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Ultrathin Fresnel lens may revolutionise current optical imaging system, leading to thinner 

and lighter optoelectronic devices with a myriad of technical applications.[1-3] To date, 

evaporated bulk metal films and top-down grown graphene represent viable material choices 

towards the design of ultrathin Fresnel lenses.[4-6]  Despite recent advances, it is still lack of 

a scalable fabrication strategy to achieve ultrathin lens with high focusing efficiency.[4, 7] 

Here, we report a new self-assembled metamaterials-based strategy to design ultrathin 

Fresnel lens using our recently reported plasmene nanosheets.[8, 9] With comparable 

thickness, our plasmene-based Fresnel lens offers a much better focusing efficiency than that 

based on continuous metallic films. This may be attributed to the dual Huygens’ effects from 

both slits and plasmene-constituent nanoparticle building blocks. Importantly, internal 

structural features of plasmene can be precisely tuned simply by adjusting sizes and shapes 

of its constituent building blocks, allowing for maximising the focusing efficiency at a desired 

operating wavelength – a capability impossible to achieve with continuous metal films or 

graphene. Our plasmene-based strategy opens a new route to design tailor-made flat lens 

with finely-tunable internal and overall structural properties, which offers new 

dimensionalities in controlling light-matter interactions for a myriad of technological 

applications. 

Introduction 

Flat and ultrathin fresnel zone plate (FZP) lens have been demonstrated to be a core diffractive 

multi-focus optical component implemented in a myriad of optoelectronic applications due to its 

compactness, lightweight construction and excellent distortion-free light manipulating and 

focusing capabilities.[2, 4] To build up a specified lens surface profile, current fabrication 

techniques predominantly rely on multi-steps top-down processes involving photolithography, 
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electron-beam deposition and anisotropic etching of thick metal films or graphene layers.[4, 10-

13] However, these tedious fabrication processes introduce severe limitations towards scalability, 

structure and performance quality that restrict potential real-world applications besides proof-of-

concept demonstrations.[13-15] For evaporated metal-film lens, inhomogeneous deposition of 

metal layers may lead to poor control over surface features and batch-to-batch variances; for 

graphene-based lens, their simplicity and compactness are greatly offset by the low focusing 

efficiency and limited mid-infrared/terahertz working wavelength ranges apart from graphene 

defects.[4, 5]  

Herein we report a new strategy to fabricate Fresnel lens using our recently reported plasmene 

nanosheets which are tailor-made two-dimensional (2D) assemblies of plasmonic nanoparticles.[8, 

9, 16, 17] Unlike evaporated metallic film or graphene, plasmene is obtained from a bottom-up 

self-assembly process and offers the freedom of tuning its plasmonic properties simply by 

adjusting sizes, shapes and orientations of constituent building blocks. In this model system, we 

demonstrated ~23% focusing efficiency of ~37 nm-thin FZP plasmene lens at the operating 

wavelength of 637 nm. In contrast, continuous gold, silver films, and disordered nanoparticle film 

with similar thickness only achieved ~7.5%, ~10%, and ~9.6%, respectively. Our combined 

experimental and theoretical modelling studies reveal that the higher lens efficiency is due to the 

additional Huygens’ effects from plasmene-constituent building blocks. These add-on effects can 

be adjusted by the choices of building blocks and number of plasmene layers, hence, maximizing 

the lens efficiency. 

Results and discussion 

We began with the model system based on Au@Ag nanocubes (NC) which were used as the 

building blocks to fabricate plasmene on ITO glass. This was followed by focused ion beam (FIB) 
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lithography to mill plasmene into a series of concentric zones at optimized conditions (see Methods 

for fabrication process and Supplementary Section 2 ). According to the classical zone plate law, 

the zone radius at relatively large focal lengths can be determined using: [4, 18] 

fnrn l=2       (1) 

where n = 1, 2, 3,…., f is the focal length, rn is the radius of the nth zone, and λ is the wavelength 

of light. We designed the FZP lens with 24 zones, targeting for a focal length of 100 µm at an 

optical wavelength of 637 nm. Fig. 1a shows the SEM images of the as-fabricated plasmene lens 

at three different magnifications. Clearly, the Fresnel zone rings are evident with NC building 

blocks remaining ordered and well-spaced after optimized FIB milling. Consistent result was 

obtained by atomic force microscopy (AFM) characterisation as shown in Supplementary Fig. S2. 

AFM line scan analysis revealed an average height of ~37 nm for NC plasmene Fresnel zone rings, 

which further confirmed the monolayered NC thickness and minimal etching of ITO glasses. 

Under a monochromatic light source of 637 nm, we obtained a focused spot size (Fig. 1b) with a 

full width half maximum (FWHM) of ~1.8 µm (Fig. 1c) with a focal length of ~92 µm. This 

matches well with the ideal diffraction-limited spot (~ 1.4 µm), which is about 1.22 times of the 

smallest zone width.[19] To theoretically predict the focusing performance of the FZP lens, we 

performed full-wave numerical analysis using finite element method, with the dielectric 

constant of gold, silver and ITO at the wavelengths of interest taken from literature.[4, 20] In 

the focusing simulation, the plasmene is regarded as a homogeneous effective medium whose 

constitutive parameters are retrieved from the numerically obtained transmission and reflection 

coefficients[20] (See Supplementary Section 4 for simulation details). The modelling predicts a 

theoretical focal length and FWHM spot size of ~96 µm and ~ 1.4 µm under similar working 
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conditions, respectively (Fig. 1d-f and Supplementary Fig S3c). Note that experimentally 

plasmene FZP lens does not differentiate between signal and noise, focusing both in narrow 

spectral regions. The cumulative effect is the increase in background noise intensity around the 

main signal, as clearly seen in the measured results in Fig. 1c. Although the plasmene lens is 

specifically designed to operate at 637 nm, they are demonstrated to be able to perform under 

broadband white light, 487 nm and 561 nm illumination (Supplementary Section S5.2 and S5.3). 

This suggested a broadband focusing capability of the plasmene lens throughout the visible ranges, 

though at a lower focusing efficiency of ~11% and ~4.4% for 487 nm and 561 nm wavelengths, 

respectively. 

The Strehl ratio, Rs, and focusing efficiency, Ef, are two key parameters that provide a quantitative 

assessment of a FZP lens performance. Rs is estimated to be ~0.77 by taking the ratio of 

experimentally obtained peak intensity to the simulated peak intensity for a perfect optical system. 

This value is close to that of a diffraction limited imaging quality of 0.8.[21, 22] Ef, which is known 

to be the ratio of intensity at focal point to the intensity of incident light within the lens, was 

calculated to be ~23%. This estimated efficiency is much higher than those reported for other 

inhomogeneous deposited film-based lens.[4, 6, 10] With similar thickness, sputter-coated 

continuous gold and silver films only gave the focusing efficiencies of ~7.5% and ~10%, 

respectively (see Supplementary section S5.4). This was further validated by simulation studies, 

which showed stronger focusing intensity for plasmene lens in comparison to opaque gold and 

silver film lens (Supplementary Fig. S10 b, c).  

We further establish that well-spaced plasmonic nanoparticle arrays hold the key for the high 

focusing efficiency achieved. To prove this, the control lens is fabricated with the same plasmene 

nanosheets but subjected to a period of oxygen plasma treatment. This resulted in the change of 
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well-spaced ordered NC assemblies into random aggregating particulate film (Fig. 2a, top panels) 

with crack and discontinued topography. Comparison of the optical image at focus (Fig. 2a, bottom 

panels) and light distribution profile (Fig. 2b) shows that the focusing performance is weakened 

by ~96% after plasma treatment, with a reduction in focusing efficiency from ~23% to ~9.6%. 

Consistent with experimental results, a comparison of the simulated intensity profile between a 

plasmene FZP lens with ordered assembly and a continuous silver film FZP lens showed drastic 

decrease in peak intensity at focus (Fig. 2c). The higher efficiency achieved on our plasmene-

based lens may be attributed to the additional Huygens’s effects from plasmene-constituent 

building blocks.[23] In plasmene FZP lens, each individual building block can act as a small 

Huygens’ source that radiates spherical wave fronts, which in turn act as a source of new spherical 

wave fronts and so on. Strong surface plasmon resonances may enhance the strength of these 

spherical waves and their interferences in the direction of light travel similar to earlier reported 

enhancement of light transmission.[24-26] In contrast to conventional thick layered metal films 

that act as a perfect reflector which blocks about 50% of the incoming light,[2, 27, 28] the plasmon-

enhanced light transmission and interference may be responsible for high efficiency achieved. To 

the best of our knowledge, these findings were not observed or considered in previous works, 

which attributed the focusing effects to the concentric apertures only. 

To further prove the influence of plasmonics, we fabricated a few plasmene lens using building 

blocks of different sizes and shapes. Note that the size/shape/orientation of the constituent building 

blocks of plasmene can be tuned accordingly to influence the internal interferences that are 

responsible for enhancing focusing performance to operate at specific targeted frequency. To study 

the effect of building block sizes on focusing efficiency, we fabricated similar FZP lenses with NC 

building blocks of three different sizes –  small (s-NC, ~25nm), medium (m-NC, ~40nm) and large 
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(l-NC, ~50nm) – and compared their focusing performances (see Supplementary Section S5.5). 

The Ef were calculated to be ~23%, ~20% and ~13% for s-NC, m-NC and l-NC FZP lens, 

respectively. This trend can be attributed to the relative density of individual Huygen’s sources 

present within the lens. Using s-NC building blocks in the same FZP design, there will be a higher 

particle density and increased interparticle gaps between adjacent particles in comparison to m-

NC and l-NC. This will result in increased light interferences within the s-NC plasmene lens, thus 

leading to the highest focusing efficiency. 

Fig. 3a-d shows the SEM images and focusing performance of plasmene lens from different 

nanoparticle building blocks ranging from Au@Ag nanocubes (NCs) to Au@Ag nanobricks (NBs) 

and vertically- and horizontally-aligned Au nanobipyramids (V-/H-NBPs). These strength of the 

focusing performance was found to be in the order of NC > NB > H-NBP > V-NBP, with the Ef 

estimated to be ~23%, ~16%, ~12.7% and 10.7%, respectively. In principle, a higher focusing 

intensity can be achieved with the use of a lens material with higher refractive index and lower 

absorption.[1, 18] Since slight changes in nanoparticle size, geometries or particle arrangements 

will lead to significant change in refractive index, we measured the absorbance spectra of the 

nanoparticle solution (Fig. 3e) as well as the extinction spectra of the assembled plasmene 

nanosheet (Fig. 3f) and patterned FZP lens (Fig. 3g). From the spectra, NC-plasmene has the 

lowest absorbance at 633 nm, thus resulting in the best performing lens. The spectra of NB- and 

H-NBP lies closer to operation wavelength, therefore both has weaker but comparable 

performance. Since the extinction spectra of V-NBP lens in resonance with the operation 

wavelength, we can conclude majority of the energy of light is either being absorbed or scattered, 

leaving little that can be focused and therefore obtaining a weak focusing intensity.  
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Another attribute of our plasmene-based FZP lens is that we can control lens thickness accurately 

via layer-by-layer deposition. Fig. 4a-d shows the cross-sectional SEM images views of 2, 3, 5 and 

6-layer of plasmene lenses at a tilting angle. From each lens, a similar light intensity profile shape 

was obtained, but with different peak intensity at the focal plane. It was observed that the lens 

exhibited enhanced focusing intensity up to 5-layers of plasmene, followed by a significant drop 

in performance due to intrinsic loss inside the plasmene nanosheet that resulted in decay in 

transmissivity and suppressing of the enhancement (square plots, Fig. 4e). These findings are 

consistent with simulated results (square plots, Fig. 4f) which showed similar trend. This trend can 

be understood by noting that both the slit and building blocks act as Huygens’ sources in the 

functioning of our plasmene FZP lens. However, when the building blocks get thicker, their 

contribution through internal transmission diminishes and only periphery contributes. Also, it is 

interesting to note that thicker or higher refractive index may result in better diffraction 

performance for focusing, but also experiences increased reflections and loss which is detrimental 

for focusing. This argument thus alludes us to the fact, due to compromising nature of these effects, 

there should be some optimum thickness for the lens’ performance; 5 layers in this case. We further 

normalized the maximum intensity to the number of building blocks present and found that the 

focusing intensity became weaker despite the increasing number of particles (hollow star plots in 

Fig. 4e and f). This suggested that monolayered plasmene lens are more advantageous than thicker 

lens in terms of cost benefits since less materials are required, and yet they exhibit reasonably 

efficient focusing performance.  

Similar to previous FZP lens, the number of zones also influence final focusing performance.[29] 

Supplementary Fig. S13a plots the focal point peak intensity and its corresponding FWHM of the 

beam profile as a function of plasmene FZPs with different zone numbers (n = 4, 8, 12, 18 and 24, 
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Supplementary Fig. S12). The increase in zone numbers, which correspond to increase of obliquity 

to the diffracted field at focus, led to two noticeable trends: (1) The focusing peak intensities at the 

focal point increase following a nearly linear relationship, and (2) the FWHM of the beam profile 

is getting narrower, which points to obvious improvement of the optical resolution at focus. This 

is in a good agreement with simulation (Supplementary Fig. S13b), and are also consistent with 

the other materials-based FZP lenses.[30, 31] The underlying cause is that the increasing number 

of zones led to additional constructed light interference dominating the interference between 

diffraction waves from the zones, thus leading to a focus with higher contrast. Due to experimental 

constraints, simulation studies were further conducted to reveal that this linear relationship 

between zone number and light intensity only holds true up to 40 zone numbers and becomes 

saturated when zone number goes beyond 40 (Supplementary Fig. S14). Since the function of FZP 

lens is to focus light on the full size of the lens to a point, changes in the size of lens is drastic 

when zone numbers are small (linear relation) but becomes insignificant when zone number is 

large enough (saturated). 

We further demonstrate that plasmene-based lens can be used for encryption applications. We 

scaled down our FZP design – still consisting of 24 zones, targeting a focal length of 100 µm at 

637 nm excitation but with an inner ring diameter of 2 µm. Using a total of 67 plasmene FZP 

lenses, we designed a ‘plasmene’ word, as shown in Supplementary Figs. S15a and S15b under 

encrypted condition. Upon decryption by focusing light brightly and efficiently, the word 

‘plasmene’ becomes evident (Supplementary Fig. S15c). There are some minor imperfections, 

which may be due to fabrication errors or prior creases that are present on the plasmene nanosheet. 

Supplementary Fig. S15d and S15e show the zoomed-in image on the letter ‘A’, showing clearly 

the constructive interference at focal point and its focusing intensity (Supplementary Fig. S15f). 
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In addition to encryption capabilities, we envision that our plasmene FZP lens can also potentially 

be utilized for optical interconnects, as objective lens for beam focusing, integrated into modern 

electronics for useful applications ranging from medical imaging to surveillance or develop 

specific binary codes for plasmene hologram. [32-34] 

Conclusion 

In summary, we report a new self-assembled plasmene-based strategy to fabricate ultrathin Fresnel 

lens with enhanced focusing capabilities and contrast. Although it still exists some fabrication 

limitations in terms of scaling up zone sizes due to the additional material, milling time and cost 

required, our plasmene lens offers added benefits in comparison to existing technologies (see 

Supplementary Table 1). With similar thickness, our plasmene lens outperforms conventional 

lenses based on evaporated metal films due to the dual Huygens’ effects that promotes enhanced 

light transmission and interferences. Unlike evaporated metal film or graphene, internal structural 

parameters of plasmene can precisely tuned simply by adjusting size, shape and orientations of 

constituent building blocks. This, in conjunction with facile layer-by-layer deposition capability, 

offers rich materials design versatility towards customizable flat lens with desired operation 

wavelength and efficiency.  
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Methods 

Plasmene lens fabrication 

The fabrication process consists of two stages. First, plasmene nanosheets are deposited on an ITO 

glass substrate by means of our previously developed bottom-up polystyrene-based drying-

mediated self-assembly approach.[8, 17] The assembled nanosheets are then patterned into 

custom-designed Fresnel zones via top-down focused ion beam (FIB) lithography. See also 

Supplementary Section S1&S2 for detailed procedure. 

Characterization of plasmene lens 

The morphology and assembled structure of plasmene nanosheet were observed through SEM (FEI 

Helios Nanolab 600 FIB-SEM operating at 5 kV). The absorption spectra measurements of the 

nanoparticles in solution were measure by Agilent 8453 UV-vis spectrophotometer. Extinction 

spectra of plasmene nanosheet was measured by J&M MSP210 Microscope spectrometry system. 

The focusing performance of plasmene lens illuminated by broadband white light was performed 

using a J&M MSP210 Microscope spectrometry system under 20x objective. The focusing 

performance of plasmene lens under monochromatic light sources was performed by a Nikon 

A1Rsi laser scanning confocal microscopy with three operating laser wavelengths of 637 nm, 561 

nm and 487 nm under 20x objective. A digital CCD camera is equipped on both systems to capture 

diffraction patterns. The focused light spot is obtained by gradual tuning of the distance between 

objective lens and plasmene FZP lens. The experimental focal length is measured by recording the 

distance from the lens plate to the focal point. See also Supplementary Section S5. 

Simulation conditions for plasmene lens 

The numerical simulation of the Fresnel lens focusing was performed using commercial Comsol 

Multiphysics, which gives the numerical solutions of Maxwell equations based on finite element 
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method. Owing to the highly symmetrical geometry of the lens, it is reasonable to numerically 

solve only a 2D section of the field distribution, for simplifying the computation. In our simulation, 

the dielectric constant of gold, silver and ITO at the wavelengths of interest were obtained from 

literature. [4, 20] Plasmene is regarded as a homogenous effective medium whose constitutive 

parameters are retrieved from the numerically obtained transmission and reflection coefficients 

(See Supplementary Section 4 for details). [20] Perfect matched layers are set at the outer 

boundaries of the computational region for mimicking an infinitely large free space where no 

reflections occur at these boundaries. 
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Figure 1. Characterization of plasmene lens. (a) SEM images showing a patterned plasmene FZP 

lens. The zoomed-in image shows the highly ordered nanocube building blocks. (b) Microscope 

images showing the rings of plasmene lens (top) and its focusing operation (bottom) under 637 nm 

wavelength illumination. The top image shows the observed rings when focal length is zero. (c) 

Experimental plot of light intensity profile across the focal point for the bottom lens in (b). (d) 

a

λ =	637	nm
b

e

d
40	µm

x (µm)

4

2

0

-2

-4
-5 0 5

y 
(µ

m
)

12

10

8

6

4

2

In
te

ns
ity

 

12

8

4

0
5

0
-5 -5

0
5

f

1.4 μm 

1.8 μm 

c

focus



	
	

18	
	

Simulated electric field enhancement profile across the focal point. (e, f) Simulated 2D (e) and 3D 

(f) intensity profile at focus. 

 

Figure 2. Effect of nanoparticle ordering on focusing performance. (a) SEM (top) and optical 

(bottom) image showing the structure and performance of ordered and disordered FZ prior to and 

after oxygen plasma treatment, respectively. (b) Light intensity profile at focal point for ordered 

and disordered plasmene FZP under 637 nm excitation. (c) Comparison of the simulated intensity 
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profile between a plasmene lens with ordered building block assembly (left) and a continuous 

silver film (right). 

 

 

Figure 3. Effect of plasmene building block on focusing performance. (a, b, c, d) SEM images 

(left) and light intensity profile at focal point normalized to lens thickness (right) for (a) nanocube, 

(b) nanobrick, (c) vertically-aligned nanobipyramid and (d) horizontally-aligned nanobipyramid 

based plasmene FZP lens. (e) Absorbance spectra of individual building blocks in solution. (f, g) 

Extinction spectra of plasmene nanosheets (f) and patterned FZP lens (g). 
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Figure 4. Effect of plasmene thickness on focusing performance. (a, b, c, d) SEM images (left) 

and plot of light intensity profile at focal point (right) for 2- (a), 3- (b), 5- (c) and 6- (d) layered 

plasmene FZP lens. (e, f) Effect of number of layers on focusing intensity for both experimental 

(e) and numerical (f) studies. 

 

 


