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We present a systematic study of light transmission through individual nanoscale apertures (rectangular slits and
circular holes) etched in a 300-nm-thick silver film. Transmission spectra were obtained as functions of aperture
shape and size, as well as the wavelength and polarization state of the normally incident light beam. By varying the
wavelength of the incident light in the 550–750 nm range and the characteristic dimensions of the apertures from
∼100 nm to 10 μm, a universal behavior of light transmission is revealed. The role of incident polarization and
aperture dimensions is investigated in detail, and a clear transition from the geometric regime of light transmission
(large apertures) to the subwavelength regime is demonstrated experimentally. A quantitative analysis of the ex-
tinction coefficient is reported for rectangular slits, demonstrating that they can act as efficient linear polarizers
with extinction ratios >100∶1. Finally, a method to convert far-field to near-field data is developed for circular
apertures, revealing the contribution of surface plasmon polaritons to the decrease in light transmission for aper-
tures below the cutoff condition. © 2014 Optical Society of America

OCIS codes: (050.1970) Diffractive optics; (310.6628) Subwavelength structures, nanostructures;
(260.3910) Metal optics; (120.7000) Transmission; (240.6680) Surface plasmons.
http://dx.doi.org/10.1364/JOSAB.31.001150

1. INTRODUCTION
Light transmission through apertures in opaque films has been
a focus of scientific inquiry for centuries, ever since Grimaldi
reported that light propagating in a dense medium is not only
subject to the laws of refraction and reflection, but can also be
diffracted, in particular by a small aperture [1]. In 1897, Lord
Rayleigh theoretically derived the cutoff condition for light
propagating through a tiny hole etched in a perfect conductor
and showed that light transmission could be significantly
attenuated when the hole diameter (2a) was smaller than half
the wavelength (λ) of the incident light [2]. The ratio of these
quantities is a key parameter in determining the behavior of
optical transmission. Bethe’s landmark 1944 paper demon-
strated that the intensity of the transmitted light (T) is propor-
tional to the fourth power of this ratio for a circular aperture
in a perfectly conducting film (that is, T ∝ �2a∕λ�4) [3]. This
ratio is also important in defining the “regime” of light propa-
gation behavior, and the mathematical methods required to
study it. When the ratio is large (that is, the aperture is much
larger than the wavelength), the system is in the geometric
regime, so called because classical ray-tracing analysis can
be used to model light propagation and transmission. When
the ratio is small (2a∕λ < 0.5 for circular apertures), the sys-
tem is in the subwavelength regime, and new analytical meth-
ods have to be employed to calculate diffraction and light
transmission. In a series of theoretical papers, Bouwkamp de-
rived analytical solutions for the problem of light transmission
through an infinitesimally thin film with infinite conductivity,
although only valid for hole diameters much smaller than the
incident wavelength [4,5]. Several authors have further re-
fined the analytical framework and numerical calculations,
adding important contributions to the field of light diffraction

by individual circular or rectangular apertures in perfectly
conducting screens as well as including the effects of finite
conductivity and surface plasmons supported by real metals
[6–11].

From an experimental standpoint, it was suggested that
individual nanoapertures could be used to build a super-
resolution optical microscope [12], and the experimental dem-
onstration that nanoholes could show significant transmission
paved the way to the exciting possibility of effectively building
an optical microscope that could overcome the diffraction
limit of conventional optical elements [13].

Several researchers have reported sparse data hinting to
the exponential decrease of light transmission through a sin-
gle hole in a real metal film as a function of decreasing hole
diameter [14] or increasing film thickness [15]. It has also been
reported that flanking an individual hole with corrugations
(such as grooves on each side of a slit, or concentric rings
surrounding an individual hole) can lead to intensity modula-
tion (i.e., enhancement or suppression) of light transmission
[16–18], as well as beaming of light transmitted through the
aperture [19].

In 1998 Ebbesen et al. found that the transmitted light in-
tensity could be enhanced at certain wavelengths in the visible
to near-infrared spectral range by periodically distributing
nanoscale holes in the metal plane, using distances compa-
rable to or smaller than the wavelength of the incident light
[20]. Although similar phenomena had previously been dem-
onstrated for radio [21] and far-infrared [22] waves, demon-
strating enhanced transmission for light in the visible range
with wavelengths on the order of ∼500 nm requires a signifi-
cant experimental effort and state-of-the-art nanofabrication
techniques to etch holes with dimensions on the same order

1150 J. Opt. Soc. Am. B / Vol. 31, No. 5 / May 2014 Gunay et al.

0740-3224/14/051150-09$15.00/0 © 2014 Optical Society of America

http://dx.doi.org/10.1364/JOSAB.31.001150


of magnitude over a relatively large area while still maintain-
ing high precision.

The observed effect of enhanced optical transmissionwas at
first explained as the result of the nanohole array acting like a
grating coupler, where the incident light is coupled to surface
plasmon polaritons (SPPs); transmission would then be en-
hanced as the SPP modes tunneled through the film [23–25].
An alternative explanation has been proposed, based on opti-
cal interference between the incident light beam at each hole
location and the SPPs generated by diffractive light scattering
at neighboring holes [26–30]. This picture, while simple, shows
excellent agreement with the experimental results, and it is
able to correctly predict and explain the spectral features
(i.e., position of the intensity maxima and minima in the nor-
malized light transmission spectra) as well as the intensity en-
hancement and suppression factors, not only for periodic, but
also for random and quasi-periodic arrays of nanoholes [30].
The role of the quasi-cylindrical wave (also known as a creep-
ing wave), a second component of the total scattered field that
is highly localized at the nanocorrugation, has also been the
focus of significant research [31,32]. In particular, Ref. [31]
shows that the quasi-cylindrical wave has a significant contri-
bution in the observed enhanced optical transmission.

Other studies on enhanced optical transmission have exam-
ined the relationship between aperture shape and the pres-
ence of localized plasmon resonances [33–36], as well as the
roles played by the taper angle of the aperture cross section
[37] and the polarization state of the incident light [38].

Most studies on light transmission through subwavelength
apertures in metal films infer the transmission properties of
individual holes from collective measurements performed
on arrays of virtually identical holes [39,40]. However, even
for studies employing arrays of identical apertures with large
inter-hole spacing, it can be troublesome to decouple perio-
dicity effects from the properties of each individual aperture
(e.g., size, shape, and polarization response), thus making it
challenging to analyze how a single hole behaves as an iso-
lated scattering center in its interaction with light. Although
studies on single apertures have been performed in the tera-
hertz range (see, for example, Ref. [41], among others), dem-
onstrating similar effects using light in the visible range poses
significant experimental challenges since the experiments
needed to reveal the subwavelength regime of light transmis-
sion through such systems require state-of-the-art nanofabri-
cation techniques to realize orders of magnitude smaller
apertures (on the scale of ∼100 nm as opposed to ∼100 μm
for terahertz studies).

This report presents a comprehensive experimental investi-
gation of light transmission through individual nanoscale aper-
tures etched in a real metal (silver), as functions of incident
wavelength and linear polarization state, and aperture size
and shape (either circles or rectangles). Silver was chosen
for its high conductivity; although gold is better in terms of
avoiding oxidization, gold exhibits strong absorption in part
of thewavelength range studied here [42]. Rather than focusing
on a narrowly defined data set with a specific aperture size or
wavelength, multiple parameters were varied simultaneously
to give a more detailed and exhaustive overview. Additionally,
the parameters were varied with a small step size (e.g., the
characteristic size of the apertures varied from 100 to 2000 nm
in steps of 50 nm, while the wavelength was varied from 550 to

750 nmwith a spectral resolution of 0.3 nm), which allowed the
transmission behavior of the devices to be characterized as
they transitioned from the subwavelength to the geometric re-
gime. By using a model introduced by Yi et al. [43] for circular
aperture transmission, amethod for correcting far-field data to
near-field data was obtained that shows excellent agreement
with 3D finite-difference time-domain (FDTD) simulations.
As for the rectangular slits, studying transmission as a function
of polarization angle produced a model for predicting the
polarization dependence of the system relying only on the par-
allel andperpendicular states, aswell as a quantitative report of
the extinction ratio across the same spectral and aperture size
ranges.

2. METHODS
A. Experimental
A layer of silver (300 nm thick) was deposited via electron
beam evaporation on top of a quartz glass slide that was pre-
viously cleaned with an RCA cleaning procedure, opportunely
modified and optimized to reduce the formation of unwanted
pinholes in the metal film that could affect the transmission
measurements. All of the apertures studied in this report were
etched on the same slide using focused ion beam (FIB) milling
(using Ga� ions with an acceleration voltage of 30 kV, and a
current of 9 pA). The apertures were divided into three groups
(in separate columns on the same slide, as seen in Fig. 1:
(1) rectangular slits with a fixed length but variable width;
(2) rectangular slits with a fixed width but variable length;
and (3) circular holes with a variable diameter. Using an au-
tomated script to carefully control the stage position, ion
beam focus, and stigmation, three different sets of nanoaper-
tures were etched on the same film, arranged according to a
matrix consisting of three columns (aperture type) and 40

Fig. 1. Sample SEM images of the nanoapertures studied in this pa-
per. The apertures are sorted into three groups, each corresponding to
a different column in the figure. The first group contains rectangular
apertures of fixed length (l � 10 μm) and variable width (w � 50, 500,
and 1750 nm shown here). The second group contains rectangular
apertures of fixed width (w � 100 nm) and variable length (l � 50,
500, and 1750 nm shown here). The third group contains circular aper-
tures of variable diameter (2a � 50, 500, and 1750 nm shown here).
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rows (variable aperture size), for a total of 120 different aper-
tures. The three columns were separated by 0.5 mm to ensure
that no crosstalk would occur between the various apertures,
so that the optical properties of the apertures could be mea-
sured independently from each other. Figure 1 shows example
scanning electron microscope (SEM) images of these aper-
tures. In group 1, the length was l � 10 μm, and the width var-
ied from w � 50 nm to 2 μm in steps of 50 nm. In group 2, the
width was w � 100 nm, and lengths varied from l � 50 nm to
2 μm in steps of 50 nm. In group 3, the diameter varied from
2a � 50 nm to 2 μm, in steps of 50 nm.

Figure 2(a) shows a schematic of the experimental setup.
The original light source was a broadband halogen lamp. The
randomly polarized beam was sent through a linear polarizer
(Thorlabs LPVIS) with high extinction ratio (>100; 000∶1 over
a broad wavelength range), and collimated by a 30× micro-
scope condenser with a 1 mm aperture diaphragm before
being normally incident upon the silver film. Specular reflec-
tion from the sample was used to ensure normal incidence of
the light beam onto the sample. The light transmitted through
each aperture in the metal film was then collected using a 40×
objective lens with a 3-mm-long working distance, and a
numerical aperture (NA) of 0.6—corresponding to a collec-
tion half-angle (θc) of 36.9°—and dispersed using a single-
grating spectrograph and projected onto the 100 × 1340 linear
array of a CCD camera; the transmitted light intensity spec-
trum through each nanoaperture was then recorded individu-
ally by selecting an appropriate region of interest.

The schematic in Fig. 2(b) provides more information about
the system and explains some of the conventions used in this
report. The transmission spectra are functions of (1) the inci-
dent wavelength (550 nm < λ < 750 nm), (2) the angle of
polarization, defined with respect to the long axis of the slit
(0 ≤ ϕP ≤ 90°, in steps of 1°)—when considering oblique inci-
dence in the x–z plane, ϕP � 0° corresponds to transverse
magnetic (TM) while ϕP � 90° corresponds to transverse
electric (TE) illumination conditions, and (3) aperture size
(for rectangles, width w and length l; for circles, diameter
2a). The TE/TM convention depends on the choice of plane of
incidence, so other reports may use a different system [44].
Still, the underlying physics is the same [45]. The spectral
curves will be written as Tw;l�λ;ϕP� (rectangular) or T2a�λ;ϕP�
(circular).

B. Spectral Normalization
In order to account and correct for the intrinsic polarization
and wavelength response of the optical elements composing
the experimental setup (including the cube beam splitter, the
grating in the spectrograph, and the various lenses and beam
splitters along the optical path), the transmitted light intensity
spectrum through the largest aperture was used to normalize
the output transmitted light intensity spectrum of every other
aperture in the corresponding set, thus obtaining the normal-
ized transmission T . For example, for set 1 (slits with constant
length l � 10 μm), the light intensity spectrum measured
through each slit was normalized by dividing the raw intensity
values at each wavelength by the corresponding intensity val-
ues obtained by measuring the raw transmission spectrum
through the widest slit (w � 2 μm), chosen as the reference.
Since the dimensions (length and width) of the reference
slit are much larger than the longest wavelength used in

the experiments (750 nm), the optical response of the refer-
ence slit is well within the geometric regime of light transmis-
sion. Therefore, the proposed normalization procedure allows
us to properly correct for the spectral dependence of the lamp
emissivity, the transmissivity of all optical elements, and the
detector spectral efficiency. In order to divide out any intrin-
sic polarization dependence of the experimental setup, each

Fig. 2. (a) Schematic of the inverted optical microscope configura-
tion used to collect transmittance data from the nanoscale apertures.
The optical path andmain optical components are shown. (b) Diagram
of the system under study, along with the notation convention used in
this paper. For rectangular apertures, the length is given by l (dimen-
sion of the long side) and the width is given by w (dimension of the
short side). When the aperture is a circle, the characteristic size is
given by the diameter (2a). The angle of polarization (ϕP) is defined
as the angle between the long axis of the slit and the incident electric
field vector. When considering oblique incidence along the x–z plane,
ϕP � 0° (90°) corresponds to TM (TE) illumination conditions. The
collection geometry is also shown.
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spectrum was divided by the spectrum through the largest cir-
cular hole. This method will be validated experimentally, as
reported in Section 3, and will allow us to determine the in-
trinsic light transmission and polarization properties of each
nanoaperture.

C. Simulations
3D FDTD simulations were performed using a commercially
available software program (from Lumerical Solutions, Inc.).
Using a total field/scattered field technique (with the same
spectral range, 550 nm < λ < 750 nm) and perfectly matched
layers (PMLs) as the boundary conditions on all sides, light
was normally incident upon the aperture under investigation
(refractive index � 1) in a 300-nm-thick layer of silver (com-
plex refractive index function taken from Palik [46]). Beneath
the silver film was a thick layer of SiO2; all apertures extended
25 nm into the glass layer to simulate effects due to overetch-
ing, as experimentally observed during the FIB milling proc-
ess. Plane monitors were placed in the near field, directly
above (for the incident reference fields) and beneath the aper-
ture (to calculate total transmittance).

D. Notation
There are two distinct properties of the transmitted light that
will vary depending on whether the system is in the subwave-
length or geometric regime. The first property is that the ratio
of the spectrally normalized transmittance (T , as obtained via
the method reported in Section 2.B) to the cross-sectional
area of the aperture (A) will remain constant in the geometric
regime (regardless of aperture shape or size), but may be var-
iable in the subwavelength regime (in other words, the T∕A
curve should be flat in the geometric regime, regardless of
all other factors). To facilitate this analysis, much of the data
presented below will be plotted in terms of the quantity
τ � T∕A, i.e., the normalized-to-area light transmission. The
expression of τ for circular apertures in full notation is

τ2a�λ;ϕP� � T2a�λ;ϕP�∕A2a; (1a)

where A2a � πa2. The full expression of τ for rectangular
apertures is

τw;l�λ;ϕP� � Tw;l�λ;ϕP�∕Aw;l; (1b)

where Aw;l � wl. The second property is that the transmit-
tance will be independent of the angle of polarization in the
geometric regime, but it may be polarization-dependent in the
subwavelength regime, especially for nonrotationally symmet-
ric apertures, such as rectangular slits.

3. RESULTS AND DISCUSSION
A. Polarization-Dependent Light Transmission
Figure 3(a) reports the normalized light transmission through
a rectangular aperture with l � 10 μm and w � 150 nm, as a
function of both incident wavelength (λ) and polarization an-
gle (ϕP , with 0° ≤ ϕP ≤ 90° in steps of 1°). The data were nor-
malized against a curve with l � 10 μm and w � 2 μm, which
is guaranteed to be in the geometric regime for the wave-
lengths used here (550–750 nm)—as mentioned before, this
is necessary to factor out any spectral and polarization
dependence in the experimental apparatus. The experimental

data reported in Fig. 3(a) show significant trends, in particular
(1) for any given polarization angle, the normalized transmit-
tance decreases with increasing wavelength and (2) for a
given incident wavelength, the normalized transmittance in-
creases as the polarization is varied from 0° to 90°. It may
be tempting to reconstruct the experimental curves by just re-
curring to the two orthogonal polarization states (0° and 90°)
considered as an orthonormal basis, according to the follow-
ing equation:

Tw;l�λ;ϕp� � Tw;l�λ; 0°�cos2 ϕp � Tw;l�λ; 90°�sin2 ϕp: (2)

In other words, once the Tw;l�λ; 0°� and Tw;l�λ; 90°� curves
have been found for a particular aperture, the transmittance
spectrum at any other polarization angle can in principle be
reconstructed (due to the symmetry of the system, only the
range 0° ≤ ϕP ≤ 90° is needed). Figure 3(b) uses Eq. (2) to re-
create all of the intermediary curves. The good agreement
(within experimental error) between Figs. 3(a) and 3(b) dem-
onstrates the validity of this approach, at least from a quali-
tative point of view; the origin of the small disagreement
between experimental and reconstructed curves is currently
under investigation, and it will be reported and clarified in
more detail elsewhere. Without loss of generality, the remain-
der of the paper will only report data relative to the two
orthogonal polarization angles, i.e., ϕP � 0° and ϕP � 90°.

B. Rectangular Slit, Variable Width
Figure 4 presents the data for aperture group 1: rectangular
slits with variable widths (w) and a constant length of
l � 10 μm. In all cases, the horizontal axis is the unitless quan-
tity w∕λ, which identifies the transmission regime in question
(smallw∕λ on the left for subwavelength; largew∕λ on the right
for geometric). Each individual curve corresponds to a specific
value ofw and spans from λ � 550 to 750 nm. Panels (a) and (b)
(ϕP � 90° and 0°, respectively) are essentially transmission
spectra, but with the modifications mentioned above to more
easily analyze the data: (1) plot τ (= transmission/area) instead

Fig. 3. Using orthogonal polarization states to recreate transmit-
tance spectra at intermediate ϕP values (0° < ϕP < 90°). (a) Experi-
mental transmission spectra for a rectangular slit (length l � 10 μm,
width w � 150 nm), normalized against the spectrum of a wider slit
(w � 2 μm). Each curve corresponds to a different angle of polariza-
tion, from 0° to 90° in steps of 1°. (b) Using Eq. (2) and the two ex-
perimentally found basis curves (ϕP � 0° and 90°), the transmission
spectrum can be recreated for any intermediate angle.
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of just transmission, and (2) normalize against the widest slit
(here, w � 2000 nm).

As predicted above, the data exhibit a polarization-
dependent trend in the subwavelength regime, but not in
the geometric regime, and the value of τ stays constant in the
geometric regime. To help facilitate the analysis, it will be as-
sumed that the incident beam contains non-normal wavevec-
tors (which is quite reasonable). To fix the ideas, consider an
incident wavevector in the plane formed by the surface nor-
mal and the long axis of the slit [the x–z plane in Fig. 2(b)].
When in the ϕP � 90° polarization state, all the electric field
components along the direction of incident propagation are
zero, corresponding to a TE mode. As such, the observed
behavior of the ϕP � 90° curve can be understood using wave-
guide analysis. The curve should be flat in the fully idealized
scenario, since no cutoff exists for the first TE mode. The
propagation wavenumber β for a guided mode propagating
through the slit in the z direction is defined as β ���������������������������������������������������������������
�2π∕λ�2 − �mπ∕l�2 − �nπ∕w�2

p
, where m and n are non-

negative integers (0; 1; 2;…) that cannot equal zero simultane-
ously. If β is real, the wave will not be “cutoff” as it travels
through the slit, corresponding to high transmittance. How-
ever, if β is imaginary (which occurs if the argument in the
square root function is negative), the amplitude of the wave
will decay exponentially as it travels through the slit (i.e., cut
off), corresponding to low transmission. The lowest-order TE
mode that can be excited is called TE10 (m � 1, n � 0). After
some straightforward algebra, the cutoff condition (β � 0) is
revealed to be l∕λ � 0.5. This threshold is never reached for
the scenario in Fig. 4(a) (TE mode, l � 10 μm; maximum
wavelength, λ � 750 nm), which explains why cutoff is never
observed. The small dip in transmittance in the subwavelength
regime can be explained by the increased optical diffraction at
the output mouth of the slit as w∕λ decreases, which causes a
decrease in the light intensity collected by the fixed NA objec-
tive lens. The collection efficiency (η) of the lens is plotted
with the black curve in panel (a), assuming Fraunhofer dif-
fraction behavior (see Appendix A). Since the two data sets
(experiments and simulations) in panel (a) exhibit similar
trends, it is clear that this provides the explanation as to
why the experimental curve deviates from a constant value
of 1 for w∕λ < 1.

The data in Fig. 4(b) show a much stronger decrease for
w∕λ < 0.5, which cannot be accounted for by the decreased
collection efficiency alone. When the angle of polarization
is ϕP � 0°, there will be an electric field component along
the direction of propagation, but no magnetic field compo-
nent, thus making it a TM wave. The wavenumber is now
β �

��������������������������������������������������������������
�2π∕λ�2 − �mπ∕w�2 − �nπ∕l�2

p
, with m and n being posi-

tive integers (1; 2; 3;…). The cutoff condition is found by con-
sidering the lowest-order TM mode (TM11). Considering that
l ≫ w, the cutoff condition (β � 0) is met when w∕λ � 0.5, or
when the slit width is half the incident wavelength. Indeed,
there is clearly a strong cutoff at the onset of the subwave-
length regime, but the threshold value is closer to w∕λ � 0.4.
This can be partially explained by the fact that the wavenum-
ber formula was derived assuming perfectly conducting walls
—while silver has a very high conductivity, it is still finite. A
red shift in the cutoff condition is therefore expected for rec-
tangular waveguides in real metals, due to the fact that the
fields have a finite, yet evanescent, extension into the metal

sidewalls, due to the finite conductivity of the metal. There-
fore a slit in a real metal, with given width w, can support a
mode with slightly longer wavelength than dictated by the cut-
off condition for perfect metals [9].

An intermediate light transmission regime is observed in
Figs. 4(a) and 4(b), corresponding to values of w and λ such
that 0.5 < w∕λ < 1.5. This transition between the geometric
and the subwavelength regimes is characterized by the wave-
length and the aperture dimensions being comparable, so the
resonant behavior of the system is more prominent [44]. In
this regime, cavity modes can affect the normalized transmit-
tance. For instance, the inset in Fig. 4(a) shows that the wave-
length at which maximum normalized transmission occurs,
for a given slit width, red shifts with increasing width. The
wavelength at which maximum transmission occurs matches
the width of the slit (slightly red shifted because of the finite
conductivity of the metal), indicating that the maximum in

Fig. 4. Relationship between the normalized transmittance-to-area
ratio (τ) and the width-to-wavelength ratio for aperture group 1 (rec-
tangular slit, constant length l � 10 μm) when (a) ϕP � 90° (TE) or
(b) ϕP � 0° (TM). In the insets, the vertical axis is the same as the
main panels, but now the horizontal axis is wavelength. The dashed
black curve in panel (a) is the predicted collection efficiency of the
microscope, assuming Fraunhofer diffraction behavior. (c) Experi-
mental extinction ratio, demonstrating the strong polarization depend-
ence in the subwavelength regime. In all three panels, each individual
curve corresponds to a specific value of w (ranging from 100 to
2000 nm in steps of 50 nm); each curve is obtained by taking the trans-
mittance spectrum for 550 nm < λ < 750 nm, with a spectral resolu-
tion of 0.3 nm.
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light transmission is determined by a cavity resonant mode
across the slit width, when w � λ and when the electric field
is perpendicular to the long slit axis, i.e., for ϕP � 90°.

On the other hand, the inset in Fig. 4(b) shows that the
wavelength at which maximum normalized transmission oc-
curs for the case of an electric field polarized parallel to the
long axis of each slit, i.e., ϕP � 0°, is equal to ∼690 nm, inde-
pendently of slit width. This effect can be attributed to the fact
that the depth of the silver film in which the slit is etched is
∼0.3 μm thick. Assuming a perfect conductor, the minimum
wavelength that can fit vertically into this aperture is 0.6 μm.
However, when the slits were etched using FIBmilling into the
0.3-μm-thick silver film deposited onto a glass substrate, we
overetched by ∼25–50 nm into the glass substrate to ensure
that the slits were indeed etched all the way through and
in order to reduce tapering effects. Coupled with the fact that
the experiments were conducted on real Ag (instead of a per-
fect conductor), it is expected that a peak in transmission
caused by a resonant cavity mode in the vertical direction
(the slit depth) would occur somewhere in the range between
650 and 700 nm, as experimentally observed in the inset of
Fig. 4(b).

To quantify the efficiency of rectangular slits as optical po-
larizers, the extinction ratio (re, defined as the ratio of the
maximum transmission to the minimum transmission, here
taken to be re � Tw;l�λ; 90°�∕Tw;l�λ; 0°�) is plotted in Fig. 4(c).
Although the trends largely confirm what has already
been established—that the system is heavily polarization-
dependent in the subwavelength regime, and polarization-
independent in the geometric regime—this figure provides
an interesting glimpse into how the system transitions from
one regime to the other. For an intermediary region (taken
here to be 0.5 < w∕λ < 1.5), the extinction ratio dips below
1 at some points (that is, transmission for the ϕP � 0° curve
is higher than transmission for the ϕP � 90° curve) due to the
cavity modes responsible for local maxima observed in the
insets of Figs. 4(a) and 4(b). Experimentally, the extinction
ratio is >100∶1, and it is expected to increase for smaller slit
widths. In practice, this can be useful for studying plasmoni-
cally enhanced photovoltaic devices, where incident light is
scattered by a collection of rectangular corrugations for en-
hanced light trapping—understanding the wavelength and
polarization dependence, especially in the visible range, will
assist with device optimization [47].

C. Rectangular Slit, Variable Length
Figure 5 presents all of the relevant data for aperture group 2
(variable length, constant width,w � 100 nm). Analysis of the
underlying physics in this scenario is complicated by the fact
that one of the two dimensions of the rectangular slit (i.e., the
width) is always subwavelength. In Fig. 5(a), the system is
under TE illumination conditions, since ϕP � 90° (recall that
the plane of incidence is hereby defined by the surface normal
and the long axis of the slit). In the geometric regime, the nor-
malized transmission-to-area ratio remains practically con-
stant up until l∕λ ∼ 1 (since the fundamental TE mode is not
cut off in this regime). The curve increases slightly at around
l∕λ ∼ 0.5 as a result of the formation of a resonant cavity
mode. In the subwavelength regime (l∕λ < 0.5), the mode is
cut off, resulting in a sharp decrease in transmitted intensity.
For TM illumination [ϕP � 0°, Fig. 5(b)], as the slit length is

decreased, the transmission steadily increases up until l∕λ ∼
0.5 (while the TM mode is cut off for a very long slit, slits with
smaller lengths can support the TE mode, which is no longer
cut off, therefore contributing to an increased light transmis-
sion); for l∕λ < 0.5 the transmitted intensity starts to decrease
again, since both dimensions become subwavelength and the
fundamental mode (either TE or TM mode, undistinguishable
for w � l, by symmetry) becomes cut off. Figure 5(c) reports
the extinction ratios re for slits with constantw � 100 nm and
varying length. As shown in the figure, re is always >100∶1 for
long slits, and for any given slit width, the extinction ratio is
higher for longer wavelengths, as intuitively expected, since
longer wavelengths are characterized by lower transmittance
under TM illumination conditions. As l∕λ decreases, in particu-
lar for l∕λ < 0.5, the extinction ratio drops and it quickly tends
to 1, when l andw become equal. This is expected, since when
w � l, the rectangular slit becomes rotational symmetric with
respect to a rotation operation of 90°, and the extinction ratio
for such an aperture equals 1.

Fig. 5. Relationship between the normalized transmittance-to-area
ratio (τ) and the width-to-wavelength ratio for aperture group 2 (rec-
tangular slit, constant width l � 100 nm) when (a) ϕP � 90° (TE) or
(b) ϕP � 0° (TM). (c) Experimental extinction ratio. In all three panels
each individual curve corresponds to a specific value of l (ranging
from 150 to 2000 nm, in steps of 50 nm); each curve is obtained by
taking the transmittance spectrum for 550 nm < λ < 750 nm, with a
spectral resolution of 0.3 nm.
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D. Circular Slit, Variable Diameter
The final data set uses circular apertures, with the diameter
ranging from 2a � 250 to 1950 nm. Both orthogonal polariza-
tions were measured; each curve (for an individual value of
2a) is the average of the two polarizations (this helps account
for any small variability in hole shape). The color curves in
Fig. 6(a) are the experimental data for normalized τ; the solid
black curve represents the theoretical value of the normalized
τ based on the model provided by Yi et al. [43]. Reference [43]
expanded on the Fraunhofer model of diffraction from circu-
lar apertures to create a formula for the scattering cross sec-
tion, σ�θ;φ� (defined as the power flux per solid angle along
the direction defined by θ and φ). The full expression is pro-
vided in Appendix A, but the basic form is σ�θ;ϕ� � σ0�Ip�θ�
�cos2 ϕ� � Is�θ��sin2 ϕ��, where Ip and Is are the normalized
angular distributions of the p and s radiative modes, respec-
tively (these terms depend on the conductivity of the metal,
the wavelength, and the radius; σ0 is independent of angle).
To bring the notation in line with this report, the scattering
cross section will be written as σ2a�θ;φ; λ�. The angle θ is still
between the z axis and the position vector r. The angle φ will
be defined via the direction of the electric field vector of the
incident beam (that is, ϕ � 0° corresponds to the direction of
the in-plane component of the incident field). It can easily be
shown that

τ2a�λ�
τ2a�1.95 μm�λ�

�
R
lens σ2a�θ;ϕ; λ�dΩR

lens σ2a�1.95 μm�θ;ϕ; λ�dΩ

�
R θc
0 σ2a�θ; λ��sin θ�dθR θc

0 σ2a�1.95 μm�θ; λ��sin θ�dθ
; (3)

where dΩ is the solid angle subtended by the objective lens
(by symmetry, the azimuthal integration becomes trivial).
The agreement between the experimental data and the model
helps reaffirm its validity, but the real usefulness of this analy-
sis is shown in Fig. 6(b). Here, the experimental data have
been “corrected” by normalizing against the collection effi-
ciency calculated using the diffraction model developed by
Yi et al. [43] at each point; the gray curve is obtained directly
from 3D FDTD simulations. The agreement between the two
data sets demonstrates the validity of using this technique to
correct for far-field data collection in circular apertures. Note
that the model for σ�θ;φ� explicitly assumes that the aperture
is subwavelength, which allows the analysis to be simplified
by only considering the fundamental waveguide mode. The
good agreement in the geometric regime (2a∕λ > 0.5) invites
further study into how much higher-order waveguide modes
affect the output relative to the fundamental mode.

One striking difference between the rectangular slits (Fig. 4,
inset) and the circular holes (Fig. 6, inset) is that the individual
single-size curves in the former exhibit local maxima as a
function of wavelength; in the latter, minima are observed.
A possible explanation can be found by recurring to the phase
shift light undergoes after it is coupled into a guided SPP
mode. More specifically, for propagating SPPs, if the corruga-
tion is rectangular, the phase shift is π [48]; if the corrugation
is circular, the phase shift is π∕2 [30]. However, this point cer-
tainly deserves further studies.

It is interesting to note that the location of the local extreme
is found to be independent of shape. In the ideal case, reso-
nance would occur at λ � 600 nm, which is twice the nominal
thickness of the silver film. For the circular hole data [inset of
Fig. 6(a)], the minima occur at around λ � 650 nm. The dis-
crepancy can be explained by overetching into the glass
substrate—circular holes typically require a smaller ion beam
dose than rectangular slits to be milled, which explains why
this value is slightly smaller than the result in the inset of
Fig. 4(b).

Despite being corrected for collection efficiency, the nor-
malized light transmission reported in Fig. 6(b) decreases with
decreasing hole diameter, especially for 2a∕λ < 0.5. The
FDTD data, extracted by using the total light transmitted
through a plane monitor placed in the near field of the output
mouth of each hole and extending for several micrometers
around the hole, also support this trend. A possible explana-
tion for the <1 value of normalized light transmission for
2a∕λ < 0.5 is that part of the scattered fields at the output
mouth of the aperture is not coupled to radiative modes,
but confined at the metal/dielectric interface in the form of
SPPs which do not contribute to the measured light transmis-
sion. Indeed, subwavelength holes can efficiently couple inci-
dent light into propagating SPPs that, while propagating away
from the hole, can carry a significant fraction of the incident
energy away from the transmitted beam [30], thus justifying
the reduced light transmission observed in Fig. 6(b).

Fig. 6. (a) Relationship between the normalized transmittance-to-
area ratio (τ) and the diameter-to-wavelength ratio for the circular
apertures (color), along with a theoretical curve based on the work
of Yi et al. (solid black) [43]. The transmission spectra for both
orthogonal polarization states were recorded; the individual curves
represent the average value. In the inset, the vertical axis is the same
as the main panel, but now the horizontal axis is wavelength. (b) Using
the Yi et al.model to correct the experimental data. The experimental
(color) curves in this panel were obtained by dividing the color curves
from panel (a) by the model curve. Gray: simulated normalized τ
curves obtained using 3D FDTD simulations. In both panels, each indi-
vidual curve corresponds to a specific value of 2a (ranging from 250 to
1950 nm in steps of 50 nm); each curve is obtained by taking the trans-
mittance spectrum for 550 nm < λ < 750 nm, with a spectral resolu-
tion of 0.3 nm.
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4. CONCLUSION
The data presented in this report provide an exhaustive exper-
imental study of light transmission through nanoscale aper-
tures of various size and shape in a real metal film (silver).
By varying the size and shape of the nanoapertures as well
as the incident wavelength, we have determined a universal
behavior of light transmission as a function of the nondimen-
sional quantity represented by the ratio between a character-
istic feature dimension of the aperture (such as the width or
the length for a rectangular slit, and the diameter for a circular
hole) and the free-space wavelength. We have investigated the
role of polarization of the incident light on the transmission
properties for rectangular nanoslits, quantified their charac-
teristic extinction ratio, and revealed a universal behavior de-
pending only on the dimensionless ratio of slit width divided
by wavelength. We have also explained the observed behavior
recurring to simple theoretical arguments, and specifically for
the case of circular holes, we have demonstrated excellent
agreement with a recently developed theory of light diffrac-
tion. The experimental data reported in this work can serve
as a valuable guide for the development of more accurate the-
ories of light transmission through apertures in real metals.

APPENDIX A
The collection efficiency (η) of a lens is a measure of how
effectively it will collect the entire transmitted signal as a func-
tion of slit size, wavelength, etc. It is defined as

η�w; λ; θc� �
�Z

θc

0
jU�w; λ; θ�j2dθ

!
∕

�Z
π∕2

0
jU�w; λ; θ�j2dθ

�
;

(A1)

where U�w; λ; θ� is the complex amplitude of the diffracted
wave within the far field and θc is the half-angle representing
the lens aperture, defined as θc � arcsin�NA∕n�, where NA is
the NA of the objective lens and n is the refractive index of air
(in this experiment, NA � 0.6, n � 1, and θc � 36.9°). The cor-
responding maximum collection angle in glass is given by
θc;glass � arcsin�NA∕nglass� ≈ 24.4°, such that θc;glass < θcrit,
where θcrit is the critical angle at which total internal reflec-
tion between the glass/air interface occurs (θcrit ≈ 43.6°).
Therefore the correction to the collection efficiency expres-
sion due to reflection losses at the glass/air interface is neg-
ligible (not shown). The numerator in Eq. (A1) represents the
optical intensity collected by the finite NA lens; the denomi-
nator represents a normalization factor (note: due to the azi-
muthal symmetry of the system, only integration over θ needs
to be considered). The Fraunhofer model provides formulas
for U in both the rectangular (R) and circular (C) cases.
The expressions are

UR�w; λ; θ� � sin�uR�w; λ; θ��
uR�w; λ; θ� ; (A2a)

where uR�w; λ; θ� � πw sin�θ�∕λ, and

UC�a; λ; θ� � 2π
J1�uC�a; λ; θ��
uC�a; λ; θ�

; (A2b)

where uC�w; λ; θ� � 2πa sin�θ�∕λ and J1�x� is the first Bessel
function of the first kind. Figure 4(a) shows a plot of the

collection efficiency for rectangular slits as a function of
w∕λ (gray curve) in the Fraunhofer approximation; Fig. 6(a)
shows a plot of the collection efficiency for circular holes as a
function of 2a∕λ (gray curve) using the Fraunhofer approxi-
mation (dashed line). The solid line has been calculated recur-
ring to Yi’s model as described in detail in the main text.

From Ref. [43], the normalized angular distributions from p
and s polarizations of the radiative modes are given by

Ip�θ� �
j1� zsj2cos2�θ�
j cos�θ� � zsj2

4J2
1�Φ�
Φ2 ; (A3a)

Is�θ� �
j1� zsj2cos2�θ�
j1� zs cos�θ�j2

4J 02
1 �Φ�

�1 −Φ2∕u2�2 ; (A3b)

withΦ � ka sin�θ�, k � 2π∕λ, and u ≈ 1.84 being the first root
of the derivative of the Bessel function of the first kind, J 0

1�u�
(different from what is stated in Ref. [43]). The metal proper-
ties are characterized by the surface impedance zs � ε−1∕2m ,
where εm is the dielectric constant of the metal. The normali-
zation factor σ0 is a factor that controls the total transmittance
but does not affect the radiation pattern. It is equal to
σ0 � k2r2�4π�u2

− 1��−1jE0
11j2j1� zsj−2, where E0

11 is the ampli-
tude of the TE11 mode at the hole opening. E0

11 is a function of
wavelength λ, the diameter of the hole 2a, the metal thickness,
and the dielectric constant of the substrate. It should be noted
that I�θ � 0;ϕ� � Ip�0� � Is�0� � 1.

To obtain the normalized transmitted intensity, we calcu-
lated the diffraction pattern of the incident light beam from
each hole as a function of hole diameter, and numerically
evaluated the fraction of the diffracted light intensity collected
by the objective lens with fixed NA � 0.6. More specifically,
σ�θ;ϕ� was integrated over the variables θ and ϕ, with θ vary-
ing from 0 to the collection angle θc � arcsin�NA∕n� with
n � 1, while ϕ varied from 0 to 2π.
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