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Abstract
We numerically assess the light propagation and distribution characteristics of electromagnetic
fields on nanopores formed in dielectric and metal/dielectric membranes using a
frequency-domain finite element method (3D full-wave electromagnetic field simulation).
Results of such studies were used to identify aluminum as an ideal material for use in optically
thick metal/dielectric membranes. The comparison between SiN and Al/SiN membranes (with
and without a submicron sized aperture) was numerically and experimentally shown to verify
the effect of optically thick metal layers on light propagation and fluorescence excitation. The
cut-off behavior for Al/SiN membranes with varying pore diameters was investigated in terms
of light propagation, distribution of electromagnetic fields, and light attenuation characteristics.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The development of micro- and nanofluidic systems for use
in the chemical and biological sciences has been driven by
a range of fundamental attributes that accompany system
miniaturization. These include the ability to handle small
volumes of fluid, enhanced analytical performance when
compared to macroscale systems, low unit costs, facile
integration of functional components and the ability to
exploit atypical fluid flow to control molecules in both
time and space. More recent efforts have started to center
on scaling down such systems to create features such as
channels and pores with cross-sectional dimensions most
conveniently measured in nanometers. These ‘nanofluidic’
devices herald new opportunities for fundamental studies of
biological and chemical phenomena [1, 2]. A number of crucial
characteristics discriminate fluid flow at the nanoscale from
flow in larger environments. First, natural scaling lengths such

4 These authors contributed equally towards this publication.
5 Address for correspondence: Department of Chemistry, Imperial College
London, South Kensington, London SW7 2AZ, UK.

as the Debye screening length and hydrodynamic radius are
of a similar magnitude to the dimensions of the nanostructure
itself. Second, fluids can no longer be considered as continua
but as ensembles of individual molecules. Third, typical
surface-to-volume ratios are extremely high and so both local
charge differences and surface roughness inside nanoscale
conduits cannot be ignored. Finally, at the nanoscale diffusion
becomes an extremely efficient mass transport mechanism.
Accordingly, these characteristics can be exploited to develop
new analytical platforms.

Recent studies have demonstrated that nanopores struc-
tured in thin insulating membranes can act as a single-molecule
sensors [2, 3]. Such an approach makes it possible to explore
discrete molecular phenomena (rather that ensemble-averaged
information), operate at extremely high analytical through-
put and in theory achieve perfect molecular detection efficien-
cies. Accordingly, nanopores in insulating membranes have
emerged as promising candidates for sensing single-molecule
translocation events. A key advantage of such an approach is
that the target species is confined to a three-dimensional region
with dimensions on the same scale as the target itself. Thus de-
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Figure 1. Geometries for simulations by frequency-domain finite element method: case 1 is used for assessing the ideal metallic layer and
case 2 is used for determining light propagation as a function of nanopore diameter.

tectable signals from the species are amplified to significantly
improve signal-to-noise ratios. In addition, the very short
translocation lengths associated with the membrane structure
make decontamination facile whilst maintaining effective spa-
tial confinement for single-molecule detection.

To date, the detection of translocation events in such
nanopores systems has been performed electrically by measur-
ing changes in ionic conductivity. Molecules electrophoret-
ically driven through a nanopore by an electric field physi-
cally block the pore and so produce a temporal change in cur-
rent. This principle is quite straightforward for the detection
but does exhibit some undesirable phenomena. These include
asymmetric current–voltage curves, large variability in con-
ductance, low frequency conductance fluctuations and the for-
mation of nanobubbles inside pores [3, 4]. Recently, Chansin
et al (2007) reported a novel approach for optical detection
of DNA translocation events through solid-state nanopores
while independently controlling the external voltage that drives
molecules through the nanopores [5]. This proof-of-concept
study illustrates the potential for ultra-high throughput and par-
allel analysis at the single-molecule level. In essence, each
individual subwavelength pore acts as waveguide for fluores-
cence excitation with a metallic layer on the free-standing
membrane acting as an optical barrier between the illumination
region and the analyte reservoir. This allows for high-contrast
imaging of single-molecule translocation events through mul-
tiple pores and with minimal background or noise. Herein we
report numerical simulations that assess light propagation and
associated electric field distributions through subwavelength

pore in dielectric and metal/dielectric membranes. Our focus
centers around optimal material selection for optically thick
metal/dielectric membranes and the effects of pore diameter
on the light confinement and detection of translocation events.

2. Methodology

2.1. Numerical simulation

To numerically simulate the behavior of light propagation
through both dielectric and metal/dielectric membranes with
and without a nanopore, a commercially available frequency-
domain finite element method (FEM) solver (3D full-
wave electromagnetic field simulation, HFSS™, Ansoft
Corporation, USA) based on Maxwell’s equations is used. The
dimensions of the simulation geometry is comparable to the
wavelength of the illumination source (λ = 488 nm); therefore,
full-wave electromagnetic simulations were performed at
614.8 THz (the frequency of the illumination source).
Furthermore, all material parameters that are used in this
numerical approach are values at this frequency. In contrast
to an ideal conductor, a real metal will transmit some
electromagnetic radiation due to the inherent dispersion of the
metallic dielectric function. This will create a finite penetration
depth determined by complex permittivity values and the
wavelength of the radiation of interest. Thus, light-induced
oscillations of quasi-free electrons in the real metal (Drude
model) are considered as complex permittivity values [6].

The general structures of the two geometries investigated
are shown schematically in figure 1. Case 1 is used to assess
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the blocking efficiency of the ideal metallic layer from incident
light while case 2 is used to determine light propagation
as a function of the nanopore diameter. All geometries
contain both dielectric and metallic layers comparable with
the dimensions of multi-layered membranes that were used
to compare with experimental results. These cases correlate
nicely with what has recently been reported by Chansin
et al [5]. The authors describe the use of a metallic layer
within a nanopore configuration to suppress light propagation
through the membrane off the pore-axis. This resulted in
the possibility of high-contrast imaging of single-molecule
translocation events. Accordingly, it is essential that the
metallic layer is able to efficiently block incident light whilst
not appreciably extending the nanopore length. It should
be noted that although a thicker metallic layer will result
in a higher contrast, the extension in nanopore length will
increase the likelihood of pore blockage. In this paper,
we further develop this concept by performing full-wave
electromagnetic simulations to optimize nanopore platforms
for single-molecule fluorescence spectroscopy.

An individual nanopore that is characterized by its
diameter and the thickness of a free-standing membrane can
be considered as an electromagnetic waveguide carrying waves
over a portion of the electromagnetic spectrum. However, the
transmission of light through a nanopore having a diameter less
than the wavelength of the excitation source is significantly
different from the propagation in empty space [7]. The spatial
confinement within such nanopores modifies the dispersion
relation of electromagnetic field. The lateral dimensions of
the pore define the wavelength at which light can no longer
propagate through the nanopore (defined as a zero-mode
waveguide) and also determine the electric field magnitude
inside the nanopore. The propagation of light through the
nanopore presented in figure 1 can be described in terms of a
circular waveguide with metallic/dielectric surfaces, for which
the cut-off wavelength is determined by the diameter of the
waveguide. Experimentally, it is important to ensure that the
electric field is limited to regions inside the pore, so that the
detected fluorescence (after excitation) provides an accurate
representation of the translocation time. Consequently,
numerical simulations for pores with various diameters can be
used to investigate the variation of the electric field through
the pore and along the off-pore axes. Such information will be
useful to determine the proper extraction of translocation times
from the fluorescence signature.

The boundaries of the computation domain in both the
x and y directions are terminated with a periodic boundary
condition (PBC) that assumes a repeating geometry along
both the x and y directions. This repeating geometry
depicts an actual nanopore-array which compares well with the
experimental device. Incident light is located at the bottom of
the computation domain (z = −800 nm) and the top boundary
is defined by a radiation boundary condition [8], which allows
wave propagation infinitely into space. The simulations
utilize incident light with the wavelength of 488 nm and an
electric field polarized along the x-axis. This illuminates both
dielectric and metal/dielectric membranes at normal incidence.
The background medium is divided into upper and lower

Figure 2. Schematic diagram of a custom built confocal microscope
(MM—a moveable mirror, DC—a dichroic mirror, L1,
L2—plano-convex lenses, PH—a precision pinhole and
APD—avalanche photodiodes).

regions by the metal/dielectric membrane and it is water
(εr = 1.77). The properties of both dielectric and metallic
materials that are used in all simulations are summarized in
table 1. Refractive index and extinction coefficient values
of the dielectric and metallic layers at the wavelength of
488 nm (the frequency of 614.8 THz) were obtained by
interpolation of the data reported in [9] and converted to
complex permittivity values for electromagnetic simulations.
All media are assumed to be isotropic and homogeneous. The
thicknesses of dielectric and metallic layers are the same as
those used in the experimental studies reported in [5], i.e. the
thickness of dielectric layer, tD = 200 nm, and the thickness of
metallic layer, tM = 100 nm.

2.2. Experimental assessment

The fabrication procedure of the SiN and Al/SiN membranes
is as follows. Silicon nitride was deposited by low pressure
chemical vapor deposition (LPCVD) at a temperature of
825 ◦C using ammonia and dichlorosilane gases resulting in a
SiN thickness of 200 nm. The SiN free-standing membranes
with a 100 μm × 100 μm window was fabricated on the
silicon substrate wafer using photolithography and KOH wet
etching. Al was deposited on each membrane by thermal
evaporation with a deposition rate of 1 Å s−1 to obtain
an Al/SiN membrane thickness of 100 nm. In order to
assess the effect of metallic layer on screening the incident
light, we used a custom built confocal microscope, which
is schematically illustrated in figure 2. An ultraviolet (UV)
lamp was used as an excitation source in this assessment
and it was filtered to obtain the wavelength of 488 nm.
The UV light was then reflected by the dichroic mirror
(DC: 505DRLP02, Omega Optical, Brattleboro, VT) and
into the back aperture of a water immersion objective lens
60×. This brought the UV light to a tight focus on the
bottom side of a SiN membrane and an Al/SiN membrane.
Subsequently, fluorescence emission was collected with the
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Table 1. Optical and dielectric properties that are used for the simulation at the wavelength of 488 nm.

n a k a Reflectivity ε′ b ε′′ b

Si 4.37066 0.08006 0.28464 19.09624 0.69982
SiN 2.0434 0 0.04472 4.17547 0
SiO2 1.46287 0 0.00226 2.14 0

Ag 0.23904 3.01143 0.88971 −9.01155 1.43971
Al 0.73177 5.93557 0.9014 −34.69554 8.68695
Au 0.9944 1.56924 0.3274 −1.47369 3.12089
Cr 2.36877 4.38807 0.61738 −13.6441 20.78862
Cu 1.14158 2.52807 0.51414 −5.08793 5.77198
Pt 1.93924 3.37017 0.53203 −7.59742 13.07114
Ti 1.76754 2.36924 0.38169 −2.48908 8.37546

a ñ = n − ik where i = √−1.
b ε̃(ω) = ε′(ω) + iε′′(ω) where ε′(ω) = n2 − k2 and ε′′(ω) = 2nk.

Table 2. Transmittance (dB) through different membranes.

No metal Ag Al Au Cr Cu Pt Ti

Si −7 −35 −70 −21 −53 −31 −41 −30
SiN −0.8 −31 −68 −16 −50 −27 −38 −26
SiO2 −0.01 −30 −68 −15 −50 −26 −38 −25

same high-NA objective and transmitted through the same
dichroic mirror. An emission filter (515EFLP, Omega Optical)
removed any residual excitation light and a plano-convex lens
(L1: +50.2F, Newport Ltd) focused the fluorescence onto a
precision pinhole (PH: 200 μm, Melles Griot, Huntingdon,
Cambridgeshire, UK). The pinhole was positioned in the
confocal plane of the microscope objective. The avalanche
photodiodes (APD: AQR-141, EG&G, Perkin-Elmer) was
coupled to a multifunction DAQ device for data logging (USB-
6008, National Instruments) and has sub-microsecond time
resolution per channel. Alternatively, a movable mirror (MM)
was used to reflect white light from the experimental chamber
onto an emCCD camera for real-time visualization as well.
An UV light was directed to the lower side of the membrane
while DNA molecules were allowed to diffuse freely near the
upper reservoir. The solution contained double-strand λ-DNA
(48 kbp in length) duplexes, which were labeled with YOYO-1
(molecular probes) at a ratio of five base pairs per dye molecule
and the concentration of 100 pM was used. Data were acquired
at a time resolution of 50 μs and then resampled to 5 ms for
the further analysis.

3. Results and discussion

When detecting translocation events the signal-to-noise ratio
can be maximized by ensuring all residual fluorescence
(excited by the incident light through the membrane) is
removed. Accordingly, the metallic layer is crucial in
efficiently screening incident light at the wavelength of interest.
However, the choice of the metal depends on the refractive
index and complex permittivity of metals that are wavelength
dependent. Two figures of merit are useful when selecting an
appropriate metal for such a purpose. First, the reflectivity
which is defined as the ratio of the intensity of the radiation
reflected to the intensity of the incident radiation, and second,

the transmittance which is defined as the fraction of incident
radiation that passes through the membrane. Reflection of an
electromagnetic wave at the interface between two media (bulk
materials) is dependent on the refractive indices of the media
and the angle of incidence. The normal incidence reflectivity
at the interface between the aqueous medium and metal was
calculated using the optical properties of candidate materials
listed in table 1. These can be deposited using either a thermal
and an e-beam evaporation. The reflectivity (R) at normal
incidence for any absorbing media can be expressed as

R = (n1 − n2)
2 + k2

2

(n1 + n2)2 + k2
2

. (1)

Here nm is the refractive index of m(= 1, 2) and km is
the extinction coefficient of m(= 1, 2) [9]. Transmittance
values (dB) for different combinations of metal/dielectric
membranes containing no apertures was obtained by a
frequency-domain FEM simulation (table 2). The extinction
coefficients for dielectric materials such as silicon dioxide and
silicon nitride (which are commonly used as free-standing
membranes) are zero over the entire visible part of the
electromagnetic spectrum. Conversely, metals possess large
extinction coefficients and so are able to efficiently attenuate
visible light.

Among the chosen materials, aluminum is the best for
screening incident light, with the highest reflectivity and light
attenuation properties. Importantly, aluminum is also free from
both supporting surface plasmons (trapped electromagnetic
waves at a metallic/dielectric interface formed through
interaction with the free electrons in metal) and localized
surface plasmons (surface plasmon modes at the edges of the
hole) at the wavelength of 488 nm compared to silver (Ag) and
gold (Au) since its plasmon frequency significantly different
to the excitation wavelength. Specifically, for aluminum, the
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Figure 3. Numerical and experimental comparisons between a bare
SiN membrane and a Al/SiN membrane: (a) electric field distribution
(V m−1) in the bare SiN membrane, (b) electric field distribution in
the Al/SiN membrane and (c) experimental assessments in both
membranes using labeled DNA molecules, confocal optics and an
avalanche photodiode detector in photon-counting mode.

surface plasmon resonance (SPR) is located at ws ≈ wp/
√

2 =
10 eV or 124 nm, where ws is the surface plasmon frequency
and wp is the plasmon frequency [10]. In addition, aluminum
has a lower re-surface second harmonic generation radiation

efficiency than all noble metals [11]. The combination of
surface plasmons (SP) and subwavelength apertures can bring
about the extraordinary transmission phenomenon [7] and so it
should be avoided for the perfect measurement of translocation
events in this configuration.

After choosing aluminum as a screening metal for the
nanopore membrane, a numerical comparison of a SiN
membrane and an Al/SiN membrane (with and without a hole)
was performed. For these simulations, εr = −19.5 + j.5.3 for
aluminum, εr = 4.175 for silicon nitride and εr = 1.77 for
water background. Under real-world experimental conditions,
aluminum is easily oxidized when exposed to oxygen. During
the deposition, part of Al atoms can react with oxide atoms
while flying from the source to the substrate and so the
evaporated film contains some amount of AlOx within the
film. After the deposition, the film is exposed to air and
then there is the layer of AlOx layer formed by reaction at
the surface. An oxygen plasma to eliminate organic residues
and to ensure maintenance of a hydrophilic surface that used
in [5] results in the growth of aluminum oxide [12, 13]. Thus,
the refractive index dispersion of Al2O3 should be taken into
account in evaluating the complex permittivity of real Al films.
We consider the effective dielectric constant that is modified
rather that the bulk metal. The Maxwell Garnett mode of
effective medium theory (EMT) on permittivity was used to
obtain the permittivity values of the mixture of aluminum and
aluminum oxide [14].

εeff = ε1
(ε2 + 2ε1) + 2 f (ε2 − ε1)

(ε2 + 2ε1) − f (ε2 − ε1)
. (2)

Here ε1 and ε2 are the permittivity values of the host (Al)
and guest (Al2O3) and f corresponds to the volume fraction
of guest in the host. The detailed material characterization
of aluminum films containing aluminum oxide is beyond the
scope of this paper.

The electric field distributions in solid SiN and Al/SiN
membranes (without a hole) are illustrated in figure 3. The
sinusoidal variation of the electric field in the z-direction
(in the lower region) results from a standing wave pattern
generated by interference of incident and reflected radiation. It
should be noted that transmission of the electromagnetic (EM)
field is significantly reduced in the Al/SiN membrane whereas
attenuation is very weak in the SiN membrane without the Al
layer. These results, not surprisingly, confirm that the metallic
layer is critical in screening the electromagnetic field in the
areas outside the pore and thus ensuring that detected radiation
originates from that within the nanopore. We have also
experimentally assessed the penetration of radiation from the
lower region through the membrane using confocal optics and
an avalanche photodiode detector (APD) in photon-counting
mode (figure 3(c)). The UV source easily excited the DNA
molecules on top of the bare SiN membrane and so fluorescent
molecules that were resident in the confocal probe volume
could be detected. On the other hand, majority of the UV
source in the Al/SiN membrane was reflected at the Al surface
and attenuated through the Al film. Even if DNA molecules
had been excited by the attenuated laser, fluorescence through
the Al/SiN membrane would not have been detectable since
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(a)     (b) 

(c)                (d) 

(e)                 (f) 

Figure 4. Distributions of electromagnetic field (V m−1) as a function of pore diameter: (a) no pore, (b) 50 nm, (c) 100 nm, (d) 200 nm,
(e) 300 nm and (f) 400 nm.

the fluorescence signal experienced the attenuation again. In
addition, because only fluorescence signal is allowed through
the filters, reflected light was not added to the background
when performing measurements. Therefore, the fluorescence
signature was not detected and importantly, these experiments
support the results of the numerical simulations shown in
figures 3(a) and (b).

Figure 4 shows electromagnetic field distributions for
Al/SiN membranes containing nanopores of varying sizes.
It can be observed that as the pore size increases, more
energy is transmitted to the upper (screened) region. The
cut-off diameter in the circular waveguide clad with a perfect

conductor can be expressed as [15]

TEmn mode: d = χ ′
mn

π
λb (3a)

TMmn mode: d = χmn

π
λb (3b)

where χ ′
mn defines zeros of derivatives of the Bessel function

of the first kind, χmn defines zeros of the Bessel function
of the first kind and λb is the wavelength in the medium
propagating the waveguide. Since the TE11 mode is the
lowest frequency mode in our study, the cut-off diameter of
the circular pore at the wavelength of interest (488 nm) is
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Figure 5. (a) The variation of the electric field intensity (dB) along
the pore-axis as a function of pore diameter, (b) attenuation (dB)
through the aluminum layer as a function of pore diameter for
different layer thickness (h), and (c) diameter of a subwavelength
pore.

215 nm in the background medium. If the diameter of the
pore is below the cut-off diameter, the electromagnetic field

is just confined within the pore and thus no propagating modes
can exist (figures 4(b) and (c)). In this case, the intensity of
the electromagnetic field decays evanescently along the pore-
axis. However, because the thickness of the metallic layer is
much smaller (approximately five times) than the excitation
wavelength and the skin-depth in real metals (which reflects
the penetration of the electromagnetic field inside the walls),
the electromagnetic field inside a pore is partially attenuated.
Above the cut-off diameter, an appreciable amount of the
electric field is transmitted into the screened region as well as
within the dielectric layer, where the electric field is strongly
concentrated inside the pore (figures 4(e) and (f)). Both
TE11 and TM01 modes are supported in the 300 nm-diameter
pore. In addition, the TE21 mode is supported in the 400 nm-
diameter pore. It should be noted that analysis of the Al/SiN
membrane with pores sizes above the cut-off demonstrates
guided propagation within the dielectric layer that can interfere
with electric fields originating from adjacent pores.

Figure 5(a) illustrates the variation of the electromagnetic
field intensity (10 log10 |E |2, dB) along the pore-axis with
figures 5(b) and (c) describing attenuation (dB) through the
metallic layer as a function of the thickness of an Al layer
and the diameter of a subwavelength pore, respectively. The
attenuation through a cylindrical waveguide in a perfect
conductor below the cut-off diameter can be expressed as [16]

Ih

I0
= exp

⎡
⎣−4πh

λb

√(
λb

λc

2)
− 1

⎤
⎦ (4)

where λc is the cut-off wavelength, h is pore depth and Ih

is the intensity at depth h. As the thickness of an ideal
conductor increases, attenuation along the pore-axis increases
rapidly. As the pore diameter decreases, attenuation along
the pore-axis in the metallic layer increases. For pore
diameters of 0, 50 and 100 nm, points describing a 10 dB
loss are located within the 100 nm-thick aluminum layer.
However, it should be noted that for the 200 nm pore the
point describing a 10 dB loss is around 293 nm, which means
that the diameter of 200 nm is insufficient to confine light
within the pore. Hence the light confinement is achieved
through the use of smaller pore sizes and thicker metallic
layers. Moreover, the attenuation as a function of pore
diameter in a real aluminum layer is significantly lower than
that predicted for a perfect conductor and it also becomes
more sensitive to the background medium with the increase
in the pore diameter. Therefore, we summarize that there are
two attenuation mechanisms in nanopore-based multi-layered
membranes. One is the attenuation due to the bulk metal
layer to efficiently block the incident light and the other is the
attenuation through the pore below cut-off diameter. In order
to obtain the accurate time of translocation events through the
nanopore, the light should be perfectly confined within the
nanopores and so both the size of a nanopore, especially below
the cut-off diameter, and the thickness of a metallic layer are
the important engineering parameters to design an appropriate
nanopore-array for single-molecule level optical detection.
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4. Conclusions

We have numerically investigated the light propagation
and electromagnetic field distributions in nanopores within
dielectric and metal/dielectric membranes using a frequency-
domain FEM. Aluminum was selected as the best material
for optically thick metal/dielectric membranes on the basis of
reflectivity and transmittance characteristics. The comparison
between SiN and Al/SiN membranes containing no holes was
shown (both numerically and experimentally) to verify the
effect of an optically thick metallic layer on light propagation
and fluorescence excitation. The cut-off behavior in Al/SiN
membranes with different pore diameters was investigated in
terms of the phenomena of light propagation, electromagnetic
field distributions and light attenuation. The optimization
of this platform involves the consideration of clogging of
biomolecule inside the pore and difficulty of a high aspect
ratio nanopore with the constraint of minimum spatial and time
resolutions of optical detectors. We expect that this article
could provide guidelines for initial design and development
of the tool for high throughput biomolecular analysis at the
single-molecule level.
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