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PART I 
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Objective/Abstract 

In this report, we use full-wave electromagnetic simulations to characterize the 

nanohole lens. Two types of simulations are performed:  A Gaussian beam simulation and a plane 

wave simulation. In the Gaussian beam simulation, the incident Gaussian beam impinges at the top 

surface of the nano-hole lens, and the resulting beam spot size at the active region can be obtained. 

From this type of simulation, we can find out whether the lens produces an appropriate beam spot 

such that the incident energy is well contained inside the active region.  In addition, the Gaussian 

beam incident locations are varied to examine the energy concentration in the active region under 

different incident conditions. The second type of simulation is a plane-wave simulation. The 

purpose of this simulation is to provide a reference for the experimental characterization results. 

The plane-wave simulation emulates the setup in the actual experimental setup, where a plane-

wave strikes the back surface of a 500  thick InP substrate. The  lens is patterned 

on the front surface of the substrate and collimates the incident plane wave. The focal spot will be 

generated and imaged by a CCD camera. The plane-wave simulation is used to obtain the focal 

length and focal spot of the lens and compare them to the experimental results. The detailed 

simulation setup and results for the two types of simulation will be presented in the following 

sections.

In addition, based on these simulations, three types of nanohole lenses are proposed and 

characterized: One in the main text and two in the Appendix. 
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1 Gaussian beam simulation 

1.1 Proposed simulation procedure 
As mentioned above, the Gaussian beam simulation is used to find out the beam spot size at the 
photo-sensitive region. Since the electric field of the incident Gaussian beam is mostly concentrated 
in a small region in the lens, it is very inefficient and unnecessary to simulate the entire lens as 
shown in Fig. 1(a). The required computational resource can be greatly reduced by dividing the 
full-size lens into smaller lens sections and simulate each individually as shown in Fig. 1(b). Each 
lens section is  and the Gaussian beam is assumed to impinge at the center of each lens 
section. Due to the symmetry of the lens, only 10 lens sections are required to characterize the full-
size lens under different incident conditions. Lens sections 7-10 are used to investigate the crosstalk 
at the sensor if the Gaussian beam impinges at the edge of the lens. As shown in Fig. 2(a), the active 
region is 65  below the lens surface. As a result, even if we only simulate individual lens 
sections, the 61  thick InP substrate between the lens and the active region is still an extremely 
large domain. Thus, to further reduce the computation requirements, the simulation domain of each 
lens section is further truncated as shown in Fig. 2(b). The simulation volume is limited to 

. As a result, the active region, which is  below the lens, is not included 
in the simulation. To obtain the beam spot profile at the active region, a near-field to far-field 
transformation (NFFFT) algorithm will be used. The electric field from the simulation will be 
sampled at the bottom face of the simulation domain as shown in Fig. 2(c), and then the sampled 
field will be input into the NFFFT and the electric field at the active region can be evaluated. Fig. 
3 shows the detailed nanohole pattern for each simulated lens section.  

(a) (b)
Fig. 1(a) The full-size 2  nanohole lens (top view) (b) The full-size lens (gray) can be divided into 
many  lens sections. The Gaussian beam impinges at the center of each lens section. Due to the 
symmetry of the lens, only 10 lens sections are required to characterize the full-size lens. Lens sections 7-10 are 
used to investigate the resulting beam shape at the sensor if the Gaussian beam impinges at the edge of the lens. 
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(a) (b) (c) 

Fig. 2 (a) The active region is 65  below the lens top surface and the lens is only 4  thick. The 61  thick 
InP substrate is too large to simulate. (b) The simulation volume is limited to  to save the 
computational resource. (c) The Gaussian beam is incident at the center of the section with the beam waist aligning 
with the top surface of the lens. To obtain the beam spot size at the active region, which is  below the lens, 
a near-field to far-field transform algorithm will be used. 



5

Fig. 3 Detailed nanohole patterns for each simulated lens section. The Gaussian beam is incidents normally at the 
center of each lens section.  

1.2 Simulation Results 
Fig. 4 shows the electric field profiles for Gaussian beams incident at different locations on the lens. 

The nanohole lens refracts the beam as expected. By inputting the electric fields sampled at the 

bottom face of the simulation domain into the NFFF algorithm, we can obtain the beam spot size 

at the active region. Fig. 5 shows the obtained beam pattern at the active region for each simulated 

lens section. We can see that for lens sections 1-4, the resulting beam spot is fairly well contained 

within the active region. However, for lens sections 5 and 6, where the Gaussian beam impinges 

on the phase wraps, the resulting beam spot is severely distorted. Thus, the energy is well contained 

in the active region. For lens sections 7-10, where the Gaussian beam impinges at the edge of the 

pixel, the energy splits between two adjacent pixels. However, the energy that is collected by the 

active region is small. Fig. 6 plots the energy concentration against the distance away from the lens 

surface. From Fig. 6(a), we can see that to achieve optimal energy concentration in the active region 

under all incident conditions, the active region should be placed 40 m away from the lens surface. 

Fig. 7 shows the beam pattern for the lens section 1 simulated with different incident Gaussian 

beam polarizations. It is clear that the lens is polarization-insensitive.
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Fig. 4 A Gaussian beams incident at (a) ), (b) ), and (c) ) on the lens, which 
corresponds to lens section 1, 2, and 3 in Fig. 3, respectively. The beam refraction phenomena can be observed 
clearly.  

Fig. 5 Electric field at the active region plane (Z=65 m) for each incident condition is obtained from NFFFT. The 
pixel area and the active region are outlined by the red and blue dashed boxes, respectively.  
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(a) (b) 
Fig. 6 (a) Energy concentration inside a 18 m×18 m square is plotted against the distance z away from the lens 
surface. (b) Energy concentration inside a 25 m×25 m pixel is plotted against the distance z away from the lens 
surface. From (a), we can obtain an optimal position to place the active region such that the energy concentration 
is maximized in the active region under all incident conditions. The active region should be placed at 40 m away 
from the lens surface. From (b), we can see that the energy is poorly contained in the pixel if the Gaussian beam 
is incident at the phase wraps. In particular, if the active region is placed at the optimal position (z=40 m), the 
energy concentration is less than 70%.  Under such a scenario, we expect a large crosstalk between adjacent pixels.  

(a) (b) (c) 
Fig. 7 The lens section 1 is illuminated with Gaussian beams with (a) X-polarization, (b) Y-polarization, and (c) 
diagonal-polarization. From the obtained beam spot at the active region, we can see that the lens is polarization 
insensitive. 
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2 Plane-wave incidence simulation 

2.1 Proposed simulation procedure 
A plane-wave simulation is used to emulate the experimental characterization of the nanohole lens 

as shown in Fig. 8. The nanohole lens is patterned on the top surface of the 500 m thick InP 

substrate. A weakly focused Gaussian beam that approximates a plane-wave illuminates from the 

back surface of the substrate. The nanohole lens consequently achieves a focal spot above the 

substrate. To provide a reference to the experimental characterization, plane-wave simulations are 

used to find the focal length and focal spot size of the lens. The simulation model for the plane 

wave incidence is shown in Fig. 9. Symmetry boundary conditions are used such that only a quarter 

of the lens needs to be simulated. In addition, only 1 m air region above the lens is included in the 

simulation to further reduce the computational demand. The electric field profile in the far field is 

obtained from the NFFFT algorithm as before. The plane-wave simulations are performed at 1.7 m, 

1.5 m, 1.3 m, 1.1 m, and 0.9 m wavelengths to characterize the bandwidth performance of the 

lens. Despite all the techniques that are applied to reduce the computational resources, this is still 

an extremely large model. It is simulated on the SciNet super-computing cluster at the University 

of Toronto with a total memory usage of 1TB.  

Fig. 8 Experimental characterization of the nanohole lens. The nanohole lens is patterned on the top surface of 
the 500 m thick InP substrate. A weakly focused Gaussian beam that approximates a plane-wave illuminates the 
lens from the back surface of the substrate. A focal spot is formed above the lens. 
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(a) (b) (c) 
Fig. 9 (a) Simulation model for  plane-wave incidence. (b) Symmetry boundary conditions are used such that only 
a quarter of the lens needs to be simulated. (c) E-field is sampled above the lens, and then NFFFT is used to find 
the E-field profiles in the X-Z plane and the focal plane.  

2.2 Results
Fig. 10 plots the E-field in the X-Z plane and the focal plane for five different wavelengths. The 

lens can achieve focusing and maintain a round focal spot at all wavelengths. The focal lengths of 

the lens increase with decreasing wavelength, which is a result of the anomalous dispersion from 

the periodic nanohole structure. As the wavelength decreases, a second focal spot below the main 

focal spot begins to emerge. This is due to the diffraction of the phase wraps. In comparison, the 

secondary focal spot is not observed in the nanohole design without phase wraps (see Appendix). 

Due to the tapering of the nanoholes, the mismatch between the lens and the free space is 

dramatically reduced. As a result, the lens achieves a very good power transmission around 90%. 

The characteristics of the lens at different wavelengths are summarized in Table 1.  

(a) (b) (c) (d) (e) 
Fig. 10 The E-fields are plotted in the X-Z plane (top row) and the focal plane (bottom row) for (a) 1.7 m, (b) 
1.5 m, (c) 1.3 m, (d) 1.1 m, and (e) 0.9 m. A symmetric round focal spot can be observed for all wavelengths. 
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The focal length increases as the wavelength decreases. In addition, as the wavelength decreases, a second focal 
spot below the main focal spot begins to emerge. This is due to the diffraction at phase wraps.  

Table 1 Lens characteristics at different wavelengths. D is the diagonal length of the lens, which is 

Wavelength 1.7 m 1.5 m 1.3 m 1.1 m 0.9 m 

Focal length (F) 16 m 18 m 21 m 25 m 33 m 

F/D ratio 0.45 0.51 0.59 0.71 0.93 

Focal spot size 1.5 m 1.3 m 1.3 m 1.2 m 1.1 m 
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3 Conclusion
In this report, we have characterized the nanohole lens with both Gaussian beam and plane-wave 

simulations. From Gaussian beam simulation, we extracted the beam spot profiles at the active 

region for different incident locations. We can see that the energy is indeed mostly contained inside 

the active region if the Gaussian beam is not impinging on the phase wraps. If the Gaussian beam 

impinges on the phase wraps, the beam spot is severely distorted and leads to poor energy 

concentration and a large crosstalk. Thus, for energy concentration purposes, it is preferable to 

design a nanohole lens without phase wraps. This is possible if the pixel size is reduced and/or the 

F/D ratio of the imaging lens is increased. For example, if the pixel size is reduced to 10 m×10 m 

and the F/D ratio of the imaging lens is increased from 1 to 2, then it is possible to design a nanohole 

lens free of phase wraps that concentrates energy inside an 8 m×8 m active region. From the 

plane-wave simulations, we can see that the nanohole lens can achieve a good focusing across a 

broad wavelength range. In addition, the lens is polarization-insensitive and efficient making it very 

attractive for conventional imaging/focusing applications. 
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4 Appendix

4.1 Lens Design #2: 25 m×25 m lens without phase wraps 
Fig. A 1 shows the simulation model for a 25 m×25 m lens without phase wraps. This lens will 

be simulated with plane wave incidence. Fig. A 2 plots the E-field in the X-Z plane and the focal 

plane for five different wavelengths. Similar to the lens with phase wraps, a good focusing can be 

achieved at all wavelengths, and the focal length increases with decreasing wavelength. However, 

due to the absence of the phase wraps, there is no secondary focal spot. Since this lens design #2 is 

a weaker lens, the focal spot size is larger than the lens with the phase wraps. 

Fig. A 1 Simulation model for a lens 25 m×25 m without phase wraps 
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(a) (b) (c) (d) (e) 
Fig. A 2 The E-fields are plotted in the X-Z plane (top row) and the focal plane (bottom row) for (a) 1.7 m, (b) 
1.5 m, (c) 1.3 m, (d) 1.1 m, and (e) 0.9 m. A symmetric round focal spot can be observed for all wavelengths. 
The focal length increases as the wavelength decreases. Due to the absence of phase wraps, the second focal spot 
below the main focal spot is not observed. 

Table A 1 Lens characteristics at different wavelengths for lens design #2. D is the diagonal length of the lens, 
which is .

Wavelength 1.7 m 1.5 m 1.3 m 1.1 m 0.9 m 

Focal length (F) 53 m 59 m 64 m 74 m 94 m 

F/D ratio 1.5 1.67 1.81 2.1 2.66 

Focal spot size 3.7 m 3.9 m 3.4 m 3.3 m 3.3 m 

4.2 Lens Design #3: 10 m×10 m lens without phase wraps 
Fig. A 3 shows the simulation model for a 10 m×10 m lens without phase wraps and Fig. A 4 

shows the simulated results. Table A 2 summarizes the characteristics of the lens at different 

wavelengths.

Fig. A 3 Simulation model for a lens 10 m×10 m without phase wraps 
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(a) (b) (c) (d) (e) 
Fig. A 4 The E-fields are plotted in the X-Z plane (top row) and the focal plane (bottom row) for (a) 1.7 m, (b) 
1.5 m, (c) 1.3 m, (d) 1.1 m, and (e) 0.9 m.  

Table A 2 Lens characteristics at different wavelengths for lens design 3. D is the diagonal length of the lens, which 
is

Wavelength 1.7 m 1.5 m 1.3 m 1.1 m 0.9 m 

Focal length (F) 8.5 m 10 m 12 m 13.5 m 17.5 m 

F/D ratio 0.6 0.71 0.85 0.95 1.24 

Focal spot size 1.8 m 1.7 m 1.6 m 1.5 m 1.5 m 
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