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Abstract: Zero-mode waveguides have become important tools for the detection of single molecules. 
There are still, however, serious challenges because large molecules need to be packed into 
nano-holes. To circumvent this problem, we investigate and numerically simulate a novel planar 
sub-wavelength 3-dimension (3D) structure, which is named as near-field spot. It enables the 
detection of a single molecule in highly concentrated solutions. The near-field spot can produce 
evanescent waves at the dielectric/water interface, which exponentially decay as they travel away 
from the dielectric/water interface. These evanescent waves are keys for the detection of 
fluorescently tagged single molecules. A numerical simulation of the proposed device shows that the 
performance is comparable with a zero-mode waveguide. Additional degrees-of-freedom, however, 
can potentially supersede its performance. 
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1. Introduction 
Single molecule fluorescence (SMF) is a key 

technology for many applications in molecular 

biology, molecular kinetics [1–3], transient 

intermediates for chemical or biochemical 

reactions [4, 5], deoxyribonucleic acid (DNA) 

sequencing [6, 7], diagnostics [8, 9], and 

personalized medicine [10, 11]. Generally, there 

are two means to improve the signal to noise ratio 

(SNR) by using SMF. One way is to reduce the 

intrinsic background fluorescence (typically) via 

chemical means. The other method is to reduce the 

excitation volume such that less background noise 

is generated by physical methods. For example, 

laser scanning confocal microscopy (LSCM) [12, 

13], total internal reflection microscopy (TIRF) 

[14, 15], waveguide evanescent field fluorescence 

microscopy [16, 17], two-photon microscopy [18], 

and stimulated emission depletion (STED) 

microscopy [19] use optical settings to confine the 

excitation to a very small volume. There are also 

other techniques that use nanostructures for the 

localized excitation of fluorescence, for example, 

Raman-signal-like scanning near-field optical 

microscopy (SNOM) [20], tip enhanced    

Raman scattering (TERS) [21], optical 
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nanoantennas/nanocavities [22, 23], and 

zero-mode waveguides (ZMWs) [24–26]. 

By reducing the excitation volume to 10–21 liter 
at the bottom of a metal nanohole, ZMW observes 
single fluorescent molecules, at biologically 

relevant concentrations as well as up to the 
millimolar range. The ZMW could also enable 
fluorescence correlation spectroscopy (FCS) 
[25–27]. Therefore, ZMWs and their variations 

have been used in various applications including 
the analysis of single molecules at high 
concentrations [27], single cells [28], single 

enzymes [29], DNA sequencing from polymerase 
molecules [26, 30], DNA sorting in nano-fluidic 
channels [31], oligomerization kinetics [2], and 

redox reactions [32, 33]. 
However, in a ZMW, the nanohole is tens of 

nanometers in diameter, about 100 nm in depth, 

and only the volume of 10 nm – 20 nm at the 
bottom is excited. It is very difficult for 
biomolecules like enzymes or DNA to drop in the 

nanohole due to steric effects and a static double 
layer on the nanohole surface. To overcome this, 
tilted sidewalls were used, which made the mouth 

of the ZMW wider than its base, so that the 
introduction of analyte into the ZMW was 
facilitated [32, 34]. Alternatively, the potential was 

applied to different layers of the structure to 
perform spectro-electrochemical analysis during 

redox reactions [32]. In another study, a nanopore 
was embedded at the bottom of the nanohole, and 
a voltage was applied to introduce DNA strands 
into the ZMW and capture them via DNA 

polymerase for sequencing [30]. However, the 
complexity and cost of the ZMW increased. This 
means that it is still challenging to excite      

and collect the fluorescence signal of a single 
molecule in a zeptoliter volume with high 
accessibility. 

In this paper, we investigate and numerically 
simulate a novel plasmonic structure, the near-field 
spot (NFS), which confines the excitation of a 

single fluorescence molecule into a zeptoliter 
volume on an open planar surface. As illustrated in 
Fig. 1, the NFS is a nanostructure with tapered 

metal walls filled with a dielectric material, which 
forms a planar structure. The apex of the dielectric 
filling has a width of 50 nm. In this study, we 

analyze two different morphologies of the NFS, 
the conical morphology and the pyramidal 
morphology, and we compare them with ZMWs 

[Fig. 1(c)]. Since the surface chemistry of silica is 
different from a metallic component, it is favorable 
for the selective immobilization of biomolecules in 

the NFS, when it is used for FCS or DNA 
sequencing. Moreover, two possible schemes for a 
practical experimental analysis are provided in 

Figs. 2 and 3.

 

Fig. 1 Operational layout of the device and architectural schematic diagrams: (a) schematic diagram of the NFS using conical 
morphology (side view), (b) pyramidal morphology along with the molecules, (c) 2-dimensional (2D) schematic diagram of the NFS 
showing various dimensions of the structure for the conical morphology, (d) pyramidal morphology, and (e) 2D schematic diagram 
showing a comparable ZMW with a height equivalent for the corresponding NFS, and a width equivalent to Ds for a conical 
morphology and Ws for a pyramidal morphology. 
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Fig. 2 Scheme for experimental setup for analysis using NFS 

(this scheme uses forward scattered fluorescent signal for 
observation). 

 

Backward output 
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Fig. 3 Scheme for experimental setup for analysis using NFS 

(this scheme uses backward scattered fluorescent signal for 
observation). 

The focusing of the incident field can be 

understood through the metal/dielectric boundary 

conditions and the dynamics of plasmonic modes 

(surface plasmon polaritons – SPP) at the interface 

between the metal and the dielectric. In a metal- 

insulator-metal system (MIM), SPPs propagation 

obeys the well-known set of equations [21, 35] with 

a cut-off wavelength [35]. All of these equations are 

presented in (1) below. The results from this work 

conform well with other literatures on plasmonic 

nanofocusing by authors such as Eli Yablonovick 

[36] and others [21, 37]. 

 

spp

2 m d

o m d

k =
+

ε επ
λ ε ε

          (1a) 

spp

2

Re[ ]p k
= πλ .            (1b) 

where єm and єd are the dielectric constants for the 

metal and dielectric, respectively, kspp is the wave 

vector, λo is the wavelength of the incident light, and 

λp is the wavelength of the plasma. It is clear from 

these equations that the wave vector of the resulting 

plasmons is inversely related to the incident 

wavelength. The relationship is further mediated by 

the permittivity of the metal as well as the 

permittivity of the dielectric material. Equation (1b) 

highlights the relationship between the wavelength 

of the surface plasmon and its wave vector. 

The NFS is deemed advantageous compared 

with a ZMW because it is a planar structure, which 

removes the need for additional mechanisms to 

introduce the desired molecule into the nanopore  

of the ZMW without compromising device 

performance. Moreover, the architecture of a ZMW 

provides more degrees of freedom to improve the 

performance and can theoretically achieve a higher 

electric field intensity than a ZMW. 

2. Numerical simulation 

Finite difference time domain (FDTD) is used 

for the numerical simulation of the NFS. The top 

surface of the NFS has water with a refractive index 

of 1.33, while the bottom surface is in air with a 

refractive index of 1. The refractive index of silicon 

dioxide is chosen to be 1.45, with optical constants 

for aluminum taken from Palik. To find a balance 

between accurate results and the resources required 

by the system for the simulation, a manually 

adjusted non-uniform mesh is used with two levels 

of description. For the region around the top surface, 
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a cubic mesh element, with a uniform size of 2 nm, 

is used to improve the accuracy of the results. For 

the rest of the structure, an automatic non-uniform 

mesh is used. To simplify the simulation, the 

simulation region is increased in lateral directions, 

and perfectly matched layer (PML) boundary 

conditions are applied to all boundaries. To make the 

simulation less expensive with respect to 

computational resources, a single wavelength 

x-polarized Bloch/periodic plane-wave with the 

wavelength of 532 nm and amplitude of 1 V⋅m–1 is 

used as the excitation source. The choice of the 

wavelength of the excitation source is arbitrary, and 

changing it does not affect the general principles we 

explain here. To obtain useful results from this 

simulation setup, two 2D field and power monitors 

are used. One shows the electric field in the whole 

structure, while the other shows the region above the 

NFS. A separate monitor above the NFS is used to 

directly observe the evanescent field produced by 

the structure. This would otherwise be difficult to 

observe in the full-sized image. 

Similarly, for comparison, a simulation model of 

a conventional ZMW is set up, using silicon dioxide 

and aluminum in water [Fig. 1(e)]. The width of the 

top of the NFS and the width of the ZMW are 

chosen to be identical. Moreover, the thickness of 

this ZMW is chosen to be equivalent to the NFS to 

make both of these models comparable. 

Finally, the ability of the structure to collect the 

fluorescence is an important design consideration. 

This is explored by setting up a point-dipole source 

in the region of analysis, right above the NFS. The 

electric field, which is emitted from the dipole, is 

then collected from the base of the structure to 

determine the proportion of the electric field that can 

be received by the observer. 

3. Results and discussion 

3.1 Conical morphology 

For the conical morphology, the diameter at the 

top surface, Ds, is 50 nm, while the diameter at the 

bottom, DB, changes from 50 nm to 500 nm to enable 

different degrees of nano-focusing of light. Both the 

thickness of metal and the height of the section of 

the cone are kept equal. For the current analysis, two 

different heights, 50 nm and 100 nm, are used for the 

cone. The schematic diagrams of structures of the 

NFS for the conical and pyramidal morphologies 

and a comparable ZMW are shown in Fig. 1. 

The first step is to rule out any possibility of 

leakage of the electric field through the metal film as 

the distance between the dielectric/metal interface 

and the metal/water interface falls below the metal’s 

skin depth in a structure with large Ds. The skin 

depth of aluminum at 532 nm is approximately   

3.5 nm. Because the region with a metal thickness 

below 3.5 nm is located very close to the apex, it can 

be safely assumed that there is no significant 

leakage occurring through the metal. To confirm this, 

the structure is set up in such a way that z = 0 

overlaps with the water/dielectric interface for the 

NFS as well as for the ZMW. The numerical 

simulation is carried out, and the electric field 

profile conforms with the shape of the structure, as 

shown in Fig. 4(a). For this simulation, DB = 500 nm 

is chosen because the gradient of its silicon 

dioxide/aluminum interface is the smallest among 

the samples. The results indicate that there is no 

significant leakage of the electric field from the 

structure, and the profile of the NFS allows the 

incoming light to focus on the nanometer-scale 

aperture. 

After satisfying these initial concerns, we study 

the dependence of the electric field intensity on the 

distance along the z-axis for all structures. The 

dependence of the electric field intensity on the 

distance along the z-axis is shown in Fig. 5. These 

results reveal two important features. Firstly, the 

electric field intensity of the structure increases with 

increasing DB. This increase also increases the range 

of the electric field because for the NFS (with DB of 
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100 nm and above) the electric field is higher than 

that of the ZMW for all distances. Secondly, 

because the electric field in a ZMW is rapidly 

quenched by its metal walls [27, 37], its intensity 

decreases very rapidly compared with the NFS, 

which does not have the metal wall. As a result, 

even the electric field intensity for the NFS with  

DB = 50 nm at the interface is below ZMW. Above 

the 25 nm mark (approx.), however, the electric field 

of the ZMW decreases to levels below that of    

the NFS. 
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Fig. 4 Intensity profile of the electric field at z = 0:       
(a) conical morphology and (b) pyramidal morphology;      
(c) electric field profile of a near-field spot with the width of  
50 nm at the apex and a height of 100 nm; (d) electric-     
field profile of a ZMW with a width of 50 nm and a height of 
100 nm. 

Similar results are obtained from the NFS with a 

height of 100 nm. Figure 5(b) shows the electric field 

intensity from all structures along the z-axis, when the 

height of the structures (NFS as well as ZMW) 

increases to 100 nm. However, the effect on the 

performance of the NFS is disproportionately stronger 

than that of a ZMW. The reduction of the electric field 

intensity with an increase in height may be attributed 

to increased attenuation due to prolonged interaction 

with the aluminum sidewalls. The peak intensity of the 

ZMW suffers disproportionately less from an increase 

in height compared with the NFS because of two 

reasons. Firstly, a ZMW confines the light to a very 

small space, which is defined by metals walls, while 

there is no such confinement for the NFS. The metal 

walls, which cause the rapid attenuation of the electric 

field in a ZMW, improve its intensity at the interface. 

For these reasons, the electric field intensity from the 

ZMW stays almost the same at the interface, while the 

intensity from the NFS is heavily attenuated. Secondly, 

for a ZMW, the incoming electric field does not 

interact with the metal walls until it reaches the cavity. 

This is also the same place as the observation area for a 

ZMW. On the other hand, for the NFS, the cavity with 

a metal wall is used for confinement and focusing the 

electric field, while the observation area is above this 

cavity. Therefore, at the interface, the intensity of even 

the NFS of DB = 100 nm is below that of the ZMW. 

However, as for the earlier case, this advantage of the 

ZMW is quenched rapidly. 

3.2 Pyramidal morphology 

Similar to the conical morphology, for the 

pyramidal morphology, the width of the apex, WS, is  

50 nm, while the bottom width, WB, varies between  

50 nm and 500 nm. The thickness of the metal and the 

height of the pyramid are kept equal. For the current 

analysis, two different pyramid heights, 50 nm and  

100 nm, are used. The schematic diagrams of the 

structures of the NFS with pyramidal morphology and 

a comparable ZMW are shown in Fig. 1. The 

simulation is set up as for the conical structure. Z=0, 

therefore, overlaps with the water/dielectric interface 

of the NFS as well as the ZMW. The dependence of the 

electric field intensity on the distance along the z-axis 

is recorded for all structures. 
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Fig. 5 Comparison of the near field electric field intensity along the z-axis distance from the water/dielectric interface of: (a) the 
conical NFS with a different DB and a ZMW with a diameter of 50 nm and a height of 50 nm, (b) the conical NFS with a different DB 
and a ZMW with a diameter of 50 nm and a height of 100 nm, (c) the pyramidal NFS with a different WB and a ZMW with a diameter 
of 50 nm and a height of 50 nm, and (d) pyramidal NFS with a different WB and a ZMW with a diameter of 50 nm and height of 100 nm.

As for the conical NFS, the first test is to 

confirm that there is no leakage from the metal film, 

as shown in Fig. 4(b). The profile of the electric field 

at the interface agrees with the shape and size of the 

cavity sufficiently well. 

Next, the performance of the pyramidal NFS is 

compared with a square ZMW. The dependence of 

the electric field intensity on the distance from the 

interface is shown in Fig. 5(c). For the pyramidal 

structure, the results are similar to those of the 

conical structure. Figure 5(c) shows that for the 

pyramidal NFS, with a height of 50 nm, the electric 

field intensity decreases with the distance along the 

z-axis. However, there is an increase in electric field 

intensity with increasing WB. Compared with a 

square ZMW, the evanescent field of the NFS with 

WB = 50 nm is smaller. The ZMW intensity is 

quenched rapidly, and around the 40 nm mark, the 

electric field of the NFS becomes stronger than that 

of the ZMW. Moreover, when WB of the NFS 

increases to 100 nm, its performance is comparable 

with the ZMW at the interface and better than the 

ZMW beyond it. 

By increasing the height of the NFS and the 
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ZMW to 100 nm, we observe [Fig. 5(d)] that the 

electric field intensity of a ZMW again stays 

approximately the same, while that of the NFS 

decreases. The reasons for this have been explained 

earlier. 

3.3 Collecting fluorescence from the NFS 

For the NFS to have any practical value, the 

collection of fluorescence is important. Unlike the 

ZMW, the NFS supports two different methods of 

fluorescence collection, as shown in Fig. 6(i). The 

first method is “forward output”, which is the 

method of looking at the fluorescence directly from 

the top. Given that two consecutive spots are about 

at least a micron away from each other, capturing 

and distinguishing the response from the individual 

spot is practically possible. A possible experimental 

scheme for this method is shown in Fig. 2. 

The second method is “backward output”, as 

shown in Fig. 6(i). This method is the same as the 

one used for the ZMW. The generated fluorescent 

light travels through the structure and is 

subsequently collected at the bottom by using 

well-known methods [27, 31]. For our analysis, we 

use the backward output for two systems to be 

equivalent. We set up the system with a dipole at its 

apex, which represents a fluorescently tagged 

biomolecule on the top of the NFS. The fluorescent 

light emitted from the dipole travels through the 

structure and is collected at the bottom of the device. 

Many fluorescent tags are known that they emit 

fluorescence signals with different frequencies. For 

this study, considering the application of DNA 

sequencing, two different wavelengths, 532 nm and 

637 nm, and a dipole moment of 6.210–30
 cm are 

used. This dipole is moved along the z-axis to gauge 

the dependence of the electric field collected at the 

distance of the dipole from the NFS. Similarly, the 

DB/WB changes as well to measure the dependence 

of the electric field collected within the diameter of 

the base of a conical NFS and the width of the base 

of a pyramidal NFS. A possible experimental 

scheme for this method is shown in Fig. 3. 
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Fig. 6 Electric field intensity received at the base of the NFS as a percentage of power transmitted from a dipole from the NFS with 
different DB/WB: (a) with conical morphology (λ = 637 nm), (b) with pyramidal morphology (λ = 637 nm), (c) with conical morphology 
(λ = 532 nm), (d) with pyramidal morphology (λ = 532 nm); contour maps showing the relationship of electric field intensity, received 
at the base of the NFS, with a dipole distance from the NFS and DB/WB of the NFS: (e) with conical morphology (λ = 637 nm), (f) with 
pyramidal morphology (λ = 637 nm), (g) with conical morphology (λ = 532 nm), (h) with pyramidal morphology (λ = 532 nm);       
(i) electric field profile of the dipole showing the simulation setup and the mechanism of receiving the spectrum. 

The electric field, which is received from a 
dipole of 532 nm in conical structures as well as 

pyramidal structures, is shown in Figs. 6(c) and 6(d). 

The performance of the pyramidal structural 
morphology is better than that of the conical 

structural morphology. This is because the 
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maximum received electric field intensity (in the 
case of the pyramidal structure) exceeds 16% of the 
initial electric field intensity transmitted from the 
dipole, whereas the received electric field intensity 

(using a conical structure) is around 14% of the 
initial electric field intensity emitted from the dipole. 
Moreover, the electric field intensity received at the 

base of each structure decreases with the increasing 
diameter/width of the base of the NFS. This is 
because, as the diameter/width of the base increases, 

the rate of change in the diameter/width to distance 
(along the central axis of the cone/pyramid) 
increases. An increase in the rate of change of the 

diameter helps increase the propagation length of the 
electric field and decrease losses as the electric field 
propagates along the metal/dielectric interface as a 

surface plasmon polariton. 

Similarly, for the fluorescence signal with a 

wavelength of 637 nm, the performances of both 

(conical and pyramidal) structures are numerically 

calculated [see Figs. 6(a), 6(b), 6(e), and 6(f)]. 

Overall, the performance of both structures worsens 

for the dipole with a wavelength of 637 nm. This is 

because the propagation length decreases with 

increasing wavelength, and therefore, propagation 

losses increase with increasing wavelength. As for 

the 532 nm wavelength, the performance of the 

pyramidal NFS is better than that of the conical NFS 

for each diameter/width of the NFS. The electric 

field intensity from the dipole, received at the base 

of these structures, increases with increasing 

diameter/width of the NFS. The maximum electric 

field intensity, which is received at the base of the 

pyramidal NFS, is around 11%. However, the 

electric field intensity, which is received at the base 

of a conical NFS, is around 8% of the electric field 

intensity emitted from the dipole. 

4. Conclusions 

We have proposed a planar plasmonic-based 

platform that can focus light at a sub-wavelength 

spot, which is called “near-field spot”. Furthermore, 

we demonstrate through numerical simulations that 

the new platform is comparable with conventional 

ZMWs. It can even surpass its counterpart, ZMWs, 

for certain ratios of height and WS(DS). Given that 

the NFS is a planar device, it removes the need to 

implement complex techniques used in the ZMW to 

help the analyte enter the nano-cavity. The NFS, 

therefore, has clear advantages over the ZMW. The 

NFS also allows the designer to tailor the electric 

field intensity at the apex more effectively, 

depending on their particular needs. The results also 

indicate that the improved freedom that the NFS 

generates can also produce higher electric field 

intensities at the apex than that of the traditional 

ZMW. Moreover, the electric field intensity at the 

interface is better for the pyramidal structure than 

that for the conical structure. 

Particularly, for FCS-based DNA-sequencing 

applications, the ability of the NFS to transmit the 

fluorescent signal of multiple frequencies back to 

the observation unit at the back of the NFS is 

analyzed. This analysis shows that the pyramidal 

structure has a slight advantage in transmitting the 

fluorescent light compared with the conical structure 

and the performance degrades with increasing 

wavelength. Furthermore, the transmission of the 

electric field intensity from the fluorescence source 

is improved with increasing WB and DB of the 

particular NFS. The fluorescent collection is slightly 

less effective than that for a ZMW. Given the 

advantages of NFS over a ZMW, which come 

without significant degradation in overall 

performance, we anticipate that the NFS will be 

widely used for FCS-based single-molecule analysis 

and DNA-sequencing applications in the future. 

Finally, despite the advantages, the proposed 

NFS’s challenges lie in its physical realization for 

practical purposes. As it is evident from its intricate 

3-dimension (3D) nanoscale design, the fabrication 

of such a device represents an engineering challenge. 

Given the currently available state-of-the-art 

fabrication technologies, such as focused ion beam 
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(FIB) and plasma enhanced chemical vapor 

deposition (PECVD), it appears possible to realize 

an NFS. The physical realization of the NFS 

substantially advances the field of single molecule 

fluorescence. 
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