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Abstract: We have proposed, designed, manufactured and tested low loss 
dielectric micro-lenses for infrared (IR) radiation based on a dielectric 
metamaterial layer. This metamaterial layer was created by patterning a 
dielectric surface and etching to sub-micron depths. For a proof-of-concept 
lens demonstration, we have chosen a fine patterned array of nano-pillars 
with variable diameters. Gradient index (GRIN) properties were achieved 
by engineering the nano-pattern characteristics across the lens, so that the 
effective optical density of the dielectric metamaterial layer peaks around 
the lens center, and gradually drops at the lens periphery. A set of lens 
designs with reduced reflection and tailorable phase gradients have been 
developed and tested, demonstrating focal distances of a few hundred 
microns, beam area contraction ratio up to three, and insertion losses as low 
as 11%. 
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1. Introduction 

Flat and compact micro-lens arrays can be used for many applications including imaging 
systems, displays, and detectors. In contrast to conventional curved lenses and lens arrays, 
dielectric meta-surface lenses can be readily wafer-level integrated and manufactured using 
processes compatible with CMOS technology. These lenses can be designed to improve the 
effective array filling factor by being tightly mapped on a surface. Size, weight, and other 
packaging characteristics for optical sensors, as well as assembly cost, can be improved 
significantly. Making binary surface GRIN lenses as a metamaterial layer can be more 
efficient, compared with conventional methods of micro-lens manufacturing (such as surface 
profiled Fresnel lenses, geometric micro-machined lenses, or an assembly of separate discrete 
micro-lenses into arrays).f 

Planar binary surfaces with sub-wavelength patterns have been developed in the past [1–
7] and used for reducing the reflection [8] from high index materials, as well as modulating 
the phase [9] of the transmitted wave. While this phase modulation can be accomplished 
using plasmonic surfaces [10], dielectric meta-surfaces have the huge advantage of reducing 
or even eliminating insertion losses. Strong intrinsic absorption within an operational spectral 
band located in the vicinity of the plasmonic resonances results in very low transmission 
through plasmonic meta-surfaces, at a level of a few percent at best. This makes the 
plasmonic approach impractical for transmission optics applications. Conversely, the sub-
wavelength structures of meta-surfaces are virtually dissipation free (even near polaritonic 
resonances), if a transparent dielectric is used as the lens material. 440 nm was chosen. 
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Similar dielectric diffractive structures have been used for designing physically thin 
versions of various optical components, including blazed gratings [11–18], waveguide 
couplers [19–21], and computer generated holograms [22–24]. Flat lenses based on 
diffractive structures have also been proposed [17, 25, 26] and demonstrated [9,25]. For 
example, a TiO2 blazed grating lens has been developed for a wavelength of 860 nm, with a 
demonstrated focal length of 400 µm [15,26]. Other similar lenses were proposed for on-axis 
and off-axis imaging [16,27,28]. A similar lens operating in the visible range (650nm) has 
been proposed using silicon pillars on an oxide substrate [29]. Although silicon is absorbing 
in the visible and NIR range, losses in the proposed lens are on the order of 20% at an 
operational wavelength of 650nm when using a transparent substrate, due to the small volume 
fraction of Si in the structure. 

2. Approach 

We have developed a simple design for a thin dielectric meta-surface lens that can be easily 
manufactured with relaxed tolerance, compared to precision diffractive structures. The 
objective was to create a sub-wavelength, fine-patterned meta-surface as a phase mask with a 
smooth radial dependence of phase increment on transmission, avoiding 2π phase steps. 
Quasi-parabolic radial gradients of phase along the surface were created by slow variation of 
geometric parameters of the fine pattern. The meta-surface thickness is approximately one-
third of the free-space wavelength (λ0 = 1.55 μm, and height ≈0.5 μm), in our specific case. 
Hence, the phase mask depth variation, Δφ ≈2πδn(h/λ0) ~2⋅δn rad < 2π, across the lens area is 
relatively small. Therefore, the mask covers just one single central Fresnel zone of the 
transmitted beam, rather than multiple Fresnel zone rings with 2π phase steps as are typical in 
a diffractive lens structure. As our experiments show, a mask of this type can be sufficient to 
reduce a laser spot diameter by a factor of about three, which can be very useful for many 
laser receiver, non-imaging, and optical sensing applications. 

For a proof-of-concept demonstration, we selected a nano-patterned regular array of 
pillars etched with near vertical walls over the silicon wafer surface. The periodicity of pillar 
positions has been chosen to be constant over the entire lens, while the pillar diameter 
gradually varies from the lens center to its periphery to create spatial variations in effective 
refractive index of the meta-layer. To obtain a phase mask with only 0th order diffraction that 
minimizes scattering loss into other diffraction orders of the periodic structure, the periodicity 
of the pillar structures must be less than the structure cutoff scale, λ0/n, where λ0 is the 
wavelength in free space, and n is the refractive index of the substrate. For the case of 1.55 
μm incident light with a silicon substrate, the pillar periodicity should be less than about 445 
nm (here, 440 nm was chosen). The pillars were arranged into a square symmetry lattice in 
the x- and y- (in-plane) directions to guarantee the same optical characteristics under both x- 
and y-polarization. As a first approximation, we assume that all pillars will have 
approximately the same height (given by the etching depth) due to the simultaneous etching 
of all structures. 

Before fabrication, a commercial software package utilizing Finite Element Method 
(FEM) was used to simulate the optical properties of various structures. A parametric three-
dimensional model of periodical pillar structures was simulated, and phase increments of 
transmission and reflection were calculated. Parametric sweeps were run over the pillar 
height, diameter, and wall slope to find structures exhibiting both low reflection and large 
phase increments. Due to practical fabrication reasons, all of the pillar heights and wall slopes 
were maintained constant across the entire structure in simulations, while the pillars’ diameter 
were varied across the surface – providing the required phase distribution. 

The phase of a wavefront incident on a conventional lens is modulated by the lens’ curved 
profile resulting in lateral variations of the optical path due to glass thickness variations 
across the lens. Similarly, a dielectric meta-lens alters the optical path length (phase) of the 
transmitted light. The lens thickness is constant, and it is the effective index of the layer that 
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varies, as takes place for conventional gradient index (GRIN) lenses. Using pillars of different 
diameters while maintaining the same periodicity, the volumetric fill factor of the substrate 
material (vs. air) can be tailored across the meta-layer surface. Extended dynamic range of the 
phase variations in the transmitted light requires a large variation in the effective refractive 
index of the sub-wavelength thin modified layer. The dielectric metamaterial forming the 
desired meta-layer provides this capability. 

A plane wave incident on this lens will exit the surface with the curved phase profile – 
characteristic of a positive focusing lens are shown in Fig. 1. 

 

Fig. 1. Plane wave-fronts (shown in red) travelling through a conventional thick, curved lens 
(a), compared to a thick gradient index (GRIN) lens (b), and to a thin, flat meta-surface lens 
(c). 

3. Design 

Pillars with a small diameter will result in a low fill factor, mostly dominated by the air 
between the pillars; the effective index will approach that of air, index n = 1. Such areas of 
the pattern will accumulate a small leading phase, and are placed at the periphery of the lens. 
Thicker pillars with larger diameters result in a higher volumetric fill factor with a higher 
attendant effective index and these will accumulate a large lagging phase, slowing the wave-
front of the incident field. 

Our models show that the effective index of the actual meta-layer deviates from the 
simple direct proportionality to volumetric filling factor. As an example, interactions of 
transmitted light with localized polaritons in the nano-structures results in pushing more light 
into volumes occupied by the high index substrate dielectric. In general, dielectric meta-layers 
can be designed to provide sharper spatial phase gradients than ones anticipated from 
simplified fill-factor effective medium models. Fabry-Perrot type of spectral resonances 
created between two interfaces bordering the meta-layer should also be accounted for. In 
particular, transmission and reflection characteristics of the meta-layer become dependent on 
wavelength and on angle of incidence. 

The lenses examined in this paper are each 30 μm x 30 μm in size and square-shaped. The 
nano-pattern for every lens consists of five concentric “belts”. The belts are formed by a 
discrete collection of square “tiles”, each 3 μm x 3 μm in size. The pillars’ diameter is 
constant over the whole surface for every tile, see Fig. 2. Thus, the belts were formed by 
pillars with constant diameter. We explored two designs – “square” and “rounded” lenses, 
both shown on the images in Fig. 2. The diameter of the pillars changes from belt to belt (see 
Fig. 2), and belts are arranged with thick pillars near the lens center and thin pillars towards 
the periphery. Discrete (as opposed to continuously varying) tiles were chosen due to their 
design simplicity, and practicality in optical measurements (discussed later). 
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Fig. 2. Top-view of the two realizations of the lens designs: a “square” lens (left), and the 
“rounded” lens (right), with notched belt corners. The colored region shows the arrangement of 
the belts for each lens, with thick pillars near the lens center and thin pillars towards the 
periphery. 

4. Fabrication method 

The pillar structures were fabricated by first patterning the circular discs used as a mask for 
dry etching (Fig. 3). The lithography was done using a Leica VB6 electron beam writer on a 
double-side-polished silicon substrate with ZEP resist. Upon lithography and development, a 
45 nm thick aluminum mask was deposited, preceded by a 2 nm titanium adhesion layer via 
electron beam evaporation. The ZEP resist was removed via lift-off, leaving the aluminum 
mask on the substrate – used for etching. The etching was performed over the entire substrate, 
leaving behind only the small areas protected by the aluminum mask. Upon plasma etching, 
these aluminum circular discs leave behind cylindrical silicon pillars rising up from the flat, 
etched substrate. Three alternating steps of Reactive Ion Etching (RIE) and Scanning Electron 
Microscopy (SEM) were performed. In each step, the etching recipe was altered to ensure 
vertically etched sidewalls and precise etching depths. After reaching a depth of 550 nm, the 
aluminum mask was removed using Nanostrip, leaving behind the array of vertical silicon 
pillars of different diameters. 

 

Fig. 3. Schematic showing the major steps of the fabrication process. 

In total, three different combinations of five nano-patterns for every lens were selected to 
provide gradual variation of transmitted phase increments using preliminary modeling 
predictions. Altogether, 15 different nano-patterns for tiles were used to design all the lenses. 
SEM photos for two of the 15 of nano-patterns are shown in Fig. 4. For every combination of 
the belt patterns, both “square” and “rounded” lens tile geometries (see Fig. 2) were applied 
to design 30µm x 30µm lenses. Moreover, to reduce the risk of manufacturing accuracy, 
every lens design was implemented in three versions: one was patterned with an optimal pillar 
diameter, while another two had small deviations from the optimum, both larger and smaller 
values. So, in total, 6 unique lens realizations were patterned and fabricated on the same 
wafer. 
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Fig. 4. Side-view of the pillar structures that modulate the phase of light passing through the 
lens. Pillars of large and small diameter etched to similar depths. 

Along with the lenses, 15 (120 µm x 120 µm) arrays of pillars were fabricated 
simultaneously on the same wafer. These 15 arrays were patterned uniformly, each containing 
pillars with the same diameter over the entire area. These replicate the nano-patterns for all 15 
elementary tiles we used for the lens designs. The additional arrays allowed independent 
measurements of transmission through such patterns, which were required to validate the 
model. 

5. Phase increment measurements 

Upon fabrication, SEM images of the 15 large (120 μm x 120 μm) arrays were monitored to 
measure the final dimensions of the pillars in each array. These parameters were fed into the 
original 3D FEM model, simulating predictions for the reflection and phase of the field 
passing through each uniformly patterned tile. To experimentally validate our model, the 
phase acquired upon crossing the pillar arrays was experimentally measured using the 
shearing interferometer technique setup shown in Fig. 5 and similar to previous work [30]. 
The incident beam spot straddled the interface between the patterned region and the bare 
silicon surface, so that each half of the beam experienced different phase shifts crossing the 
wafer. The position of the interference fringes (formed by interfering these two parts of the 
illuminating laser beam) were compared to fringe positions when the sample was laterally 
shifted so that both parts of the beam crossed the un-patterned area of the wafer. As a result, a 
phase increment accumulated upon passing through each pillar array was compared to the 
increment accumulated upon passing through the surrounding flat substrate of the same 
thickness. 

 

Fig. 5. Experimental optical phase measurement setup. The phase of each uniform array was 
measured by detecting the shift in the interference pattern created between the beam passing 
through the patterned and bare silicon surface. 

The experimentally measured phase shift of each uniform array is shown and compared to 
the computer simulations in Fig. 6. We clearly see a close correspondence between the 
simulated and measured phase, and the simulations are well within the margin of 
experimental error. 

#211219 - $15.00 USD Received 23 Jun 2014; revised 28 Aug 2014; accepted 31 Aug 2014; published 17 Oct 2014
(C) 2014 OSA 20 October 2014 | Vol. 22,  No. 21 | DOI:10.1364/OE.22.026212 | OPTICS EXPRESS  26217



 

Fig. 6. Simulation (blue) and experimental measurements (red) for phase increments added by 
patterned meta-surfaces for the 15 pillar structures. The black error bars represent the 15% 
margin of error in the experimental measurements. 

The arrays in the set we tested were enumerated using the following convention. Of these 
15 structures, arrays 1-5 were used to form the 5 sequential concentric belts, starting from the 
lens center. Patterns 1-5 were used for lens design #1. Arrays 6-10, similarly, refer to the 
concentric belts of lens design #2. Finally, the arrays 11-15 form the concentric rings of the 
lens #3 design. Collectively, the gradual phase variations from belt to belt of the lens will 
shape the wavefront, producing the focusing behavior of the lens (as sketched in Fig. 1). 

6. Focusing effect 

Focusing properties of the meta-lenses were experimentally studied in a separate set of 
experiments. The surface of the silicon wafer lens was illuminated from the patterned side 
with a collimated 1.55 μm laser beam, shown in Fig. 7. 

 

Fig. 7. Schematic of the focusing effect demonstration. The single mode radiation from an Er 
fiber laser was tightly focused on the Si sample surface to monitor beam diffraction behind the 
surface micro-lens using a simple imaging system. 

The goal for this experiment was to monitor the spatial structure of the beam spot after the 
light had been transmitted through the lens. Different beam cross sections were imaged 
behind the lens with a high magnification onto an InGaAs camera (with a magnification 
factor of about 1:30). The evolution of the diffraction pattern (which is induced by the nano-
patterned phase mask) was captured by displacing the position of the imaging plane along the 
z-direction. A large diameter uniform beam (that overfilled the lens), or a Gaussian beam 
approximately matching the size of the lenses were used. The small diameter Gaussian beam 
was deliberately tilted at a small angle (about 10°), with respect to the normal. This tilt helped 
avoid interference of the transmitted light with secondary reflections from the 0.5 mm thick 
silicon wafer surfaces that could potentially interfere with the primary images. A microscope 
objective placed directly behind the silicon wafer collected light and was used for imaging. 
The position of the imaged cross-sections was varied in small increments by displacing the 
microscope objective position, or by moving the camera along the z-direction. 

Figure 8 illustrates the dynamics of the focal spot evolution along the z-axis behind one of 
the micro-lenses. Here, the wafer was illuminated by a large beam at normal incidence. The 
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spatial fluctuations seen in the background of the figure are artifacts typical in coherent 
imaging. Imaging the wafer surface plane where the lens is located (z = 0) provides a 
reasonably flat intensity profile. At a distance of about 160 μm behind the micro-lens (inside 
the wafer), the light is focused to a round spot of highest concentration. This spot is much 
smaller than the 30 μm x 30 μm size of the micro-lens (which is depicted as a yellow box in 
Fig. 8). The positions of the image plane have been calculated to account for refraction of the 
imaging light at the output Si/air interface. When shifting the image plane further into the 
wafer bulk, the spot size increases. The beam spreading continues more rapidly when light 
escapes from the Si wafer into air. 

Figure 9 shows the intensity distribution at different imaging planes for the case when a 
24 μm diameter tilted Gaussian beam illuminated the “square” micro-lens (left photo in Fig. 
2). Right at the micro-lens location (i.e. at input interface of the wafer) plane, the original 
Gaussian profile is seen. The plane of minimal spot size (which we call the focusing plane) is 
shown in the middle, along with the plane one focal length behind the focusing plane, shown 
on the right. The plot in Fig. 9(c) compares the original Gaussian intensity profile with the 
profile at the focal spot. It can be seen that the lens reduces the beam spot size by nearly a 
factor of three – the FWHM of the incident light is decreased from 32 µm to 11 µm. The on-
axis intensity increases by a factor of 1.87 in this case (compared to input beam intensity). 

The photos in Fig. 9 demonstrate that along with the tightly focused spots, a halo pattern 
around the spots is present near the focus. The light power distributed over the halo around 
the spots explains why the peak intensity increase at the focal spot center is less than would 
be expected from just beam area reduction. The halo carries imprints of the square symmetry 
of the lens design, indicating that the halo is an aberration effect associated with the discrete 
“tiled” square lens design. Perfecting the lens design, making the phase mask deeper and the 
step size more gradual could increase the light intensity at the tight focal spot, as compared to 
intensity of the incident light, by an order of magnitude. 

 

Fig. 8. Intensity profiles taken at different image planes behind the micro-lens surface 
measured from the input surface of the wafer. The micro-lens is strong enough to focus light 
inside the wafer. The yellow-color frame depicts a 30 μm x 30 μm box equivalent to the size of 
the micro-lens. 

Table 1 shows examples of the optical characteristics for two different micro-lenses, along 
with a comparison to a bare, flat silicon wafer (with unmodified surface). First, the surface 
reflection is reduced from 30% for a planar silicon surface to only 11% or 14% for the nano-
patterned surfaces (due to improved impedance matching). Second, lens focusing power for 
this microlens should be characterized by two different parameters: distance to a plane of 
minimal spot size, and a distance to a plane with maximal power concentration within a 
smaller square (such as a quarter of the original square lens area). In particular, more than 
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one-third of the input beam power can be concentrated into a “half-pixel” size square, 15µm x 
15µm, near the center of a beam passing through the lens. Meanwhile, peak intensity can be 
doubled (Fig. 9) at the plane of smallest spot size when compared to the flat silicon wafer. 
Focal distances observed for our 18 micro-lenses varied from about 160 µm (see Fig. 8), up to 
approximately half a millimeter, 450 µm and 510 µm for the two lenses with a circular and 
square design, respectively (as listed in Table 1). This variation is due to both the variety of 
lens designs tested, as well as to finite tolerance of manufacturing process used. 

Table 1. Lens Characteristics 

 
Bare Si 
Wafer Circular Design Square Design 

Front Surface Reflectivity 30% 11% 14% 

Portion of Input Power in 15µm x 
15µm spot 17.5% 35% 35% 

Distance (µm) to the position with 
maximal concentration in 15µm x 

15µm spot 
N/A 450 510 

Focal distance defined by a 
minimal spot size 

N/A 122 221 

 

Fig. 9. The light intensity distribution at the micro-lens surface (a), at the minimal spot size (b), 
and at two focal lengths behind the focal plane (c). The yellow 30 x 30 μm square represents 
the size of the original lens. Secondary reflection spots are visible near left lower corner of the 
photos. The intensity of the Gaussian beam at the micro-lens input (green) is compared to the 
measured intensity at the focusing plane (blue) for one of the micro-lenses (d). 

7. Conclusion 

In conclusion, we have demonstrated a sub-wavelength thin planar all-dielectric metamaterial 
lens patterned on a silicon wafer surface. A transparent dielectric substrate with no metal 
elements avoids light absorption as light passes through the metamaterial layer (in contrast to 
plasmonic meta-surfaces). One key advantage of this micro-lens design is a reduction in the 
insertion loss for wafer-level integrated micro-lenses down to about 10%, making this 
approach suitable for a variety of narrow-band and moderate bandwidth transmitting lens 
applications. Although the focusing surface layer was only about 0.5 μm thin, the resulting 
lens demonstrated a focusing distance of less than 0.5 mm with an attendant reduction in spot 
size by a factor of three. To design such lenses, we have created a parametric computer model 
that can calculate the phase of a plane wave passing through pillar structures of varying 
geometric parameters (including height, slope and diameter). These computer simulations 
show close correspondence with experimental measurements on fabricated structures. 
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