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Abstract: A novel metallic elliptical nano-pinholes-based plasmonic lens was put 

forth for the purpose of superfocusing. Systematic investigation of the lens from 

design to fabrication and characterization were described in this paper. Surface 

plasmon polaritons (SPPs) enhanced transmission is theoretically analyzed using 

finite-difference time-domain (FDTD) algorithm-based computational calculation. 

Then the designed pattern was fabricated using focused ion beam (FIB) directly 

milling technique. Focusing of the lens is observed from the results of both 

theoretical calculation and experimental characterization using near-field scanning 

optical microscope (NSOM). The experimental results are in agreement with that of 

the theoretical calculation. Our results demonstrated that the lens can realize 

subwavelength focusing with enhanced transmission, elongated focal length, and 

depth of focus. 
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1. Introduction:  
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With rapid development of optical beaming in applications of biosensing, imaging, and 

data storage, tightly focusing in nanoscale confinement of surface plasmon polaritons (SPPs) 

has been studied actively. Many types of plasmonic lenses appeared subsequently such as 

metallic cone-shaped waveguide [1, 2], width modulation-based lenses [3-5], elliptical nano-

pinhole lens [6, 7], single circular ring-based lens [8-11], circular pinholes lens [12], nano-

waveguide focusing [13], radial polarization-based circular grating lens [14, 15], photon sieve 

[16], and polarization-based elliptical nanohole arrays [17, 18]. All of the reported structures 

have functions and advantages of focusing surface plasmons, superfocusing within the range 

of micron-scale along propagation direction and spatial resolution beyond diffraction limit, 

and extraordinary transmission. Ag thin film-based elliptical nano-pinhole structured 

plasmonic lens was theoretically studied by means of computational numerical calculation on 

the basis of finite-difference time-domain (FDTD) algorithm in Ref. [6] before.  

In this paper, we gave a systematic investigation of the lenses from designing to 

experimental issues. Transmission property and focusing performance were addressed by 

means of FDTD-based calculation firstly. Then further experimental study of the plasmonic 

lens was carried out through nanofabrication, and optical characterization. Focused ion beam 

direct milling technique with one-step etching process was employed to manufacture the lens. 

A near-field scanning optical microscope (NSOM) has been adopted for the purpose of 

evaluating optical performance of the lens. Our experimental results demonstrated that the 

lenses can realize subwavelength focusing, elongated focal length, and extended depth of 

focus. 

 

2.  Lens structuring and experimental setup:  

The plasmonic lens is composed of elliptical pinholes designed with different sizes 

distributed in different rings with variant periods, as shown in Fig. 1 (a). Long-axis of the 

ellipse is defined as an=3ωn, whereas ωn is the width of the corresponding ring width, and n is 

the number of the rings. A metallic monolayer thin film of Au coated on the glass substrate is 

perforated by the pinholes. There are total 8 rings on the metal film. The pinholes are 

completely penetrated through the Au film. The number of pinholes from inner to outer rings 

is 8, 20, 36, 55, 70, 96, 107, and 140, respectively. Outer diameter of the ring is 12.05 µm. 

Radius of the rings can be calculated by the formula r�
�
= 2nfλ + n

�
λ
�, where f is the focal 

length for working wavelength of λ=633 nm. The formula was deduced in terms of optical 

path difference λ by the relationship of f
2
+rn

2
=(f+nλ)

2
, where n is integer number of rings, f is 

focal length, and rn is n
th

 radius of the rings. Advantage of the elliptical pinholes in 

comparison to circular grating metallic structure is that the pinhole lens has elongated focal 

length and extended depth of focus (DOF) [6]. The focal region is formed by interference 

between the cavity mode-coupled SPPs wave and diffraction wavelets passing through the 

rings designed as the metallic dielectric-air (MDA) waveguides formed by the Au films as 

well as their clad dielectric layers. For the plasmonic lenses, the energy flow will be guided 

toward the focal points of the lenses. Each pinhole here acts as a small lasing cavity with 
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Fabry-Pérot (FP) resonance which contributes on the final focusing with ultra-long DOF. The 

final intensity at the focal point is synthesized by iteration of each zone focusing and 

interference each other, and can be expressed as 
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where Ii0 is the intensity of diffractive wavelet at i
th

 zone, ISP is the intensity of the SPPs 

wave passing through the i
th

 slit,  ri is the radius of each zone, i is the number of the zones, lSP 

is the propagation length for the SPPs wave, α is interference factor, and C is the coupling 

efficiency of the slits. C is a complicated function of the slit geometry and will likely have a 

different functional form when the slit width is much larger or much smaller than the incident 

wavelength. 

The micrograph of scanning electron microscope (SEM) of the FIB fabricated lens is 

shown in Fig. 1 (b). Vertical sidewall of the holes will be changed like cone/V-shape (slanted 

sidewall) due to redeposition of the FIB process. Our previous relevant theoretical calculation 

results showed that the cone shape plays a positive contribution for enhancement of 

transmission intensity [19]. 

 

 

Figure 1. (a) Schematic diagram of the pinholes-based plasmonic lens with focal length f. 

The pinholes are uniformly distributed along the zones. The lens is under illumination with 

linear polarized plane wave and 532 nm incident wavelength. (b)  SEM image of FIB 

fabrication result.  
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The lengths in short-axis of the pinholes are ranging from 55 nm (outmost) to 194 nm 

(inner). The ratio between the long- and short-axis of all the pinholes was designed to be 

constant in value of 0.2. However, it comes out to be 0.4 due to the fabrication error of 

inherent FIB line broadening effect. As can be seen from Fig. 2, when the ratio of short-axis / 

long-axis changes from 0.1 to 0.8, the transmission variation is near 20%. For the elliptical 

pinholes, the maximum transmission occurred when the light was polarized perpendicular to 

the long-axis of the ellipse; as the ellipse is rotated, the polarization followed the ellipse 

orientation. The ellipses had a constant maximum intensity for different basis orientations as 

long as the ratio is fixed. The maximum polarization of transmission can follow the 

orientation of the ellipse, depending upon the shape of the ellipse chosen. With the ellipse, the 

combined coupling to the (1, 0) and (0, 1) modes resonances is unchanged, whereas the 

coupling changes as the holes are varied. The ellipse alone also polarizes the light 

transmission because of the polarization-dependent transmission of the lowest-order 

evanescent mode of the hole. It has been shown that the lowest-order mode plays a dominant 

role in the transmission of the nanoholes. For more information, readers can see Ref. [20, 21]. 

To obtain the E-field distribution across horizontal planes of different heights slightly 

above the structure, we used NSOM (MutiView2000, from Nanonics Inc.) working in 

collection mode. The lens is excited by YAG laser beam delivered from far-field eyepiece and 

adaptor into objective lens (×20), and the transmitted light is detected through probe in near-

field. The fiber probe with 150 nm aperture was adopted for the optical characterization. 

Theoretically, the smaller aperture of the probe, the higher scanning resolution of the NSOM 

will be. However, the probe with small aperture (e.g., 50 nm aperture) will affect its photon 

collection and causes signal intensity is too low to image. For our probed plasmonic lens, 

considering FWHM>>50 nm for which the influence of probe aperture on scanning resolution 

is not a crucial issue in this case, it is better to use the probes with larger aperture so as to 

ensure the collected signal intensity. Light source is a 532 nm wavelength laser since the 

working wavelength of the lenses was designed according to this value. The light is focused 

to a spot at the surface of the lens and is collected by the probe directly, so it is strong enough 

to be detected along propagation direction at surface of the exit plane in free space. We 
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manually set height of the probe and scan the plane in current height. Here it is worthy to 

mention that for the NSOM measurement, actually, the lateral component of |Ex|
2
 or |Ey|

2
 

plays an important role for the lens scanning under the illumination with linear polarization 

(see the relevant statement described in Ref. [22]). This is the reason we used the component 

|Ex|
2
 as the simulation intensity in comparison to the NSOM measurement results here. 

 

Figure 2. Normalized transmission of the nano-pinhole structured plasmonic lens vs. 

propagation distance Z for different ratios of short-axis to long-axis δ=0.1~0.8 of the elliptical 

pinholes. 
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Figure 3. Calculated transmission spectra of the nano-pinhole structured plasmonic lens for 

different ratios of short-axis to long-axis δ=0.1~0.8 of the elliptical pinholes. 

 

2. Results and Discussion:  

Polarization issue is a crucial factor for transmission of the elliptical nano-pinholes-based 

structures [23]. Considering this, firstly, we addressed and theoretically analyzed the elliptical 

nano-pinholes-based lens with different ratios of short-axis to long-axis δ=0.1, 0.2, 0.4, 0.6, 

and 0.8, respectively. Figure 2 is our calculated transmission vs. propagation distance Z for 

the different ratios δ. It can be seen that the best transmission can be obtained for the ratio of 

δ=0.2 due to the influence of the linear polarization. The calculated spectra in Fig. 3 show that 

position of resonant peaks is blue-shift firstly with increasing of δ, and then red shifting for 

the case of δ>0.4. It may attribute to the balance of polarization of the elliptical nano-pinholes 

and FP cavity-based SPPs propagating through the holes. Intensity distribution of |Ex|
2
 at x-y 

plane at Z=20 nm and 2.0 µm, respectively. Both theoretical computational calculation and 

NSOM probing results were shown as Figs. 4 (a)-(d)). Figure 4 demonstrates an agreement 

between theoretical calculation and experimental results at Z=20 nm which is quite near the 

exit plane of the lens. In this near-field region, the interference-generated focusing spot has 

not been formed yet. However, both theoretical and experimental results show that the 

intensive focusing spot is formed at Z=2.0 µm, as shown in Fig. 4 (c) and (d). Slight offset of 

the central focal spot (denoted as “A” in the figure) is observed from Fig. 4 (d) due to 

misalignment of the light source during probing. In Fig. 4 (d), the measured minimum feature 

size of the localized field is FWHM= 0.661 µm at Z=2 µm. In contrast, the simulated spot size 
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shown in Fig. 4 (c) is FWHM=0.276 µm at the same propagation distance. The difference 

between the measurement and simulation originates from fabrication and NSOM probing 

errors. The former causes broadening of the holes size due to inherent FIB broadening effect 

[24], especially for the inner holes; and the latter is mainly influenced by photons interaction 

between Al coating of the fiber probe and Au film of the lens while the probe scans the 

sample surface. 

 

Figure 4. E-field intensity distribution of |Ex|
2
 at x-y plane at propagation distance of (a) and 

(b) Z=20 nm; (c) and (d) Z=2 µm. (a) and (c) are calculation results; (b) and (d) are 

corresponding NSOM measured results. 
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Our experiments mainly demonstrated the focusing phenomenon of the novel lens. Before 

the NSOM probing, we adjusted intensity of the spot size of incident light to be as low as 

possible and then shifted optical axis of the illumination beam to center of the sample. Some 

errors were possibly involved in this step because the centering process was judged by the 

operator’s nuked eyes only. The illumination region is slight larger than the size of the lens. 

There was a significant enhancement of intensity of light when we moved the spot from non-

structured Au film area to the lens. As scanning, the probe scans the lens in raster scan mode. 

To further illustrate the focusing, we gave the relationship between focusing spot and Z: both 

calculated and measured full-width and half-maximum (FWHM) as function of propagation 

distance Z, as shown in Fig. 5. It can be seen that calculated FWHM is 0.218 µm (i.e., 0.41λ) 

and 0.276 µm (i.e., 0.52λ) at propagation distance of Z=1 and 2 µm, respectively. In contrast, 

Abbe diffraction limit for a conventional lens with the same outer diameter (12.05 µm) and 

focal lens (f=2 µm) is 2.458 µm. For Z<1 µm, there is no focusing spot formed in this region. 

We measured the spot size along two perpendicular X- and Y-axes. And it shows obvious 

focusing effect in both the two directions along propagation distance. Even at the propagation 

distance as long as Z=5 µm, the apparent focusing spot still can be seen, as shown in Fig. 6 (a) 

and (b). The measured focused region starts to become divergence for Z>9 µm though the 

calculated value shows that the beam is still focused with low intensity at Z=9~10 µm, 

because of the inherent fabrication and measurement errors. Measured DOF is around 8 µm. 

The lateral extension of the focus is ~120 nm within the DOF. It is in accordance with our 

previous theoretical calculation and analyses reported in Ref. [6]. 

 

Figure 5. Analyses of focusing performance: calculated and measured FWHM vs. 

propagation distance Z.
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Figure 6. NSOM results regarding focusing performance with sample scanning along 

propagation direction at distance Z=5 µm. NSOM image of (a) 2D and (b) 3D. 

 

 

 

According to Ref. [14], there is a pattern with two separate sidelobes besides the central 

elliptical main lobe across the annular slits-based plasmonic lens under illumination with 

linear polarization (it also can be seen from our lens, as shown in Fig. 4 (c)). It can be 

improved to be one central circular focusing spot surrounded by the sidelobes with suppressed 

low intensity by means of using the light source with radial polarization as the illumination 

[15]. However, for our elliptical nano-pinholes-based lens here, the corresponding calculation 

result shows that the circular shaped focusing spot cannot be formed under the illumination 

with radial polarization, as shown in Fig. 7 (a). It can be explained that direction of the radial 

polarization is coincident with orientation of the elliptical pinholes in long-axis. Hence there 

is no SPPs wave formed through the holes in this direction due to destructive interference in 

this case. There is no existence of SPPs interfenence-based focusing accordingly. But an ideal 

circular focusing spot can be formed when we rotate the polarization direction to be 90°, i.e., 

the lens is under illumination with azimuthal polarization, as shown in Fig. 7 (b). It may be 

explained that the polarization direction is perpendicular to the long-axis of the elliptical 

pinholes, and constructive SPPs enhanced transmission and interference are generated 

accordingly. For more information regarding the influence of polarization states on focusing 

performance, readers can see our previous presentation in Ref. [25].  

Finally, we addressed an additional issue here from FIB fabrication point of view. Real 

part of Au permittivity εAu will be increased due to Ga
+
 implantation occurred during the FIB 

directly etching process [26]. It will cause variation of optical transmission property and 

focusing performance of the lens accordingly. Further study is necessary to reveal physical 

picture of the influence. 
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Figure 7. (a) Calculated E-field intensity distribution |Ex|
2
 at x-y plane, Z=0.6 µm for (a) 

radial polarization and (b) azimuthal polarization. 

 
(a) 

 

 
(b) 

3. Conclusions 

Transmission property and focusing performance of an elliptical nano-pinholes-based 

plasmonic lens were analyzed by means of both theoretical calculation and experimental 

nanofabrication and NSOM characterization. Optimized transmission property is derived at a 

ratio of short-axis to long-axis of the ellipses, δ=0.2. The corresponding experimental results 

demonstrate that it is in agreement with the theoretical results. The lenses can realize 

subwavelength focusing with enhanced transmission, elongated focal length, and depth of 

focus which are crucial issues for the relevant applications such as nano-photolithography, 

superlensing, biosensing, and data storage. 
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