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Abstract
We present a novel approach to the fabrication of zero-mode waveguides (ZMWs) using
inexpensive processing techniques. Our method is capable of rapid fabrication of circular
nanoapertures with diameters ranging from 70 nm to 2 µm, allowing us to perform a detailed
characterization of the dependence of the fluorescence emission on the waveguide diameter.
We also validated the use of the fabricated ZMWs by detecting single molecule binding events
with a signal-to-noise ratio of ten.

(Some figures may appear in colour only in the online journal)

1. Introduction

Zero-mode waveguides (ZMWs) are nanoscale metal aper-
tures within which no propagating modes of light can
exist. The optical intensity of light incident at a ZMW
decays exponentially as a function of the depth, resulting
in a zeptoliter-scale excitation volume confined near the
entrance of the waveguide [1]. Consequently, ZMWs are a
powerful tool particularly for biophysicists, and make possible
for the first time the detection of single biomolecules at
physiologically relevant concentrations in the range of 1–100
micromolar [2, 3]. In recent years, ZMWs have enabled
studies of real-time DNA sequencing [2, 4, 5], protein–protein
interactions [6, 7], translation dynamics of mRNA [8, 9],
protein oligomerization [10] and lipid membranes [11–13].
These nanoscopic apertures have also been directly applied
to the study of single molecule dynamics in living cell mem-
branes [14]. Importantly, ZMWs require only equipment and
instrumentation that is commonly available in many biology
laboratories, thus making single molecule experimentation
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more widely accessible to the broader research community.
However, the technology remains beyond the reach of most
laboratories because fabrication of the devices themselves
remains highly specialized and expensive.

To date, ZMWs have been fabricated using vari-
ous advanced patterning techniques, including focused-ion
beam [15, 16], electron-beam (e-beam) lithography [2, 17],
deep-UV lithography [17] and nanoimprint lithography [18].
These nanolithographic techniques are either expensive,
inherently limited to low throughput, or incompatible with
the production of ZMWs with a wide range of dimensions
and geometries. In contrast, microscale patterning using
microlithography (e.g., i-line photolithography, interference
lithography and direct laser writing) is extremely well
developed in the semiconductor industry. Compared to
nanolithography, patterning processes based on conventional
microlithography are usually more cost-effective, reliable
and scalable to large-area substrates. However, the relatively
limited resolution of microlithography prohibits its direct
applicability to the production of ZMWs requiring dimensions
significantly below the diffraction limit of visible light.
In this paper, a simple aperture shrinking technique using
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Figure 1. (a) Illustration of the ZMW fabrication process (in clockwise order): photoresist coating; photolithography and gold deposition;
lift-off; electrodeposition. (b) Scanning electron microscopy image of a micro-aperture after lift-off. The diameter is 770 nm. (c) SEM
image of a ZMW after electrodeposition. The diameter of this waveguide is 70 nm. (d) Cross-section SEM image of a ZMW taken at a
45◦ viewing angle. The darker region at the bottom is the glass substrate. The gold protrusions at the bottom left and right corners of the
waveguide are likely resulted from the cleavage of the sample. The sample for imaging was coated with a thin layer (∼10 nm) of
gold–palladium alloy to eliminate the charging effect on the glass surface.

electrodeposition was developed to overcome this limita-
tion [19]. We demonstrated the versatility of our method by
fabricating metal apertures with a large range of aperture
diameters. These devices allowed us to characterize the
optical properties of waveguides from the ZMW regime to
above the zero-mode cut-off limit and develop an (or further
our) understanding of how light behaves in these structures
over the entire size range. To demonstrate the viability of
the proposed fabrication process to yield devices suitable for
single molecule detection, we also showed that fluorescence
signals from single molecules can be detected with a signal
quality that is comparable to previously published data from
ZMWs fabricated using nanolithographic techniques.

2. Experimental details

The principle of the proposed ZMW fabrication is illustrated
in figure 1(a) and involves only two steps. First, an array
of micrometer-scale metallic apertures (micro-apertures)
is fabricated using conventional photolithography, metal
deposition and lift-off on a large-area glass substrate.
Next, these micro-apertures are shrunk to the desired
ZMW dimensions using electrodeposition. In this study, two
samples, samples A and B, were fabricated. Sample A was
made for characterization of nanoapertures, and sample B was
aimed at micro-apertures for comparison. Glass substrates
(Ted Pella) with areas of 76 mm × 83 mm and thicknesses
of 190–250 µm were used. The substrates were first cleaned
and spin-coated with a negative resist (MicroChemicals AZ
5214; 1.4 µm thickness). An i-line stepper (GCA AS200
AutoStep) was used to pattern the micro-aperture arrays.

Each array had 60 × 60 micro-apertures with the same
diameter. Aperture diameters varied from 770 nm to 2 µm.
The spacing between two adjacent waveguides was fixed at
5 µm for convenient imaging using conventional fluorescence
microscopy. After lithography, a gold film of 100 nm in
thickness was deposited by an e-beam evaporator (EnerJet)
and the micro-apertures were formed by lift-off. Only sample
A underwent a 2.5 min electrodeposition process using the
BDT-510 gold plating solution and achieved nanoapertures.
The details of the electrodeposition process can be found
in [19]. The current density during the electrodeposition was
controlled at 1.4 mA cm−2, corresponding to an aperture
shrinking rate of 140 nm min−1. Figures 1(b) and (c) show
the scanning electron micrographs of a waveguide before
and after the electrodeposition. As shown in the figure, the
diameter of the micro-aperture was shrunk from 770 to 70 nm
in sample A. The final waveguide depth (i.e., gold thickness)
was 450 nm inferred from the total shrinkage and confirmed
by cross-section SEM.

To form the flow chambers for the fluorescence
measurements, the ZMW samples were assembled with
conventional, 1 mm thick glass microscope slides by two
lines of double sided tape and silicone grease. Solutions were
flowed through the assembled flow chamber using gravity
flow. A passivation solution containing 0.1–0.2 mg ml−1

casein was introduced into the flow chamber, incubated for
20 min, flushed from the chamber with a rinse buffer, and then
the fluorescent solution was introduced immediately before
sealing the chamber with melted wax.
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3. Results and discussion

3.1. ZMW geometry

To characterize the shape of the ZMWs (see figure 1(c) for
an example of a fabricated waveguide), we measured the
ellipticity (i.e., |a − b|/a, where a and b are the lengths
of the long and short axes, respectively) of 50 randomly
sampled 70 nm diameter ZMWs by scanning electron
microscopy (SEM; Hitachi SU8000). The measured ellipticity
ranged from 0 to 0.17, where 0 corresponds to a perfectly
circular aperture. Compared to e-beam lithography [17], DUV
lithography [17] and nanoimprint lithography [18], ZMWs
fabricated using our technique exhibit a comparable degree of
ellipticity. Since there was no apparent ellipticity before the
electrodeposition, we attribute the small ellipticity observed
in our ZMWs to the finite grain size of the deposited gold
film. Grain boundaries are observed in figure 1(c), and the
size of the grains is around 20 nm. When the diameter of
the ZMWs becomes comparable to or smaller than the grain
size, the shape of the ZMWs will be severely influenced by
the grain orientation. Smoother gold surfaces and smaller
grains are possible by using a more intricate electrodeposition
process, such as pulsed electrodeposition and the use of
additives [20]. The size uniformity of the as-fabricated ZMWs
was also characterized. Before the electrodeposition, the
averaged diameter for the 70 nm diameter ZMW array
was 770 nm and the standard deviation was 29 nm for a
sample size (N) of 10 that was randomly picked. After the
electrodeposition, the averaged diameter was 70 nm and the
standard deviation was 20 nm for a sample size (N) of 50. No
statistically significant difference in the standard deviation of
pre- and post-electrodeposition aperture diameters was found.
Therefore, the diameter nonuniformity likely originated from
the photolithographic process and photomask rather than from
the electrodeposition. This observation also supports the use
of electrodeposition to faithfully preserve the geometry as
the features are reduced in dimension, a finding that has
wide-ranging implications beyond the fabrication of ZMWs.
It should be noted that while e-beam lithography is capable of
generating features with a smaller variation in size [17], it is
also significantly more expensive and is limited in patterning
large features. In contrast, our method can be easily scaled
to large areas with arbitrary geometries. More than 3 × 106

ZMWs with good uniformity were patterned in parallel on the
76 mm× 83 mm glass substrate.

Imaging of ZMW cross-sections was also carried out
by SEM. Figure 1(d) shows the cross-sectional image of a
ZMW device taken at a 45◦ tilting angle. The sample was
cleaved from the back side to avoid destruction of the ZMW
structures. As can be seen in figure 1(d), in spite of the
irregular ruptured surface of the gold layer, the sidewall is
vertical from the bottom to about 170 nm above the glass
substrate and then exhibits a slope at an angle of 65◦ with
respect to the glass surface. Since the evanescent depth of
the excitation field is much smaller than 170 nm, the sloppy
part of the sidewall does not affect the characteristics of the
ZMWs.

3.2. ZMW optical properties

To characterize the optical properties of the ZMWs, we
measured the fluorescence emission from the ZMWs using
a 10 mM concentration of the fluorescent dye rhodamine
B (λem = 625 nm). The dye solution was prepared at
a high concentration such that the number of molecules
in the waveguide remained approximately constant for
all waveguide sizes while individual dye molecules were
diffusing in and out of the excitation volume. In this
way, we ensured a consistent comparison from different
waveguide sizes and, therefore, different excitation volumes.
A mercury arc lamp was used as the excitation light
source to ensure uniform excitation over the entire field of
view by avoiding interference using coherent light sources.
A bandpass excitation filter was placed in front of the
arc lamp to select a narrow spectral range. The 546 nm
(λE) mercury spectral line was used in the experiment.
Köhler epi-illumination of the waveguide arrays was achieved
using an inverted fluorescence microscope (Zeiss Axiovert
200) to ensure uniform excitation of the ZMWs within
the field of view. We measured the fluorescence emission
from the nanoapertures with dimensions spanning three
different regimes: (1) waveguides with diameters smaller
than the zero-mode cut-off of 0.586λE/n or 240 nm,
where n is the refractive index of the dye solution [21]
(figure 2); (2) waveguides with optical characteristics between
ZMWs and conventional metallic waveguides (figure 3); and
(3) waveguides behaving as conventional metallic waveguides
(above 1 µm, see figure 4). Sample A was used to characterize
waveguides in regimes (1) and (2), and sample B was for
regime (3). The goal of the measurements was to demonstrate
that the fluorescence signal from the broad size range of
waveguides made by electrodeposition agrees with previously
observed properties using different fabrication techniques.
Based on the equation of the fluorescence signal from
different positions in a waveguide used in [2], the fluorescence
intensity F can be described as the integration of fluorescence
signal over the volume of a waveguide. Here we assumed that
the change of photokinetics in ZMWs is independent of ZMW
diameter. This assumption allows us to express F as follows:

F = Cπ

(
D

2

)2 ∫ t

0
[I(z)P(z)] dz. (1)

In (1), D, t, I and P correspond to the waveguide diameter,
gold layer thickness, excitation intensity inside the waveguide
and fluorescence out-coupling efficiency, respectively. The
intensity of fluorescence emission by a dye molecule is
assumed to be proportional to the excitation intensity, and the
fluorescence out-coupling efficiency represents the fraction
of fluorescent signal that can be collected by the detector.
Thus I(z)P(z) is proportional to the detected fluorescence
intensity from different z positions. The constant C represents
the radial dependence of both I(z) and P(z) which should
be independent of D. This is partly justified by the small
penetration depth of light into the waveguide sidewall and
partly by the uncertainty in the number and positions of
the fluorescent molecules inside the waveguide at any given
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Figure 2. Fluorescence intensity measured from D = 70, 124, and
196 nm waveguide arrays. These ZMWs are in the zero-mode
regime. The diameter is normalized to the excitation wavelength.
The theoretical curves are obtained from FDTD simulations.

Figure 3. Fluorescence intensity measured from
D = 246 nm–927 nm. The solid line is the best fit with a power
dependence of 2.54 on the waveguide diameter.

time. Hence the fluorescent signal measured was the averaged
value across the radial direction of the waveguide. The
possible enhancement of quantum yield in a ZMW was
assumed to be independent of ZMW diameter and was
also incorporated in the constant C. It is expected that the
fluorescent intensity should increase proportionally with the
volume of the excitation. We plotted F as a function of
the dimensionless waveguide diameter (D/λE) such that the
result is applicable to different excitation wavelengths too.
The data for waveguide diameters in figures 2 and 3 were
measured by SEM from 50 randomly sampled waveguides of
the same nominal sizes, while in figure 4the data are from
10 waveguides. The data for the fluorescence signal were
averaged over the entire 60× 60 array.

To model F versus D/λE in the ZMW regime, we
numerically calculated (1) using the finite-difference-time-
domain (FDTD) method. Since no propagation modes
exist in the waveguide, the intensity of light whether

Figure 4. Fluorescence intensity measured from D > 1 µm. The
solid line shows a second power dependence on the waveguide
diameter.

incident externally or generated internally should exhibit an
exponential dependence on z, i.e. I(z) = e−z/L1 and P(z) =
e−z/L2 . To simplify the numerical model, L1 and L2 were
assumed to have the same dependence on waveguide diameter.
The FDTD simulations were carried out to determine the
dependence of the characteristic decay length on D/λE.
A plane wave CW 546 nm source was placed at the
substrate side. Perfectly matched layers (PMLs) were used
at all boundaries. The refractive index dispersion of Au was
obtained from [22]. The simulation results revealed that the
decay length has a (D/λE)

1.41 dependence. According to
(1), the overall dependence of F now becomes (D/λE)

3.41.
This power dependence agreed well with the measurement
results (figure 2). It should be noted that any changes in
the fluorescence quantum yield owing to the localization
within a nanoscale environment were not considered in our
analysis [23].

Above the ZMW cut-off, F versus D/λE did not show
a sudden change of its power dependence from the ZMW
regime 3.14 to 2 as shown in figures 3 and 4. The transition
is explained by the increase of the number of propagation
modes inside the waveguide above the ZMW cut-off. When
the waveguide diameter is much greater than the optical
wavelength, the number of propagation modes is large and
therefore the excitation intensity becomes relatively constant
inside the waveguide. As a result, the fluorescent intensity
only depends on the area of the nanoaperture as shown in
figure 4. In the transition regime, the number of propagation
modes supported within the waveguides increases with the
waveguide diameter. The power dependence is between 2 and
3.4 as shown in figure 3.

It is noted that in all three regimes, the measurements
were not affected by the generation of surface plasmons in the
gold film because the excitation and fluorescence wavelengths
were shorter than the surface plasmon resonance at the
gold/water interface [24]. Although the surface plasmonic
effect will increase the effective excitation volume and
fluorescent quantum yield, the fluorescence intensity can also
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become sensitive to the ZMW diameter [25] and thus a more
sophisticated model is required to optimize the ZMW design.

3.3. Single molecule detection

As discussed earlier, the fabrication methodology presented
here is intended to rapidly and cost-effectively fabricate
zero-mode waveguides for single molecule detection assays.
To characterize the performance of the nanoapertures
for single molecule detection, we observed the diffusion
of a ∼53 kDa tetramethylrhodamine-labeled streptavidin
(TMR-SA, Invitrogen) into and out of the ZMWs. The
emission spectrum peaks at 580 nm. At a concentration
of 1 µM, individual fluorescent molecules would not be
detectable under bright-field epi-illumination. Even using
confocal microscopy, where excitation is confined within
a diffraction-limited volume, single diffusing molecules
would not be detected above background at micromolar
concentrations of fluorescent protein because on average more
than 20 molecules would be excited simultaneously. We
therefore used a 1 µM concentration of TMR-SA to validate
the optical confinement of excitation within sub-diffraction
limited volumes inside the ZMW apertures. Under bright-field
excitation using a collimated 488 nm argon ion laser
(Melles-Griot), single diffusing TMR-SA molecules could
be easily detected above background (figure 5, asterisks)
by using a Roper Scientific EMCCD camera, 505DCXR
dichroic and HQ505LP emission filters. To characterize
the quality of the detection signal, we limited the surface
passivation to induce nonspecific binding (figure 5, solid
bars), which enabled us to quantify the maximum single
fluorophore signal (occurring when TMR-SA binds the glass
surface at the bottom of the ZMW). We have observed a
signal-to-noise ratio as high as 9.7 (figure 5, top trace),
where we defined noise as the mean value of peak-to-peak
fluctuations and signal as the change of fluorescence intensity
when binding events occurred. This demonstrates that the
fabricated waveguides are well-suited for single molecule
binding assays.

4. Conclusion

In summary, a novel ZMW fabrication method is presented.
The combination of conventional photolithography, lift-off
and electrodeposition provides a cost-effective way of
fabricating nanoscale apertures in a metallic film. The
proposed method produces ZMWs with good uniformity
across a large substrate area with excellent circularity and
thus holds a significant potential for mass production and
is suitable for bioassays that require a large array of
ZMW devices for statistical significance. To demonstrate the
versatility of the method, we produced waveguides ranging
in size from 70 nm to over 1 µm and characterized the
fluorescence signal emitted from the waveguides. Our results
show that the dependence of the fluorescence intensity on
the waveguide diameter does not increase sharply at the
zero-mode cut-off, but instead appears to go through a
transition regime until all propagating modes of light are

Figure 5. Single molecule detection by time-resolved fluorescence
emission from single TMR-labeled streptavidin molecules diffusing
into three different nanoapertures of 120 nm in diameter. Compared
to background (bottom trace), diffusion events can clearly be
resolved with 40 ms resolution (asterisks). The surface passivation
was limited for the ZMWs used in the measurement in order to
introduce nonspecific binding events (solid bars) and reveal the
expected maximum signal achievable for single molecule binding
assays. Some diffusion events showed lower fluorescence intensity
because the molecules did not diffuse to the bottom of the ZMWs
and were excited by lower intensity. The traces have been offset for
clarity.

represented within the waveguide. We have shown that the
power dependence of the fluorescence emission on waveguide
diameter gradually varies from 3.4 in the zero-mode regime
to 2 when the waveguide diameter is greater than 2.5
times the excitation wavelength. This observation bridges
our understanding of how the performance of waveguide
apertures varies as a function of diameter and establishes that
the background attenuation enabled by nanoapertures does
not sharply decline as diameters exceed the cut-off limit.
Our results can be applied to fluorescence assays that utilize
different waveguide dimensions, excitation wavelength and
fluorescence wavelength. Finally, single molecule detection
was demonstrated, proving the viability of the proposed
fabrication method for single molecule sensing.
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