstration of EOT has typically involved complex multistep lithographic
processes on thin metal films, with two approaches. A common approach employed for small
area hole arrays, typically less than 1mm? is to utilize photolithography for patterning and
reactive ion etching (RIE) or focused ion-beam (FIB) milling for etching the arrays on thin metal

films on substrates'®!!"1%13

. The optical properties of such small scale structures can only be
measured with microspectrophotometers. The microspectrophotometer is a complex setup
combining optical microscope with a sensitive spectrophotometer, and is used to measure the

optical spectra of small area samples such as hole arrays'*"’ 16,17

and patterned structures non-
destructively. The reflected, transmitted, or emitted light from the sample is collected either by
the objective lens of the microscope or through optical fibers and focused on the
spectrophotometer aperture for measurement. The microscope can be integrated with
spectrophotometer to do measurement in UV-Vis-NIR region or infrared region (FTIR

microscopy).

Alternatively patterning can be achieved by optical lithography performed with an elaborate
projection lithography procedure, utilizing ultraviolet exposure, where a pattern on a reticle can
be reduced (e.g. by a factor ~4) and transferred to photoresist, followed by reactive ion-etching
to produce hole arrays'®. In either case the fabrication involves advanced microelectronics

facilities and procedures, and is difficult to implement for larger area samples. Previously metal

Page 2 of 20



Page 3 of 20

Nanoscale

coated self-assembled polystyrene spheres'® exhibited transmission peaks due to waveguide
modes within the photonic crystal slab, but these experiments relied on fabrication of self-

assembled monolayers.

We demonstrate a particularly simpler method to fabricate a subwavelength array structure using
simple soft-lithographic procedures that does not require any nanofabrication facilities, and may
be easily achieved in a workbench without high vacuum facilities. Moreover we demonstrate that
a simple deposition of continuous metal film on a patterned substrate can exhibit EOT
phenomena, without the need for etching features in the metal film — which is a particularly
complex step. It seems counterintuitive that there are no holes in our deposited films, but the

EOT relies instead on thickness variations of the metal film.

EXPERIMENTAL

Fabrication: The corrugated metal films were fabricated by the steps schematically depicted in
Fig. 1a. We started with a master pattern (Microcontinuum Inc.) consisting of a periodic array of
tapered nanocups (radius ~ 250 nm) with sub-micron period (~750 nm) patterned on a
polycarbonate substrate by lithographic techniques, and a roll-to-roll process. Such master
patterns and imprint stamps at customizable period and nanocup depth can also be commercially
purchased from vendors®’, without the need for in-house nanofabrication. The inverse of this
pattern on polycarbonate was transferred to a polydimethylsiloxane (PDMS) mold by soft
lithography techniques®' (see PDMS Mold Preparation). We used the patterned PDMS surface to
transfer the pattern onto polystyrene (PS) films by first spin-coating PS films on a glass substrate
and then imprinting the PS film with the PDMS mold, under elevated pressure and temperature
(see Polystyrene Film Preparation and Nanoimprinting). Polystyrene is an excellent choice for
the substrate since it is optically very well matched to the glass. Large area hole arrays have been

fabricated by similar soft lithographic methods for enhanced thin film solar cells®.

The patterned PS films were then sputter-coated (Denton, Desk V HP) with gold. We initially
coated ~3nm iridium on the samples to increase the adhesion of thin gold layers on PS films. For
sputtering the films, glass slides with the nanopatterned films were positioned at ~45° from the

horizontal in the sputter chamber and rotated along the vertical axis so as to obtain highly non-
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conformal coating over the nanocup arrays (Fig. 1a). This procedure is especially effective in
coating the sidewalls of the arrays such that the metal coating is thicker at the top of the sidewall
(~100 nm) and gradually becomes thinner as we move towards the bottom of nanocup sidewall

(Fig. 1b). The bottom of the nanocup has an ultrathin gold coating (estimated at ~5 nm) that is

A
2mim(n)

smaller than the skin depth of gold ( ~ 25-30 nm) at optical wavelengths. Our deposition

process ensures that the gold films are continuous. No further etching of the films was

performed.
(a) 1. Spin coat PS over 2. Use patterned 3. Sputter-deposit gold
glass substrate. PDMS mold to using angle-directed
/\imprint PS film. - deposition.

L B i

Figure 1. (a) Schematic illustrating imprinting the tapered nanocups on spin-coated polystyrene over glass substrate
and subsequent gold deposition. (b) Cross sectional view of the gold-coated imprinted polystyrene surface with
tapered nanocups. The magnified view of the encircled region is shown in left. The thickness of ultrathin gold layer
at the bottom of the nanocup is . /; is the imprint depth and /, is the thickness of polystyrene between the nanocup

and glass substrate.

PDMS Mold Preparation: PDMS was prepared by mixing the elastomer base and curing agent
(Sylgard 184, Dow Corning) in 10:1 w/w ratio. The mixture was degassed to remove any air
bubbles. The mixture was then poured directly onto the master substrate with nanopatterns. After
curing at room temperature for ~48 hours and subsequent heating on a hotplate at 65°C for ~12
hours, the PDMS was peeled off from the master substrate to expose the inverse pattern on the
PDMS surface. The transferred pattern was characterized by scanning electron microscopy

(SEM).

Polystyrene Film Preparation and Nanoimprinting: For preparing the PS films, polystyrene

(Sigma Aldrich, average MW 35,000) was dissolved in toluene to form solutions with 2%, 5%

4
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and 10% w/v concentration. The PS solution with different concentrations was spin-coated on
the glass substrate (500 rpm, 60 seconds) to form thin films of different thicknesses, varying
from 0.26 um to 9 um (Table 1). After allowing the films to dry for ~12 hours, the PDMS stamp
was placed on each of the PS films over the glass substrate so that the patterned PDMS stamp
faces the PS film. The PDMS stamp was further pressed down by another glass slide having the
same size as substrate, and the assembly was held together with two binder clips at each end. The
whole assembly was placed on a hotplate at 165°C, a temperature higher than the glass transition
temperature (7)) of PS (~100°C), for 45 minutes. After allowing it to cool at room temperature
for 12 hours, the PDMS stamp was removed carefully from the PS films to reveal the inverse
replica of the pattern on it. The thickness of the films obtained after spin-coating different
concentrations of PS solution was measured using a Filmetrics F20 thin-film thickness
measurement. The patterned nanocup array on PS films was characterized using SEM. All the

samples were sputtered with ~3 nm iridium before SEM.

RESULTS AND DISCUSSION

Film Characterization: For solutions of concentrations 2%, 5%, and 10%, the measured film
thicknesses were 0.265 + 0.002 um, 0.839 £+ 0.012 pm, and 2.245 + 0.041 pum, respectively. The
measured PS film thicknesses were consistent with the data reported elsewhere®. The thickness

of films over the glass substrate with different concentrations of PS solution is listed in Table 1.

Table 1. Thickness of polystyrene films for solutions of different concentrations.

Concentration Thickness
(W/v) (nm)
2% 0.265 £ 0.002
3% 0.369 + 0.002
4% 0.569 £+ 0.009
5% 0.839+£0.012
10% 2.245 £ 0.041
20% 9.014 £ 0.052
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Figure 2a-c shows the SEM images of the patterned PS films for 2%, 5%, and 10% solution
concentrations, respectively. The images show the regular array of tapered nanocups with a
period of ~750 nm. The images demonstrate that the radius (R) of cups at the surface of the film
fabricated using 2% PS solution is the smallest, and as a result the inter-cup spacing is largest.
The nanocup radius increases and the depth decreases as the PS solution concentration increases
from 2% to 10%. This yields three films with the same period (@) but different radius to period
(R/a) ratio. The difference in R/a and nanocup imprint depth (/;) can be ascribed to difference in
film thickness and PS concentration — the 2% PS film is thin (~265 nm) and thus the stamp
cannot penetrate completely into the film to replicate exactly the same radius of features as is on
the stamp. However, at the same time, the stamp also has difficulty penetrating deep into the
higher concentration PS film predominantly resulting in shallower features as the PS

concentration increases from 2% to 10%.

Figure 2. SEM micrographs of (a) 2%, (b) 5%, and (c) 10% w/v polystyrene films after nanoimprinting with PDMS

stamp at a 45° tilt. All the films show tapered nanocups with period ~750 nm. The scale bar is 500 nm.

Optical Measurements: Specular transmission measurements on the gold-coated samples were
performed using a Cary 5000 UV-Vis-NIR spectrophotometer, using an unpolarized source. The
measured transmission characteristics of the gold-coated nanocup films (PS concentration 2%,
5%, 10%) are illustrated in Figure 3a-c. The strongest peak at Ay, ~ 504 nm, present in all cases,
corresponds to the characteristic surface plasmon resonance (SPR) peak of gold, which is
expected at the wavelength when |8Au+2aair|=024. The extraordinary transmission (EOT) peak
remarkably appears at an expected A; ~ 704 nm, nearly the period (a) of the structure. For
nanocups on gold-coated 2% PSF (Fig. 3a), the transmission approaches ~4%, which is more
than 2 times larger than the classically expected value. The enhancement factor of 2 is typical for

EOT measurements, and the classic measurements of Ebbesen et al. also observed an

6
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enhancement factor of 2-3 relative to the classically expected values. There is a weak
transmision peak (T ~ 1.5%) at ~1000 nm which gradually diminishes as the concentration of PS

solution increases. This peak appears at a wavelength A, ~ an, where n is the refractive index of
the glass substrate (n0 ~ 1.5). As expected, the EOT peak becomes weaker as the PS solution

concentration increases from 2% to 10%, corresponding to decrease in depth of the nanocup.

PS Concentration - 10%

P'S Colncentlratior; - 2%I PS Concentration - 5%

Transmission (%)
Transmission (%)
Transmission (%)

—Experimental

—Experimental

O 1 1 1 1 1 1
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Wavelength (nm)

(b)
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400 500 600 700 800 900 10001100
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Figure 3. Measured transmission spectra of gold-coated polystyrene films with (a) 2%, (b) 5%, and (c) 10%

concentration. The peak at Xsp ~ 504 nm corresponds to SPR peak of gold. The peak at A; ~ 704 nm is the EOT
peak.

Surface Plasmons: Our experimental EOT peak and the simulated results (described in next
section) support the formation of surface plasmons (SPs) on the periodically corrugated nanocup
lattice. To see this connection, we note that the triangular lattice (with period a) has the

reciprocal lattice vectors G:

2 1 2
- (15 __)9 Gz =
a 3

NE NeL

Surface plasmons at metal-dielectric interface films are longitudinal modes propagating along

27

Gl - (09
a

(1

the surface with exponentially decaying amplitude away from the interface, with the dispersion

jl/Z

ks 18 the wave-vector of surface plasmons and o is the angular frequency. & is the real part of

relation,

|l &€&
> = e (2)
clgte,

the metal dielectric function that is negative, and large in magnitude, for IR frequencies. g
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describes the dielectric media. Since the surface plasmon dispersion lies below the incoming
light line for any angle of incidence (8), incoming light cannot directly generate SPs on a smooth
surface.

When an incident light of angular frequency ®, impinges on the patterned surface at an angle 6,

it can couple to a surface plasmon at the air-metal interface through a reciprocal lattice vector,

Zsin0i+G =k, 3)
C

By combining the dispersion relation (2) with the momentum conservation condition (3), we get
the well-known eigenvalue equation for the surface plasmon frequencies,

2 2
£&, . .V ) U B VN A

=|sinfcospti— | +|sinfdsinpF+i——=+j—— 4
(‘%"“%J ( (o Vj ( ¢ \/§V j\/gvj ()

Here the dimensionless frequency unit is vo=c/a (400 THz for =750 nm). The fundamental

mode (i=1, j=0 or i=0, j=1), or Wood’s anomaly, is predicted to occur at Aw =+3a/2, i.e. at a
wavelength slightly smaller than the lattice period a, for the triangular lattice symmetry. At this
wavelength Ay =+/3a/2=0.866a (650 nm for a=750 nm) the transmission 7" has a minimum, and
is the position of the well-known Wood’s anomaly, where the diffraction order changes from
evanescent to propagating. The EOT peak occurs at a wavelength A, slightly larger than this
value near ~704 nm (Fig. 3), which is still slightly smaller than the period a. The wavelength
difference between the EOT peak and the Wood’s anomaly depends on details of the metal layer
thickness, hole radius, and geometry. A; is close to a and can be slightly lower/higher than a
depending on the geometry.

It is interesting to compare this analysis with the more frequently used square lattice, where the
Wood’s anomaly is predicted to occur at a wavelength of a, where 7=0, and the EOT peak is at a
wavelength slightly larger than a. This is precisely the result which we found in our previous
scattering matrix simulations for the square lattice®®, where the minimum 7 occurs at A ~ a and

the EOT peak at A>a (square lattice).

Optical Simulations: We use the rigorous scattering matrix (SM) method® to simulate the
electromagnetic properties of subwavelength nanocup arrays on a gold-coated polystyrene film
and understand the underlying physics. The simulated structure is similar to that Fig. la with

tapered nanocup arrays arranged in triangular symmetry in the lattice. The simulation

8
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methodology for similar structure has been described in detail in our previous publications®®?’.

Briefly, Maxwell’s equations are solved in Fourier space in three-dimensions. The structure is

divided into slices along the z-axis and the dielectric function &(r) is expressed as a periodic

function of the planar coordinates (x,y) in each slice. Hence the dielectric function and its inverse

are expressed as a Fourier expansion with coefficients £(G) or &£'(G), where G are the

reciprocal lattice vectors of the two-dimensional lattice. The electric and magnetic fields are

expanded in Bloch waves, Ng (k is a Bloch wave vector).

E (r)=Y E;(z)e"" ™ (5)

A transfer matrix in each layer is calculated that relates the z dependence of the E, H fields in
each layer. The transfer matrix includes both polarizations of the wave, and is diagonalized to
obtain the eigenmodes within the layer. Continuity of the parallel components of E and H at each
interface leads to the individual scattering matrices of each layer, which are then convoluted into
the scattering matrix S for the entire structure using a recursion algorithm. Using the total S
matrix, we obtain the reflection and transmission of the structure when fields are incident from
the top. For this case, we have tested the convergence of these results with 400-769 Bloch waves
(Ng) per polarization corresponding to a scattering matrix size of 800-1538 (Section III, ESI).
The number of Bloch waves terminates on a closed shell of reciprocal lattice vectors G. The
largest scattering matrix of 1538 cannot be performed easily with routine compilation due to
memory constraints and requires dynamic linking of runtime libraries®®. The convergence was
achieved with ~535-769 Bloch waves corresponding to scattering matrix size of 1070-1538 for
both polarizations of the field in the triangular lattices (Fig. S4, ESD*. We utilize the

experimentally measured frequency dependent dielectric functions e(L)=(g1,¢) of gold™.

The physics underlying the SM matrix method is very similar to that employed in the rigorous
coupled wave analysis (RCWA), where the fields are expanded also in Bloch waves. Early
RCWA simulations®®”' have concentrated on 1-d grating structures, where TE and TM modes
are decoupled. Most implementations of RCWA utilize a transfer matrix to connect the fields in
one layer with the next successive layer, utilizing continuity of the parallel components of E and
H. The transmitted and reflected fields are obtained through transfer matrices on each layer. The

SM utilizes the individual scattering matrices s; for each layer which can have greater stability
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than the transfer matrices.*” Rather than computing the fields at the individual layers in RCWA,

the entire scattering matrix of the structure is computed in SM.

We plot the computed transmission spectra for gold-coated polystyrene films in Figs. 4a and 4b,
in conjunction with measurements. Similar to the experimental geometry for the film fabricated
from 2% PS solution, the simulations have been done for array of nanocups arranged in a
triangular lattice of period (a) 750 nm (see Section I, ESI for simulations with different values of
a and R/a). The polarization is along the x-axis — the symmetry of the nanocups. Due to
triangular lattice symmetry all polarizations rotated by 60° from the x-axis, and polarization
vectors reflected through the six mirror planes are equivalent at normal incidence. The nanocups
are tapered with largest R/a ~ 0.33 at the surface and the smallest R/a ~ 0.06 at the bottom
rendering the nanocups highly subwavelength as their depth from the surface increases (Fig. 1b).
Simulations utilized different thickness (¢) of an ultrathin gold layer between the substrate and

the nanocup as shown in Fig. 1b.

It can be seen that the computed transmission spectra for (Figs. 4a,b) for two different
thicknesses of the ultrathin gold layer (# = 5 nm, 10 nm) are in reasonable agreement with the
measured values, especially for the positions and magnitudes of the transmission peaks. The
simulated transmission shows a doublet peak at 707 nm and 720 nm centered at the same
wavelength as the measured curve (Fig. 4a). There are additional sharp side-bands on both sides
of the simulated doublet peak. It is expected that these features will combine into the single
broad peak observed in experiment at 704 nm. Furthermore, averaging over all the polarizations
in the plane also results in the generation of a broader peak centered at 704 nm. The EOT peak
occurs from the generation of surface plasmons at the top surface of the structure — the
corrugated air-gold interface — as discussed previously. There is a second weaker SP at the gold-

(PS/glass) interface at A, ~ na -~ 1.5a near ~1.0 um. The interaction between the gold-air and

gold-(PS/glass) SPs splits each of them into double modes similar to a SP molecule’ with the
splitting dependent on the spatial separation between the two interfaces. This is the cause of the
double peak feature at 707-720 nm and also the weaker double peak at 950-1000 nm (visible
more clearly as a reflectance dip in Fig. 4c). The simulated transmission is smaller than
experiment because the experimental structure has gold sidewalls that are gradually graded from

the thin value (5-10 nm) to the bulk value, whereas the simulations assume a fixed thickness of

10
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gold on the sloping sidewalls, thereby overestimating the gold content and reducing the
transmission. Another notable feature (Figs. 4a,b) is the departure of the simulated specular
transmission (7o) from the total transmission (7)) at the expected Wood’s anomaly
wavelength Aw=+34/2= 660 nm when the incoming wave-vector (k=2m/A) matches the first
reciprocal lattice vector (G,;=2(2m)/N3a). Below this wavelength diffraction takes place and
decreases the specular transmission (described in previous section on Surface Plasmons). This is

exactly the case for the simulations where 7=0 at Aw=660 nm (Fig. 4a), and the measured 7 has a

minimum at ~635 nm.

The various features of the transmission spectra (Fig. 4a) are also represented in the reflectance
(Fig. 4c). The simulated and measured transmission peaks at 504 nm from the gold surface
plasmons correspond to broad regions of low reflectance below 510 nm. At short wavelengths
near 400 nm the structure is absorbing and has low 7" and R. The simulated EOT peak at ~707
nm corresponds to a sharp minima of the reflectance (R~0, Fig. 4c). Similarly, the experimental
EOT peak at 704 nm corresponds to the measured reflectance minimum at ~725 nm. The two
weak double peaks in the simulated 7" at 950 nm and 1000 nm also appear as distinct shallow
reflectance minima. The Wood’s anomaly related minima in 7" at ~660 nm (simulation) and 635
nm (experiment) correspond to the maxima in simulated and experimental reflectance, at similar
wavelengths. The simulated reflectance is overall somewhat higher than measurement possibly
due to the random fine grain gold structure (<50 nm) seen in the SEM (Fig. 2), that is

superimposed on the larger scale periodicity, and may cause additional scattering in the

experimental structure.
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Figure 4. Simulated transmission through tapered nanocup array arranged in a triangular lattice of period 750 nm
for two thicknesses (f) of the ultrathin gold layer (a) 5 nm, and (b) 10 nm at the bottom of the nanocup. The
simulations are done for constant R/a = 0.33 at the nanocup opening. (¢) Comparison of simulated (red) total
reflection spectra with experimental (green) values for 2% concentration gold-coated PS film, for the 5 nm ultrathin

gold film. The simulations utilize Ng=769.

The multi-layered experimental structure is more complex consisting of nanocup / Au (5 nm) / Ir
(3 nm) / PS (15 nm) / Glass. The PS thickness below the nanocup is the thickness of the starting
PS layer (265 nm for 2% solution - Table 1), from which the experimentally determined
imprinted depth (/; ~ 250 nm) is removed, resulting in /; ~ 15 nm of PS between the nanocup and
glass substrate (see Fig. 1b). We have simulated the effect of this multilayer structure that adds a
3 nm Ir layer and the PS layer of index nps = 1.57 between the Ir and the glass. The resulting
transmission shown in Fig. 5 (lower panel) is not significantly affected from the result in Fig. 4a
(also Fig. 5, upper panel), showing both the gold SP peak and the EOT peak at the similar

positions without the Ir or PS layer.
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Figure 5. Simulated transmission through tapered nanocup array consisting of nanocup / Au(5 nm) / Ir(3 nm) /
PS(15 nm) / Glass arranged in a triangular lattice of period 750 nm. The simulated transmission for nanocup / Au(5

nm) / Glass (same as Fig. 4a) is presented in the upper panel for comparison. The simulations utilize Ng=769.

Electric Field Intensity Profile: To obtain insight into the extraordinary transmission
mechanisms we calculate the electric field intensity [E* at the resonant A; = 700 nm in the xz-
plane perpendicular to the structure and passing through the symmetry axis of the nanocup array
(Fig. 6a). Within the air region of the nanocups very large field enhancements exceeding 100 are

found, with the highest enhancements occurring in a layer ~40 nm above the bottom of the

12
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nanocup, where modal maxima occur. Since the opening radius of the nanocup (R/a ~ 0.33)
exceeds the waveguide cutoff for propagating modes (R/a ~ 0.29) in a cylindrical waveguide™,
the lowest order modes (such as TE;;, TMy;) can begin propagating in the upper region of the
nanocup. As the nanocup tapers the mode gets squeezed near the bottom of the nanocup
producing regions of high field intensity. Focusing of fields to high intensities near the bottom
of a nanocone hole array in Si have also been observed in simulations®. We also show the
transverse xy-plane field distribution right at the nanocup surface for A; = 700 nm (Fig. S3, ESI)
which confirms the field distribution of Fig. 6a (see details in Section II, ESI).

A magnified view of the ultrathin gold layer and substrate (Fig. 6b) shows very large electric
field intensities within the 10 nm ultrathin gold layer, with intensities enhanced by a factor of 30-
40 inside the gold layer. The field transmits through the ultrathin gold layer in a very narrow
cylindrical profile of width ~50 nm, into the substrate, with the axis of the cylinder along the
depth axis (z-axis). The cylindrical mode profile is deeply sub-wavelength with a spatial scale

<A/10. This is possible since the thickness of the ultrathin gold layer, is smaller than the skin

A
2nim(n)

~ 25-30 nm). The |[E[* is enhanced by 30-40 at the

depth of gold at optical wavelengths (

gold-glass interface and by >10 at a depth of ~20 nm in the glass. Such enhancements in the field
intensity can lead to strong non-linear phenomena such as second harmonic generation
(SHG)*~, which is proportional to the localized [E[*. Qualitatively, the transmission arises from
a focusing of a waveguide mode into the ultrathin gold layer. The transmission peak at 504 nm is
due to the surface plasmon mode of gold where |E[* is enhanced by 3-4 within the nanocup (Fig.
6c) and the intensity is large at the entire gold-air surface. The SPP mode generates transmission

through the ultrathin gold layer into the glass.
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Figure 6. (a) Electric field intensity at A; = 700 nm showing the enhanced field in the xz-plane. (b) Enlarged view of
the electric field intensity plot showing the fields in glass and ultrathin gold layer (U). (c) Electric field intensity at

Asp = 504 nm showing the enhanced field in the xz-plane.

Discussion: Previous observations of EOT have been performed on well-defined holes or
cavities in metal films. We demonstrate that a continuous gold film deposited on a periodically
corrugated substrate demonstrates the EOT, without the need to do any etching of the film. This
result is counter-intuitive, and may be understood by recognizing that the thickness of our metal
film is highly non-uniform. The sputter-deposition of gold at a 45° angle to the substrate likely
generates thicker sidewalls within the nanocup arrays, and very thin gold coatings at the bottom
of the conical pits (Fig. 1b), which may be comparable or less than the skin depth of gold (~25-
30 nm at optical wavelengths). The thin non-uniform layer of gold at the bottom of the conical
pits, may allow sufficient light transmission, whereas the thicker gold film away from the bottom
of the conical pits will not allow light transmission. Our method does not require self-assembly
of spheres'”. Self-assembly results in domain formation and random point defects — both features
causing larger inhomogeneities than in nanoimprinting method that we utilize here. Furthermore
the transmission occurs through the ultrathin metal layer in our nanocup array in contrast to

waveguided modes through the spheres in the self-assembled structure'. For a triangular lattice,

the fraction of area occupied by nanocups in the film is given by f =7rR2/ (\/§a2 /2). For

smallest R/a ~ 0.06, /'~ 1.5%. We see that the transmission (T ~ 4%) is enhanced significantly by
more than a factor of 2.5 compared to the fraction of the area occupied by nanocups in the film.
The enhancement factor of 2.5 is typical of /arger radius (R/a) arrays. It is well known that when
the radius of the apertures decreases the enhancement factor increases considerably. For example

at R/a=0.2 we found an enhancement factor of 8 in our previous work on hole arrays®.
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A continuous film also allows the possibility of modulating optical transmission in the presence
of a current flow in the continuous gold film i.e. under current bias, where currents flow in the
thin Au film region through which light transmits. Although currents can flow in discontinuous

hole array films, there is no current flow within the holes, limiting electro-optical effects.

Thus our novel corrugated structure has the functionality of a subwavelength hole array without
actually having holes or etched features, and can be replicated over large areas with continuous
gold films. As noted earlier, the complex step of etching the film is no longer required, and

advanced nanofabrication facilities are not necessary

Ultrathin Films: We note that recently there has been great interest in continuous ultrathin
coatings, with thickness far smaller than the optical thickness. Highly absorbing dielectric
coatings (of Ge) as small as 5-25 nm thickness exhibited novel interference effects which
selectively absorb and transmit various wavelengths of visible spectrum®’. Ultrathin silver
coatings have been shown to have a reflection phase shift continuously tunable from a perfect
electric mirror (p=m) to a perfect magnetic mirror (¢=0) depending on the thickness of the
coating™. This changes the standing wave profile in planar devices allowing highly enhanced
absorption in sub-100 nm thick solar cell layers®® — a feature not possible with conventional
optically thick metal coatings. Our ultrathin gold film is an example of novel optical effects
arising from ultrathin films, and illustrates surprising consequences of such optically thin films,

that are of much topical interest.

Biosensing Applications: We envisage our nanocup structure may have robust application to
biosensing, where a thin protein layer can be coated on the surface of the nanocup lattice.
Experiments by Cetin® et al. with a bare gold nanohole square array (of period 600 nm and hole
diameter 200 nm) demonstrated the typical EOT peak at 683 nm. After binding a protein bilayer
of 3 nm thickness the EOT mode shifted to 702 nm, due to the minute changes in the refractive
index in the vicinity of the nanohole. The wavelength shift was proportional to the protein (IgG)
concentration, resulting a lens-free imaging platform with a detection limit of pg ml”. In these
experiments small 100 pm x 100 um pixels were utilized, fabricated with e-beam lithography.

We envisage our nanocup structure would serve as a robust platform for biosensing, utilizing far
larger pixels upto and exceeding 1cm x lcm in size. A protein bilayer few nm thick can bind on

the nanocup surface, and result in a detectable shift of the EOT transmission peak at ~700 nm.
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Furthermore our large area nanocup structure could be fabricated with much faster throughput
and lower cost than with the traditional e-beam lithographic methods.

We illustrate this biosensing concept with a simulation of a thin biosensing film of thickness d,
and a typical dielectric (protein) refractive index ngi) ~ 1.4 on the surface on the nanocup. Our
simulations (Fig. 7 with Ng = 535) show a red-shift AL of the EOT peak by 30 nm with a 5 nm
coating, typical of a protein bilayer. An additional gold-dielectric surface plasmon transmission
peak appears at ~ nA; ~ 800-830 nm corresponding to the average n (~1.2) of air and dielectric
(protein) layer.

We note that the EOT based biosensing approach is in contrast to the local SP resonance (LSPR)

methods extensively developed***'**

utilizing functionalized gold nanoparticles that exhibit the
LSPR peak dependent on the size and shape of the nanoparticle. When the analytes bind to the
functional group, characteristic wavelength shifts (AA), as large as 20-67 nm, are readily
observed®. A future direction may be to combine the nanoparticles with nanohole/nanocup
arrays to detect biomolecules at even lower concentration.

Very recent studies have shown that such nanohole/nanocup arrays exhibiting EOT can be used
for other novel biological and imaging applications. Silver nanohole arrays coated with various
biological species were imaged with surface-enhanced Raman spectroscopy (SERS) and focused
hotspots were positioned using holographic laser illumination®, to produce a blinking behavior
of the hotspots. Nanohole arrays in free standing metal-coated nitride films were used for
trapping and analyzing single organelles such as mitochondria**. Similarly, binary nanohole
structures having two different hole sizes and linear nanoguides were used for exciting
fluorescence from bacterial species and observing bacterial dynamics with subwavelength

Lo 45
precision™.
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Figure 7. Simulated transmission for nanocup structure with and without a 5 nm adsorbed layer, illustrating the red-

shift of the EOT peak by 30 nm. The simulations utilize Ng=535.

CONCLUSION:

In summary, we experimentally and theoretically demonstrated the extraordinary transmission on
a continuous gold film deposited on periodically corrugated substrates, even though no holes
were etched in the film. The varying thickness of the gold film on the corrugated substrate
enables spatial regions of high transmission through ultrathin regions of the films (~5 nm) that
are thinner than the skin depth, in conjunction with negligible transmission through thick regions
of the metal film. This phenomenon has functionality similar to a nanohole array. Simulated
fields show very high enhanced intensity (~40) in the ultrathin gold layer, and >100 within the
nanocup. The extraordinary transmission peak is red-shifted by 30 nm when the nanocups are
coated with a few nm thin analyte film, which can find applications in biosensing. Our procedure
provides a simple, rapid, low-cost process to fabricate large area arrays where complex
nanofabrication is not needed, but show the extraordinary transmission phenomena, observable
in any spectrophotometer. Our corrugated continuous metal coated structures have much

promise for photonics applications, without the need for microscopy in performing experiments.
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