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Abstract: Surface plasmon polaritons (SPPs) and diffraction effects such
as Rayleigh anomalies (RASs) play key roles in the transmission of light
through periodic subwavelength hole arrays in metal films. Using a
combination of theory and experiment we show how refractive index (RI)
sensitive transmission features arise from hole arrays in thin gold films. We
show that large transmission amplitude changes occur over a narrow range
of RI values due to coupling between RAs and SPPs on opposite sides of the
metal film. Furthermore, we show how to predict, on the basis of a
relatively simple analysis, the periodicity and other system parameters that
should be used to achieve this“ RA-SPP” effect for any desired RI range.
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1. Introduction

Light transmission through subwavelength diameter holes in metal films has been the focus of
much research since the pioneering work of Ebbesen et al. [1], and the mechanisms
underlying the enhanced or extraordinary optical transmission in these systems have been the
subject of much discussion. Important influences on transmission include: surface plasmon
polaritons (SPPs), diffractive effects including Rayleigh anomalies (RAs), and localized
waveguide modes [1-7]. Recently, for example, a variety of these features were attributed to
the large refractive index (RI) sensitivities observed in gold films deposited on arrays of 500
nm wells molded in a polymer substrate[8].

In this paper we show how certain narrow spectroscopic features in the light transmission
through a periodic array of holesin athin gold film can be described by coupling a RA on one
side of the film with a SPP Bloch wave (SPP-BW) on the opposite side. Both rigorous
computational electrodynamics modeling and experiment are used to study this "RA-SPP'
effect. For the system studied, we find that it can lead to large increases in transmission
amplitudes with respect to Rl unit (RIU) of a substrate, up to 150%/RIU, because of strong
coupling between the opposite sides of a thin metal film. Furthermore, we show that relatively
simple equations can be used to predict the periodicity of the array and the index of the
supporting substrate in order to achieve optimal sensing characteristics for a specified
substrate RI.

2. M ethods

We consider a square array of nanoholes of periodicity P in a gold film sandwiched between
dielectric materials | and Il (Fig. 1). Material | (bottom) is taken to be the supporting material
for the film, and material 111 (top) is a variable index substrate, e.g. some liquid or solution.
Light isincident from region | and the transmission spectrum is obtained in region I11.

2.1 Theoretical methods

The three-dimensional finite-difference time-domain (FDTD) [3, 9] method is used to model
the system in Fig. 1, which consists of modeling a single unit cell (a P x P sguare in the xy-
plane centered on a hole) with appropriate periodic boundary conditions and with absorbing
layers placed in the lower and upper regions of z. Grid spacings of Ax = Ay = Az=4 nm are
used and a total simulation time of 250 x 10™ s is employed. Test calculations with
somewhat larger grid spacings and shorter simulation times indicate that the results obtained
are sufficiently converged. Incident light is introduced into the computational domain using
thetotal field / scattered field formulation 500 nm below the bottom surface of the film, and is
modeled as a 600 nm sinusoidal pulse polarized along the x-axis and damped by a Gaussian
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Fig. 1. Hole array system under study showing (a) schematic representation and (b) SEM
image. Light isincident from region | towards a thin gold film (region II), perforated with a
square array of nanoholes, and the transmission spectrum is obtained in region 1.

function centered at to = 100 x 10%° s with a width of 7 = 1.20 x 10%®*s. The gold film is
assumed to have a wavelength-dependent dielectric constant, £xy(A4), corresponding to a Drude
plus two-pole Lorentz form used in Ref. [8] with Drude parameters ¢,, = 5.40, yp = 0.103 x
10" Hz, and wp = 0.140 x 10" Hz and Lorentz parameters o ; = 0.427 x 10" Hz and w, =
0.523 x 10" Hz, 3.1 = 0.870 x 10 Hz and y, = 1.32 x 10" Hz, g.; = 0.268 and g,; = 0.732,
and Ae = 2.54. See Ref. [10] for details on how such a model is implemented within the
FDTD structure.

The desired transmission spectra are for zero-order transmission, i.e. they do not include
contributions from light scattered away from the incident direction. To obtain this result
theoretically we calculate the Fourier transformed time-evolving electric and magnetic fields,
E(x,y, 4) and H(x, y, 4), on an xy-plane zr = 700 nm above the top surface of film. It isthen
necessary to project out only the zero-order scattering contributions from these fields. Since
the wave vector for zero-order scattering is k = X 0+y 0+ Z (w/c) and zis fixed for a given
xy-plane of interest, the relevant projections of the fields are simply proportiona to integrating
them over x and y. If Eo(z, 4) and He(zr, 4) denote these projections then the zero-order
transmission is given by T(2) = P(%) /Pine(4) with Pr(1) = (1/2) Re (Ep X Ho*),. The quantity
Pinc(4) istheincident flux calculated in the same way.

A difficulty with the FDTD calculations is that they are very computationally demanding.
In order to obtain an idea of how the RA-SPP effect might be affected by variations in system
parameters, more numerically efficient two-dimensional rigorous coupled-wave analysis
(RCWA) calculations are also carried out using the model of Ref. [11] for scattering of TM
polarized light by a metal grating. Sinceit isa 2D model it is actualy a model of periodic
dlits as opposed to holes. Furthermore, only zero and first order Fourier components are used
for the metallic dielectric constant and so it is not, strictly, even an exact solution of the 2D
problem. However, we find that the model still captures important features consistent with
the transmission trends for (1, 0) SPP-BWs and (1, 0) RAs. In addition, RCWA dlows
specific diffraction orders to be independently studied.

2.2 Experimental methods

Experimental transmission measurements are obtained using an inverted optical microscope
by passing collimated white light (100 W halogen source) under normal excitation through the
gold nanohole film supported on a glass (bottom) substrate (Rl = 1.52). The transmitted light
is collected through a 100x objective (NA = 0.5) and then focused onto an imaging
spectrometer [12]. The (top) substrate RI is varied by placing a drop of immersion liquid
(Cargille Labs) between the gold film and the objective.
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3. Results and discussion
3.1 The RA-SPP effect: General considerations

An approximate equation for the free-space incident wavelength that excites a SPP-BW, Aspp,
is[2, 3]:

Aspp =

P Re{“«‘Au(}“SPP) £x ]1/2 , (1)
(§ N S22)1/2 au(dspp)+ €x

and therelation for the free-space incident wavelength of aRA, Ara, is

Ara = Ny 2

. o2
(w? +w2)

where (s1, S) and (wy, W) are integer pairs that correspond to the particular order of the SPP-
BW or RA, &x is the red, relative dielectric constant of medium X =1 or Il (nx = &x 2) and
eau(2) 1s the complex wavelength-dependent dielectric constant of gold. Note that the
positions associated with Eq. (1) are gpproximate because coupling between top and bottom
resonances is ignored. One expects this equation to be most accurate when the meta film is
thick and/or n; and ny;, differ substantially so that the resonances do not interact. In thin metal
films when n; and ny,; become similar (ca. An < 0.2), the actual positions of the SPP-BW
resonance features are red or blue-shifted dlightly relative to Eq. (1) (see below). RAS,
however, are non-resonant spectral features associated with gratings.

The RA, Eq. (2), occurs a the threshold of a diffraction order and corresponds to light
being diffracted at an angle paralldl to the metal surface. It is also sometimes referred to as a
Wood anomaly [2, 3]. However, it is important to keep in mind that, following the detailed
analysis and classification of Wood anomalies by Hessel and Oliner [13], the RA is one of
two types of Wood anomalies. The other type of Wood anomaly identified by them is a
"resonant” anomaly, which could be a SPP-BW, waveguide mode, or possibly a hybrid mode.
In their terminology, the RA-SPP, the main topic of this paper, can be viewed as a particular
type of resonant Wood anomaly, since it is ahybrid of a RA and a SPP-BW.

Figure 2 shows how the positions of SPP-BWs and RAs predicted by Egs. (1) and (2)
evolve as ny, is changed while n, = 1.52 and P = 400 nm remain fixed. Only thefirst order (s,
$2) = (Wi, We) = (1, 0) cases are shown since they are the strongest features in this wavelength
range and for this P. The crossing point labeled as RA-SPP corresponds to where the (1, 0)
Ny RA and the (1, 0) n, SPP-BW coexist and can interact if the metal film is thin enough,
which we show below leads to a strong variation in transmission amplitude for film
thicknesses up to 65 nm.

The other crossing points in Fig. 2 lead to couplings that are less relevant for obtaining
narrow spectral features that are especialy sensitive to variations of ny,. The coupling of the
two SPP-BWs features near ny; = 1.52 will lead to a broader peak than the RA-SPP peak since
SPP-BWs are intrinsically broader than the RAs due to their finite lifetimes. (We will show,
however, that the hybridization that results from this interaction plays a role in the RA-SPP
effect.) The crossing of the two RA features could produce narrow structures, but its effect is
overwhelmed by SPP-BW coupling near the same wavelength. Finaly, the (1, 0) n;,, SPP-
BW and (1, 0) n, RA crossing near ny; = 1.35 occurs in a wavelength region where higher
order SPP-BWs, localized resonances, and direct transmission can all be important.
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Fig. 2. Zero-order positions of (1, 0) SPP-BWs and RAs [Egs. (1) and (2)] as a function ny, for
n,=1.52 and P = 400 nm. The n; SPP-BWs and RAs are denoted As and Ag, and the n;;; SPP-
BWs and RAs as Bs and Bk.

Using Egs. (1) and (2) It is possible to design a nanohole array system exhibiting a RA-
SPP faling in some desired RI sensing range. If we equate the first order SPP-BW condition,
(s1, 22) = (4, 0), on the bottom substrate (n;) with the first order RA condition, (wy, w,) = (1, 0),
on the top substrate (ny;), we obtain the simple relation:

n =R EpuAra s ) € N , 3
! Epy(Araspp )+ €,

which, like Eq. (1), is an implicit relation for a wavelength. In this case, the wavelength Agra.
sppiS Where the zero-order SPP-BW and RA conditions are the same. The required periodicity
for the hole array at this crossing point is then found from:

P = Ara-see/Mii . (4)

To achieve sensing for RI values near some specific ny, value, Eq. (3) isfirst rewritten as
aroot eguation, f(Ara-spp) = 0, and solved using bisection for Aga.spe. Then Eq. (4) is used to
determine the necessary P. For example, with a glass supporting substrate (n, = 1.52) and
targeting Rl vaues near ny; = 1.65, Ara-spp = 650 Nnm and P = 400 nm. Of course, from the
discussion above, we expected this result. More importantly, we can use Egs. (3) and (4) to
target other RI ranges. For example, to target n;, = 1.75 we find P = 333 nm. It turns out that
RA-SPP solutions exist only for target ny, valuesin asmall range n, < ny,; < n + A, where A

depends on the nature of the metal and n, (e.g. A = 0.35 for gold with n, = 1.52). To designa
system sensitive to ny,;, = 1.40, for example, it would therefore be necessary to use a supporting
substrate with n; < 1.40.

3.2 Transmission spectra

We now present evidence for the picture outlined above by focusing on a 50 nm thick gold
film, perforated with a P = 400 nm arrays of holes of diameter 100 nm, and supported on
glass (n, = 1.52). Figure 3 displays zero-order transmission spectra, FDTD and experimental,
for n;; = 1.00 - 1.40 (regime where n;; < ny), and Fig. 4 shows results for n;; = 1.50 - 1.70.
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These figures include labels of the relevant minima (described in detail below) with the
approximate SPP-BW or RA assignments from Fig. 2. Note that the predicted higher order (1,
1) n; SPP-BW (not shown in Fig. 2) is labeled as C. The level of agreement between
experiment and theory is reasonable in terms of positions of the minima and maxima, and
overal trends. However, there are some quantitative differences in the magnitudes of the
largest transmission peaks, which are most likely due to small, but very sensitive, deviations
between the experimental hole array structures and the theoretical idealized configurations
[8]. Wefind, for example, that if the diameter of the holes is increased to 120 nm, then the
calculated transmission amplitude of the longest wavelength peak nearly doubles. Although
the experimental holes have, on average, 100 nm diameters, dlight size differences can occur
from the grain size of the evaporated gold films or other relatively small imperfections.

All spectra in Figs. 3 and 4 display a broad maximum near 2 = 490 nm with peak
transmission = 0.15 (= 15 %). This peak is from direct transmission of light through the gold
film, arising when the real part of the gold dielectric constant is +1 which leads to
transparency in the absence of damping, and is not related to any hole or array properties. The
peak structure between 4 = 560 and 580 nm can be attributed to a combination of a local
surface plasmon resonance in each holeand a (1, 1) n, SPP-BW.

The minima in the spectra for /. > 580 nm can be assigned using the simple predictions of
Eg. (1) and Fig. 2. (Note that the Fano resonance feature corresponding to a given SPP-BW
occurs as a minimum and an adjacent maximum, with the minimum position often closer to
the zero-order SPP-BW prediction [3, 5, 7].) For example, when ny; = 1.29 < n, = 1.52 (Fig.
3), Bs=(1, 0) n;,; SPP-BW is predicted to be at 574 nm and As = (1, 0) n; SPP-BW at 662 nm.
These positions are in good agreement with the calculated FDTD minima of 585 and 677 nm
as well as the experimental values of 601 nm and 669 nm, respectively. When n;; = 1.70 > n,
=1.52 (Fig. 4), Bs = (1, 0) n;; SPP-BW is predicted to be at 733 nm, while the calculated and
experimental wavelengths are at 757 nm and 750 nm, respectively. In addition, the As = (1, 0)
n, SPP-BW is calculated to be at 669 nm and is observed at 660 nm. When n;;, = 1.70, theC =
(1, 1) ny, SPP-BW is predicted to be a 580 nm and is observed in the FDTD and
experimental results at 614 nm and 609 nm, respectively.

In thin metal films coupling between SPP-BWs on opposite sides of the film becomes
important, especially when n; is similar to ny,. This coupling can produce two new, hybridized
SPP-BWSs:. (1) a high energy anti-symmetric combination and (2) a low energy symmetric
combination [14]. The long wavelength peak (symmetric) is red-shifted while the short
wavelength peak (anti-symmetric) is blue-shifted relative to the predicted SPP-BW positions
from Eq. (1). The amplitudes of the maxima associated with the SPP-BW's also change such
that the long wavelength peak has a large amplitude while the short wavelength peak has a
small amplitude. Consistent with this general picture, for n;, < n; (where n;; = 1.00, 1.29, and
1.40), the hybridized Bs = (1, 0) n;; SPP-BW increases in wavelength (from 574 nm to 603
nm to 620 nm) while decreasing in amplitude, and the hybridized As = (1, 0) n; SPP-BW peak
near 2 = 708 nm increases in amplitude (Fig. 3).

In our discussion so far RAs have not appeared prominently in the calculated or measured
transmission spectra because they are generaly narrow spectral features (or possibly just
kinks [11]) that can be overwhelmed by other processes. For ny, > n; (when n;, = 1.60 or
1.70), the maximum to the immediate red of the minimum associated with As = (1, 0) n; SPP-
BW shows a rapid rise and narrowing (Fig. 4). This rapid amplitude increase is a direct result
of the RA-SPP effect, and calculated transmission spectra on a finer Rl scale are shown in
Fig. 5. Consistent with Fig. 2, the Ag = (1, 0) n;; RA on the top substrate passes through the
wavelength region of the As = (1, 0) n, SPP-BW on the glass substrate, coupling with it to
produce a narrow, ny-sensitive, spectral feature. Note that owing to partial RA character, the
RA-SPP feature occurs close (but still red-shifted) tothe zero-order prediction of Eq. (3).

The amplitude variation of the RA-SPP peak in the ny, range 1.55 - 1.70 is = 65%/RIU
(FDTD) and = 150%/RIU (experiment) (Fig. 5). The difference between the experimental and
theoretical amplitude sensitivities is probably from, as noted previously, minor imperfections
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Fig. 3. FDTD and experimental zero-order transmission spectra for ny < n,. The letters are
assignments based on Fig. 2.

in the experimental structures. Nevertheless, both simulation and experiment confirm the
anticipated large amplitude changes on the basis of the simplified discussion of Fig. 2 and
Egs. (3) and (4). The explicit variation of transmission amplitude with ny;, could therefore be
used to calibrate a system for substrate Rl sensing. The wavelength change of a spectral
feature with RIU is also sometimes used as a sensing figure of merit. Since the SPP-BW
component of the RA-SPP we are focusing on hereis, to zero-order, an, SPP-BW, we would
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Fig. 4. FDTD and experimental zero-order transmission spectra for ny, > n,. The letters are
assignments based on Fig. 2.

not expect to see much wavelength sensitivity with respect to ny,;. However, we find that both
the calculated and measured wavelength sensitivity of the RA-SPP feature is = 200 nm/RIU,
which is mostly due to hybridization effects of the (1, 0) n, SPP-BW with the (1, 0) n,, SPP-
BW. Although smaller than values reported for predominantly ny,-side SPP-BWSs with larger
hole periodicities [8], this wavelength sensitivity represents an additional result that can be
used in conjunction with the amplitude sensitivity.

To further validate the simplified discussion of the RA-SPP effect, 2D RCWA calculations
were carried out. Figure 6(a) shows that RCWA predicts strong variations in zero-order
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Fig. 5. (@) FDTD calculated zero-order transmission spectra showing a rapid increase in
amplitude as ny, is varied through the region of the RA-SPP. (b) Experimental results
consistent with (a).

transmission with changing ny, in agreement with 3D FDTD and experimental trends. In
addition, the RCWA method reveals that first-order diffraction is also significantly enhanced
by the RA-SPP effect, Fig. 6(b). As expected, first-order diffraction, dominated by the (1, 0)
ny RA, exhibits a wavelength sensitivity equal to the theoretical upper limit, P/RIU. RCWA
calculations were carried out over a wide range of periodicities and n, values to confirm that
the rapid variations in transmission amplitude are always consistent with the predictions of
Egs. (3) and (4). Further RCWA calculations revealed that the RA-SPP effect persists strongly
for film thicknesses up to 65 nm and is more pronounced with the use of larger dit widths.
For example, the amplitude variation with RIU amost doubles when the dlit width is
increased to 175 nm.

3.3 Field profiles

Here we examine FDTD calculated field profiles to verify coupling between the (1, 0) n; RA
and (1, 02 n, SPP-BW. Figure 7 shows the frequency-resolved z component of the electric
field, |E/, for 2 = 679 nm (near the RA-SPP crossing point) with ny, = 1.70. Figure 7(3a)
shows that the (1, 0) n, SPP-BW has greatest intensity on the n, side, but also some noticesble
intensity on the ny; side. The (1, 0) ny; RA is present but is not visible in this plot since its
intensity relative to the (1, 0) n, SPP-BW is small. However, Fig. 7(b) isthe field for z> 200
nm and shows characteristic RA features, i.e., an extended propagating plane wave [15]. The
high intensity of (1, 0) n;; RA near the film interface, which decreases in strength as the
distance from the film increases, suggests that the (1, 0) n;;; RA is coupled to the (1, 0) n, SPP-
BW.
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4. Concluding remarks

In summary, we have presented a theoretical and experimental study of light transmission
through periodic hole arrays in thin gold films that demonstrates an approach for using these
systems for RI sensing. In particular, the coupling of a SPP-BW on the one side of the film
with a RA on the other, which we term the RA-SPP effect, leads to a large increase in
transmission of a narrow linewidth peak over a small Rl range. Furthermore, we presented
simple relations to estimate the structural and material parameters of the system necessary to
observe this effect near a specified Rl value. The characterization of such features provides
new chemical sensing capabilities for hole array systems that complements existing
approaches[8, 16].
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