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The focusing and imaging capabilities of 
dielectric-based microlenses, either refrac-
tion-based or the aforementioned zone 
plate-based, however, deteriorates greatly 
as their physical dimensions are further 
reduced toward a single-/subwavelength 
scale. Surface plasmons, collective charge 
oscillations on a metal–dielectric interface, 
provide opportunities to reduce the size of 
optical elements by strong confi nement of 
electromagnetic waves. [ 15–17 ]  Optical com-

ponents composed of plasmonic materials exhibit enhanced 
optical transmission, [ 18–20 ]  nanoscale waveguiding, [ 21–23 ]  and 
light generation in subwavelength volumes. [ 24–26 ]  The principles 
of diffraction from nanostructured surfaces have been used to 
control the coupling of light into and out of surface plasmon 
modes [ 15 ]  and design plasmonic lenses with subwavelength fea-
tures as well. Thus far, plasmonic lenses require their subwave-
length features be fabricated with variations in size such that 
each aperture transmits light with a different phase delay. [ 27–32 ]  
However, all the above mentioned plasmonic lenses have been 
fabricated based on very thick metal fi lms (>100 nm), hence 
having signifi cantly low effi ciency due to the high absorption 
loss of the metals. For zone plate based plasmonic lenses, we 
note that they have the same issues as dielectric-based FZPs, 
especially for the halo effect. [ 33 ]  Therefore, it is highly desirable 
to have a plasmonic lens with a versatile design to eliminate 
these problems. 

 Herein, we report a fractal holey metal microlens based on 
fi nite-areas of two-dimensional arrays of circular nanoholes 
by combining the concepts of Fractals and photon sieves. We 
will show that the proposed fractal holey metal microlens can 
solve the problems to a large extent faced by most plasmonic 
focusing elements, i.e., the low effi ciency, the halo effect, and 
high-order diffractions. The excellent focusing performance 
enables our fractal holey metal microlenses promising for 
many applications in bio-imaging, optical trapping, and inte-
grated optics.   

 2.     Results and Discussion 

 The generation of the fractal structure was based on the con-
struction of a typical polyadic Cantor fractal set with a specifi c 
lacunarity, which can be found elsewhere in more details. [ 13 ]  
In brief, the fi rst step was to defi ne an initiator (stage  S  = 0). 
Next, at stage  S  = 1, the generator of the set was constructed 

 A fractal holey metal microlens based on fi nite areas of two-dimensional 

arrays of circular nanoholes is reported. Both experimental and simula-

tion results confi rm that the fractal holey metal microlens can signifi cantly 

suppress both the side lobes and high-order diffractions. The ultra-thin, 

planar, and compact design of the fractal holey metal microlenses with 

excellent focusing performance will benefi t many applications such as 

bioimaging, optical trapping, and integrated optics. 

  1.     Introduction 

 Diffractive focusing elements play an important role in a wide 
range of applications, including light collimation, [ 1 ]  beam 
shaping, [ 2 ]  and optical manipulation. [ 3 ]  Among them, Fresnel 
zone plates (FZPs) are widely used for convenient integration 
and deployment in various optical systems due to their design 
fl exibility and planar optics in nature. [ 4 ]  However, most zone 
plate-based lenses create a halo with substantial intensity (also 
known as the side lobes), which limits the resolving power and 
imaging quality of the lenses. It has been shown that photon 
sieve [ 5 ]  can greatly suppress the halo effect and achieve high 
resolution for focusing and imaging. It is similar to a FZP, 
except that the clear zones in a FZP are replaced by a satura-
tion of non-overlapping holes of set sizes in a photon sieve. 
Both theoretical and experimental works have been conducted 
on studying the fundamental properties of photon sieves [ 6,7 ]  
and demonstrating their practical applications. [ 8–11 ]  Other 
issues associated with the FZPs are their short focal depth and 
high chromatic aberration. Fractal zone plates (FraZPs) have 
therefore been conceptualized and developed to improve the 
imaging capabilities. A fractal is a geometrical shape whose 
parts resemble, at least statistically, the whole. [ 12 ]  Experimental 
results show that FraZPs can not only increase the focal depth 
but also reduce the chromatic aberration due to their fractal 
structures. [ 13,14 ]  

 Future development of nanophotonic integration essen-
tially requires the miniaturization of the focusing elements. 
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by  N  non-overlapping copies of the initiator, each scaled by a 
factor  γ  < 1. At the following stages ( S  = 2, 3, …), the generation 
process was repeated for each segment in the previous stage. 
Once we get the one-dimensional Cantor fractal, which is math-
ematically described by a binary function  q (ς) defi ned in the 
interval [0, 1], lacunar FraZPs can be generated by performing 
a change of coordinates ς = ( r / a ) 2  and rotating the transformed 
one-dimensional (1D) function around one of its extremes. The 
resulted FraZPs have a radial coordinate  r  and an outermost 
ring of radius  a . In general, one has to use four parameters to 
characterize the fractal holey metal microlens: fractal order,  S , 
scaled factor,  γ , the number of residual bars,  N , and the lacu-
narity,  ε . We followed the same designs in a previous report [ 34 ]  
and generated a set of FraZPs with varying  γ  and  ε  at fi xed  
S  and  N  (see Figure S1a−1d). Among these four designs, the 
design with  S  = 2,  N  = 4,  γ  = 1/7, and  ε  = 1/7 gives the highest 
intensity of the main lobe. [ 34 ]  Therefore, we chose this structure 
for a further sieve concept design. To generate our fractal holey-
metal microlens, we simply replace the transparent zones with 
isolated, randomly distributed circular holes on a metal fi lm. 
It is worth mentioning that when we replaced the zones with 
nanoholes, we adopted the results reported in Ref.  [ 5 ]  where 
it has been shown that for a photon sieve constructed from 
a Fresnel zone plate structure, the diameter  d  of the holes in 
each ring of width  w  has an optimum value for the effective 
contribution to the focus. As discussed in the literature, [ 5 ]  the 
hole size and position play an important role on the focusing 
performance since the light passing through the hole may have 
either constructive or destructive interference or both. The total 
contribution at the focus oscillates with the ratio of  d / w . The 
largest focal amplitude corresponding the fi rst-order diffrac-
tion from a single hole is achieved when  d  = 1.53 w . Using this 
rule, we generated a fractal holey metal microlens structure, as 
shown in  Figure    1  a. Considering our fabrication capablility, we 
set the hole diameter as small as 60 nm, which corresponds to 
the outmost zone width of 39 nm. Figure  1 b shows the scan-
ning electron microscopy (SEM) image of the fabricated fractal 
holey-metal microlens structure, which consist of fi ve circular 
zones of isolated, randomly distributed circular holes. The sizes 
of innermost and outmost holes are about 1714 and 60 nm in 
diameter, respectively. The whole pattern area is ∼12.25 μm in 
diameter. Note that some adjacent nanoholes may be connected 

instead of isolated from the magnifi ed SEM images (see 
Figure S2a−2d), especially for the outmost zone. However, this 
shows negligible effect on the focusing performance, which 
is verifi ed by both experimental and simulation results in the 
following.  

  Figure    2  a and b represent the simulated and measured fi eld 
intensity in a cross section through the center of the fractal 
holey metal microlens (along the  x -direction). Both the simu-
lation and the measurement demonstrate clear focusing of 
the optical wave. Note that the simulation image is generated 
using the designed parameters in Figure  1 a rather than the 
actual ones measured in the SEM image. Excellent agreement 
between experiment and simulation is observed, which indi-
cates the robustness in design and the fault tolerance in fab-
rication for focusing. A more detailed quantitative comparison 
between the experimental and simulation results is shown in 
Figure  2 c, which is the cross section of the intensity distribu-
tions through the focus spots of Figure  2 a and b in  z -direction. 
From Figure  2 c, we can see that the simulated fi eld intensity 
distributions are in a reasonable agreement with the experi-
mentally achieved ones. A slight deviation is observed when the 
light propagates further away from the lens. This is understand-
able since the confocal microscopy collects light only from a 
fi nite diffraction-limited volume. Accumulated scanning errors 
of the piezo nanopositioning stage may be caused to affect the 
collected light intensity.  

 The designed fractal holey-metal microlens shows interesting 
focusing properties: the light fi rstly focuses near the exit plane 
of microlens, bifurcates with the propagation, and then focuses 
again at a further propagation distance. We therefore checked 
the cross section of the intensity distributions at these three 
regimes in  x -direction.  Figure    3   and  Figure    4   show the intensity 
distributions at two focal points of  z  = 1.55 μm and  z  = 11.22 μm. 
Both 2D and 3D intensity distributions show strong focusing 
properties. At focal point of  z  = 1.55 μm, the full width at half-
maximum (FWHM) is 640 nm and the depth of focus (DOF, 
defi ned as the distance between the two halves of the maximum 
intensity) is 1.28 μm; while at focal point of  z  = 11.22 μm, 
the FWHM and the DOF are 662 nm and 2.86 μm, respec-
tively. The FWHM of the focal points in our fractal holey-metal 
microlens is comparable to other reported metallic microlenses 
based on the same diffractive effect. [ 30–32 ]  However, there is still 
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 Figure 1.    Computer-generated (a) and lithographically fabricated (b) fractal holey metal microlens structures that consist of fi ve zones as shown in (a).
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much room to improve the FWHM. For example, the FWHM 
could be greatly improved by blocking the central zones. [ 35 ]  For 
plasmonic or metallic microlenses, the optical effi ciency is an 
extremely important concern since it is signifi cantly low due 
to the high absorption loss, especially for very thick (>100 nm) 
metal fi lms, which may hinder their practical applications. 
Therefore, we chose a 50 nm-thick gold fi lm in our experi-
ments, which has relatively low absorption and high transpar-
ency. However, for microlenses, it is very challenging to directly 
measure their focusing effi ciency. From our confocal measure-
ments, the intensity ratios of the foci to the incident laser were 
evaluated to be about 11 ( z  = 1.55 μm) and 5.5 ( z  = 11.22 μm), 
respectively, which should be much higher than other reported 
metallic lenses based on very thick metal fi lms (>100 nm). [ 27–32 ]  
These achieved intensity ratios indicate a quite high focusing 
effi ciency for our fractal holey-metal microlenses. In addition, 
the side lobe level (SLL, defi ned as 10 log10 _ /Iside lobe Iprinciple( )) of 

about −4.9 dB was achieved at the focal point 
of  z  = 11.22 μm in our fractal holey-metal 
microlens, which was comparable to the ones 
(∼−4dB) in other diffraction-based plasmonic 
lenses. [ 36,37 ]  We also did not observe the odd 
higher-order foci clearly. This is a big advan-
tage that both the side lobes and the high-
order diffractions (i.e., odd higher-order foci) 
are suppressed over conventional FZPs, in 
which a ring shaped secondary maxima (i.e., 
side lobes or halo effect) and odd higher-order 
foci ( f /3,  f /5, …) are produced simultaneously 
in addition to the principal focus. The halo 
effect associated with conventional FZPs will 
greatly increase the SLL and blur the imaging 
qualities. Meanwhile, the odd higher-order 
foci dissipate the optical energy undesirably 
along the optical axis.  Figure    5   shows the 
intensity distributions at  z  = 8 μm, which is 
in between those two focusing regimes. It is 
interesting that a light well (i.e., annular ring-
shape light intensity distributions) is formed, 
which is in good agreement with the FDTD 
simulations. Such a light well is potentially 
useful for trapping and sorting of cells and 
particles. [ 38 ]     

 The improvements on SLL and higher 
order foci arise from fractal nature with the 
smoothing effect that the nanoholes pro-
duce on each ring. In our fractal holey metal 
microlens, the normal incidence of light on 
the microlens surface will induce excitation 
of surface plasmons in the nanohole array: 
plasmon oscillations that are in-phase among 
same-size-nanoholes on the input surface 
(quartz–gold interface) still remain in-phase 
on the output surface (gold–air interface) 
after transmission. In such a process, sur-
face plasmons play a facilitating role on 
enhancing the light transmission and ulti-
mately improving the focusing effi ciency of 
our fractal holey metal microlens. However, 

the focusing performance will be still mainly governed by the 
diffractive effect of structures. Since a very thin gold fi lm is 
used in our experiments, the thickness of the gold fi lm induced 
negligible phase retardation among the nanoholes in the zones 
from No. 2 to No. 5 except the innermost hole. Therefore, we 
can consider every nanohole as a secondary light source. In 
such a case, when an optical system with two-dimensional 
pupil function  p ( r ,  φ ) is illuminated by a plane wave with a 
wavelength of  λ , the irradiance along the optical axis  z  can be 
expressed in canonical polar coordinates as expressed below:
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 The axial irradiance in Equation  ( 1)   can be conveniently 
expressed in terms of a single radial integral by performing 
fi rst the azimuthal average of the pupil function  p ( r ,  φ ):
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 Figure 2.    Simulated (a) and measured (b) focusing patterns of the fi eld intensity in the  x − z  
cross section (sharing the same  z -axis) through the center of the fractal holey-metal microlens. 
(c) Simulated (red curve) and measured (blue curve) photon counts (proportional to intensity) 
in cross section of the focus along the  z -direction. Total fi eld scattered fi eld (TFSF) source and 
collimated laser beam with the wavelength of 488 nm are used for simulation and measure-
ment respectively.
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 From Equation  ( 3)  , we can see that the azimuthal average 
of the pupil accounts ultimately for the behavior of the axial 
irradiance, instead of the pupil itself. In our fractal design, 
we render all the nanoholes in each zone to have constructive 
contributions to the principal focus but destructive contribu-
tions (tends to zero) to the higher-order foci. Our calculations 
based on Equation  ( 3)   show that the intensity of the higher-
order foci decreases exponentially with the increase of the dif-
fraction orders. For example, the intensities of third-order and 
fi fth-order foci are at least three and seven times less than that 
of the principle focus. On the other hand, from Figure  1 , the 
size of the nanoholes on zones from No. 2 to No. 5 gradually 
decreases from inside to outside. The gradual size changes 
create a smooth fi ltering effect and hence effectively suppress 
the side lobes around the principle focus. [ 5 ]  Therefore, both the 
side lobes and the odd higher orders are highly suppressed due 
to the combined effects by the fractal nature and the smooth 
fi ltering effect. 

 To reveal the focusing nature of our designed fractal holey-
metal microlens, we further decomposed its structure into 
two parts: the single innermost hole (Figure S3a) and the 
outer zones from No. 2 to No. 5 (Figure S3b). Figure S3c and 
S3d show the simulated fi eld intensity distribution of the 

Adv. Optical Mater. 2014, 2, 487–492

 Figure 3.    2D (a) and 3D (b) intensity distributions at  z  = 1.55 μm. 
(c) Finite-difference time-domain (FDTD) simulated (red curve) and 
photon scanning tunnelling microscope (PSTM) measured (blue curve) 
intensity distributions in cross section of the quasi-near-fi eld focus along 
the  x -direction. Side lobes are marked by arrows.

 Figure 4.    2D (a) and 3D (b) intensity distributions at  z  = 11.22 μm. 
(c) FDTD simulated (red curve) and PSTM measured (blue curve) 
intensity distributions in cross section of the far-fi eld focus along the 
 x -direction. Side lobes are marked by arrows.

 Figure 5.    2D (a) and 3D (b) intensity distributions at  z  = 8 μm. (c) FDTD 
simulated (red curve) and PSTM measured (blue curve) intensity distribu-
tions in cross section along the  x -direction.
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decomposed structures in Figure S3a and S3b. From Figure S3c 
and S3d, it is clear that the quasi-near-fi eld focusing arises pri-
marily from the diffraction of the innermost hole; while the 
far-fi eld focusing is mainly attributed to the constructive inter-
ference of optical waves emerging from the nanoholes inside 
the outer zones from No. 2 to No. 5. It is worth mentioning that 
FDTD simulations show slightly decreased DOF of 2.18 μm in 
Figure S3d compared to DOF of 2.39 μm in Figure  2 a, which 
may be attributed to the cancellation of the constructive inter-
ference between the emerging light from the innermost hole 
and the outer zones. 

 To validate our simulations, we fabricated exactly the same 
structure as showed in Figure S3b by only removing the inner-
most hole.  Figure    6  a shows the SEM image of the fractal holey-
metal microlens without the innermost hole. The confocal 
measurement and cross-section analysis at the focal plane 
are shown in Figure  6 b–e. We can see that the fractal holey-
metal microlens without the innermost hole has only one far-
fi eld focal point at ∼11.2 μm. More importantly, a signifi cantly 
improved SLL of −10 dB (see Figure  6 e) is experimentally 
achieved compared to the one with the innermost hole (see 
Figure  4 c). The central block zone can effi ciently eliminate the 
background from the diffraction other than the fi rst order and 
further suppress the side lobes. Simpson and Michette have 
proven that blocking the central zones of a zone plate can effi -
ciently remove the effect of non-diffracted radiation (i.e. the 0th-
order radiation or background). [ 35 ]  By blocking the central zone, 
the focus of our fractal holey-metal microlens is formed in the 
shadow of the obstruction, hence producing a high-contrast 
focusing. In addition, due to the central blocked zone, the focal 

depth is also increased by a factor of 1/(1- a  2 ), where  a  2  is the 
fraction of the area blocked. Compared to the one with the 
innermost hole, the addition of the central blocked zone, i.e., a 
50-nm thin gold layer, causes signifi cant absorption (∼89% for 
the wavelength of 488 nm), which hence causes the absorption-
induced apodization of the illumination. Guo and Barton have 
demonstrated that for a centrally opaque zone plate, adequately 
lowering the illumination can effi ciently reduce the SLL. [ 39 ]  
Therefore, in our fractal holey-metal microlens, the side lobes 
are signifi cantly suppressed due to the absorption-induced apo-
dization of the illumination. The analysis for the experimental 
results shows that the focal points of the microlens before and 
after the removal of the innermost hole have almost the same 
FWHM as expected. It is also worth mentioning that since our 
design supports axial symmetry both globally (in the rings of 
holes) and locally (for each circular nanohole), the device can 
focus normally incident, linearly polarized light with any polari-
zation angle (i.e. linear-polarization insensitive, see Figure S4).    

 3.     Conclusion 

 We have demonstrated a fractal holey-metal microlens based 
on fi nite-areas of two-dimensional arrays of circular nanoholes. 
Due to the fractal design with nanohole-enhabled smoothing 
effect, both the side lobes (i.e. the halo effect) and the odd 
higher orders associated with the conventional Fresnel zone 
plates can be greatly suppressed in our fractal holey metal 
microlens. In addition, a relatively high lens effi ciency has been 
achieved. The ultra-thin, planar and compact design allows 
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 Figure 6.    (a) SEM image of the fractal holey metal microlens without the innermost hole. PSTM measured intensity distributions in cross sections of 
the focus along the  z -direction (b) and  x -direction (c and d). The  z -span in Figure (b) is from 0 (bottom) to 20 μm (top). (e) Simulated and measured 
intensity distributions in cross section along the  x -direction. Collimated laser beam with the wavelength of 488 nm was used for measurement.
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for large-scale fabrication of microlens arrays and convenient 
integration with other optical systems. The excellent focusing 
performance and controllable focal length in micronmeter scale 
enable our fractal holey metal microlenses promising for bio-
imaging, optical trapping, and integrated optics.   

 4.     Experimental Section 

  Fractal Holey Metal Microlens Fabrication:  A 50-nm thick Au fi lm was 
fi rst deposited with an adhesion layer of 2-nm chromium onto quartz 
substrates with a refractive index of 1.46 by electron beam evaporation 
(Denton Vacuum Explorer) at room temperature. The pattern of the 
fractal holey-metal microlens was written by electron-beam lithography 
(ELS-7000, Elionix). ZEP-520A resist (1:1 ratio mixing with anisole) was 
spin-coated at 5000 rpm followed by soft-baking at 180 °C for 2 min on 
a hotplate. The exposure conditions were confi gured with an exposure 
dosage of 520 μC/cm 2  and beam current of 50 pA. Subject to a dry 
etching process, the fractal holey-metal microlens was formed on the Au 
layer after stripping the residual layer. 

  Confocal Measurements:  The performance of the fractal holey metal 
microlens was evaluated using the confocal scanning function of a 
photon scanning tunnelling microscope (PSTM,  alpha -300S, WITec). 
The sample was illuminated with a collimated, polarized laser beam 
from the substrate side. The laser beam has a diameter of ∼10 mm. 
The sample was mounted on a closed loop XYZ piezo nanopositioning 
stage such that the planar microlens was situated in the  x − y  plane with 
its optical axis orientated along the  z  direction. The transmitted beam 
through the lens was collected by an objective (Olympus, 100×, 0.9 NA), 
focused down to a 100 μm multimode fi ber that serves as a pinhole in 
the system, and eventually detected by a photomultiplier tube (PMT). 
The three-dimensional (3D) spatial intensity profi le of the transmitted 
beam was obtained by taking a sequence of 2D intensity profi les (on 
the  x - y  plane) at different  z  positions along the propagation direction. 
The scan in the  x - y  plane was 15 × 15 μm 2  with total 256 × 256 pixels 
(i.e., ∼60 nm/pixel resolution), and the step size along  z  direction was 
200 nm. The signal-to-noise ratio of the system at the exit interface of 
the structure was 100:1. 

  Optical Simulations:  To model the focusing performance of the fractal 
holey-metal microlens, we carried out the fi nite-difference time-domain 
(FDTD) calculations using a commercial software (Lumerical). The 
designed structure was directly imported into the software. The whole 
structure was simulated with perfectly matched layer (PML) boundary 
condition in the  x -,  y -, and  z -direction. The mesh size of the simulation 
space was 10 nm (Δ x ) × 10 nm (Δ y ) × 11 nm (Δ z ). We injected a total 
fi eld scattered fi eld (TFSF) source with polarization direction along the 
 x -axis from the bottom of the quartz substrate. The dispersion of gold 
was based on the Johnson and Christy model [ 40 ]  in the material library 
of the software.  
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