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Subwavelength-thick lenses with high numerical
apertures and large efficiency based on
high-contrast transmitarrays
Amir Arbabi1, Yu Horie1, Alexander J. Ball1, Mahmood Bagheri2 & Andrei Faraon1

Flat optical devices thinner than a wavelength promise to replace conventional free-space

components for wavefront and polarization control. Transmissive flat lenses are particularly

interesting for applications in imaging and on-chip optoelectronic integration. Several designs

based on plasmonic metasurfaces, high-contrast transmitarrays and gratings have been

recently implemented but have not provided a performance comparable to conventional

curved lenses. Here we report polarization-insensitive, micron-thick, high-contrast

transmitarray micro-lenses with focal spots as small as 0.57 l. The measured focusing

efficiency is up to 82%. A rigorous method for ultrathin lens design, and the trade-off

between high efficiency and small spot size (or large numerical aperture) are discussed. The

micro-lenses, composed of silicon nano-posts on glass, are fabricated in one lithographic step

that could be performed with high-throughput photo or nanoimprint lithography, thus

enabling widespread adoption.
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F
lat lenses are most commonly realized with Fresnel
structures. However, geometrical complexity of Fresnel
lenses and the low efficiency of Fresnel zone plates make

them not well suited for integration with wafer-scale processing.
Effective medium structures have been proposed as an alter-
native1–5, but their deep subwavelength structures and high
aspect ratios make their fabrication challenging. Recently,
diffractive elements based on plasmonic metasurfaces composed
of 2D arrays of ultrathin scatterers have attracted significant
attention6–14, but their efficiency is limited to 25% by
fundamental limitations15,16 and they also suffer from material
absorption11.

A novel approach is to use high-contrast gratings (HCGs),
fabricated from semiconductors or high refractive index (high-
index) dielectrics17–19, that can be designed with large reflection20

or transmission21 efficiencies. Wavefront control was originally
achieved by rendering one dimensional gratings aperiodic by
gradually modifying the local period and duty cycle of the
grating21–23. Reflective focusing mirrors were realized using this
approach21,23,24. Most devices based on 1D HCGs work only with
one linear polarization and operate based on phase accumulation
through the propagation or low-quality factor resonances in the
grating. More recently, half wave plates were implemented using
thin 1D HCGs, and lenses were realized through the
Pancharatnam–Berry phase by locally rotating the half wave
plates25. The later devices (which are referred to as dielectric
gradient metasurface lenses) should be illuminated with a
circularly polarized light, and their output is cross-polarized
with respect to the input light25.

A promising class of aperiodic HCGs can be realized by
positioning high-index dielectric scatterers on a periodic
subwavelength 2D lattice. The high-index results in negligible
interaction among the scatterers, so the light scattered at each
lattice site is dominated by the scatterer proprieties rather than by
the collective behaviour of multiple coupled scatterers in the
lattice. We refer to high-contrast zero-order gratings composed of
disconnected scatterers, which operate in this local scattering
regime, as high-contrast arrays. The term high-contrast transmi-
tarrays (HCTAs) is used when they are designed for large
transmission. Low numerical aperture (NA) lenses based on
HCTA have been recently reported26,27.

Here we explain the HCTA concept and discuss its unique
features resulting from the localized scattering phenomena, which
enable the implementation of diffractive elements with rapidly
varying phase profiles. To demonstrate the HCTA versatility, we
present design, simulation, fabrication and characterization
results of polarization-insensitive high-NA micro-lenses with
high focusing efficacy. High-NA lenses are required in micro-
scopy, high-density data recording, focal plane arrays and
coupling between on-chip photonic components and free-space
beams. Current techniques to fabricate on-chip devices that
impose rapid phase variation require grey-scale lithography28,29, a
process that is difficult to control. On the other hand, the HCTA
devices provide a more reliable alternative with fabrication
techniques that lend themselves to wafer-scale processing.

Results
Transmission characteristics of periodic HCTAs. An array of
circular amorphous silicon posts arranged on a hexagonal lattice
with subwavelength lattice constant is shown schematically in
Fig. 1a. Due to the subwavelength lattice constant, the array acts
as a zeroth order grating, and it is completely described by its
transmission and reflection coefficients. Figure 1b shows the
simulated transmission and phase of the transmission coefficient
for two gratings composed of circular amorphous silicon posts

arranged in hexagonal and rectangular lattices, as functions of
lattice constant and post diameter (see Fig. 1 legend for dimen-
sions). The gratings are designed to operate at l¼ 1,550 nm, but
the concept is scalable to any wavelength. In each case, the
amplitude and phase depend primarily on the post diameter,
which is an indication that, in this parameter regime, the
scattering is a local effect and is not affected significantly by
the coupling among the scatterers. This is also confirmed by the
almost identical transmission properties of the hexagonal and
square lattices. Examining the near-field distribution of the
grating reveals the underlying physical mechanism behind the
local scattering effect. As shown in Fig. 1c, light is concentrated
inside the posts that behave as weakly coupled low-quality factor
resonators. This behaviour is fundamentally different from the
low-contrast gratings operating in the effective medium regime
whose diffractive characteristics are mainly determined by the
duty cycle and the filling factor. We also note that the structures
created by changing the bar width and period of 1D HCGs
(refs 21,23,24) are not considered HCTA since there is a strong
coupling along the bar direction, and rapid variations of the local
transmission or reflection properties of the structure are not
achievable along that direction.

Design of HCTA micro-lenses. To design an HCTA that
implements a transmissive phase mask, we find a family of
periodic HCTAs with the same lattice but with different scatterers
that provide large transmission amplitudes while their phases
span the entire 0 to 2p range. Such a family is shown in Fig. 1d
where the diameters of 940-nm tall posts are varied from 200 to
550 nm in a hexagonal lattice with an 800-nm period while
transmission is 492%. Large transmission has been reported for
an array of circular posts with a height of 220 nm (refs 30,31), but
simulation results show that full 2p phase coverage cannot be
achieved for such an array by only changing the in-plane
geometrical parameters. To design an HCTA that implements a
desired phase mask, we start from an empty lattice and sample
the desired phase profile at the lattice sites. Then, at each lattice
site, we place a scatterer from the periodic HCTAs that most
closely imparts the desired phase change onto the transmitted
light. Any arbitrary transmissive phase masks can be realized
using this method. To minimize scattering from aperiodic
HCTAs into non-zero orders, a gradual change in the scatterer
size is preferable.

The unprecedented possibility to realize any transmissive
masks using HCTAs enables the implementation of micro-lenses
with exotic phase profiles, such as high-NA micro-lenses, which
are optimized for specific tasks. To design these components, the
conventional ray tracing technique is not applicable. A general
rigorous technique for determining the optimum transmissive
mask to shape an incident optical wavefront to a desired form is
given in Supplementary Note 1. Using this technique and the
HCTAs in Fig. 1d, we found the optimum phase masks for micro-
lenses that focus l¼ 1,550 nm light from a single-mode fibre to
the smallest diffraction limited spots. We designed a set of
400-mm diameter high-NA micro-lenses that focus the light from
a single-mode fibre located 600mm away from the back side of a
substrate (500-mm thick fused silica) to points located at distances
ranging from d¼ 50mm to d¼ 500 mm away from the micro-
lenses (Fig. 2a). We refer to d as the focusing distance.

Micro-lens full-wave simulation results. The performance of the
micro-lenses was evaluated by 3D finite difference time domain
(FDTD) simulations32. To reduce the simulation size, micro-
lenses with the same NA but with a factor of four smaller
dimensions (100 mm diameter, 150mm spacing between the
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illuminating fibre and the back side of a 125-mm thick substrate)
were simulated (see Methods for details). Figure 2b,c show the
results for a micro-lens that focuses at d¼ 25mm away from the
lens. The full width at half maximum (FWHM) of the focal spot is
1.06 mm or 0.68l (l¼ 1,550 nm). To differentiate between the
power transmitted through the lens and the power directed by
the lens toward the focus, we define the focusing efficiency as the
fraction of the incident light that passes through a circular
aperture in the plane of focus with a radius equal to three times
the FWHM spot size. The simulation indicates 85% transmission
efficiency and 72% focusing efficiency for the lens shown in
Fig. 2b,c.

Simulated values of the transmission, focusing efficiency and
FWHM spot size for several micro-lenses with d ranging from
12.5 to 125mm are presented in Fig. 2d. Higher NAs and smaller
spot sizes correlate with decreased transmission and lower
focusing efficiencies. This is due to the undersampling of the
phase profiles of high-NA lenses, which rapidly vary close to
the lens circumference. Shrinking the lattice constant of the
HCTA reduces this trade-off (see Supplementary Note 2).

The micro-lens with d¼ 12.5 mm has an FWHM spot size of
0.51 l, which is close to the smallest possible diffraction limited
value of 0.5 l. The relatively high efficiency (450%) and the
diffraction limited focusing of this micro-lens confirms the
validity of our technique for determining the optimum phase
profile, and demonstrates an example of the high performance
that can be achieved by HCTA flat diffractive elements.

Fabrication and characterization of micro-lenses. The high-NA
lenses were fabricated in a hydrogenated amorphous silicon film
deposited on a 500-mm thick fused silica substrate as described in
the Methods section. A schematic illustration and images of the
fabricated devices are shown in Fig. 3a–d. The characterization
was performed in a setup (Fig. 4a) consisting of a custom built
microscope that images the plane of focus of the micro-lens (see
Methods). The micro-lenses were illuminated with 1,550-nm light
emitted from a cleaved single-mode fibre positioned 600mm away
from the substrate back side. The normalized measured intensity
profile at the plane of focus for a micro-lens with the focusing
distance of d¼ 50 mm is shown in Fig. 4b. The intensity profiles
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Figure 1 | Simulation results of periodic HCTAs. (a) A schematic representation of a periodic HCTA composed of high-index posts in a hexagonal

lattice with transmission coefficient t and reflection coefficient r. The posts rest on a low-index substrate. (b) Simulated transmission and phase of the

transmission coefficient for hexagonal and square lattice periodic HCTAs composed of circular amorphous silicon posts on a fused silica substrate as a

function of the lattice constant and the post diameter. The insets show the corresponding lattices. (c) Top and side views of the colour coded magnetic

energy density in a periodic HCTA for different post diameters D. The dashed black lines depict the boundaries of the silicon posts. A plane wave with

magnetic energy density of 1 is normally incident on the silicon posts from the top. Scale bar, 1 mm. (d) Simulated transmission and phase of the

transmission coefficient for a family of periodic hexagonal HCTAs with lattice constant of 800nm, and varying post diameters. The shaded part of the

graph is excluded when using this graph to map transmission phase to post diameter. In all these simulations, the posts are made of amorphous silicon

(n¼ 3.43), are 940-nm tall and the wavelength is l¼ 1,550 nm.
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for micro-lenses with different focusing distance are plotted in
Fig. 4c.

Figure 4d shows the measured FWHM spot size, transmission
and focusing efficiency for devices with different focusing
distances. The micro-lens designed for d¼ 50 mm focuses light
to a 0.57l FWHM spot size, and the micro-lens designed for
d¼ 500mm shows 482% focusing efficiency. These results agree
well with the simulation results presented in Fig. 2d, although the
measured focusing efficiencies are 10% smaller (3% is attributed
to reflection from substrate backside interface and 7% to
scattering by the random roughness of the etched silicon
posts). As it was expected from the simulations (Fig. 2d), the
measured focusing efficiency decreases as the NA increases.

Wavelength dependence of HCTA micro-lenses. The
wavelength dependence of the FWHM spot size and focusing
efficiency of a micro-lens with d¼ 175 mm are presented in
Fig. 4e. The FWHM spot size increases slightly at shorter wave-
length, and the focusing efficiency reduces by B5% at 50 nm
away from the design wavelength. Also, by changing the

laser wavelength from 1,550 to 1,450 nm, the focusing distance
changed from B175 to B195 mm.

Discussion
Table 1 summarizes the performance parameters of some of the
experimentally reported thin flat micro-lenses. The HCTA micro-
lenses with focusing efficiencies up to 82%, and FWHM spot sizes
down to 0.57l, to the best of our knowledge, represent the best
performance among any types of flat high-NA micro-lens
experimentally reported so far. As discussed earlier, lenses with
small focal spot size (or equivalently high NA) require rapidly
varying phase profiles and accurate correction for spherical
aberration. Rapidly varying phase profiles can be realized using
arrays of scatterers provided that the phase profile is sampled by
the scatterers with sufficient spatial resolution, and the scatterers
are weakly coupled to each other to avoid the strong near-field
coupling among them, which filters the rapid spatial variations in
the phase profiles. As we showed, the couplings among the
scatterers are weak in the HCTA platform, and the array period is
smaller than a wavelength; therefore, this platform allows for the
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Figure 2 | Simulation results of high-NA HCTA micro-lenses. (a) Illustration of high-NA focusing of the light from a cleaved optical fibre using an HCTA

micro-lens. (b) Electric field distribution at the xz cross section, in the excitation plane (inset), and immediately after passing through the micro-lens (inset).

Incident light propagates along the z direction. Scale bars, 10mm. (c) Logarithmic scale electric energy density in the xz cross section. The inset shows the

real part of the z component of the Poynting vector at the plane of focus. Scale bars, 20mm in the main figure and 2 mm in the inset. (d) Simulated plane of

focus FWHM spot size, transmission and focusing efficiency of the high-NA HCTA micro-lenses for devices with varying focusing distances. The simulated

points are shown by the symbols and the solid lines are eye guides. All the devices simulated in this figure are a factor of four smaller than the devices

fabricated and measured in Figs 3 and 4.
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Figure 3 | Schematic illustration and images of fabricated HCTA lenses. (a) Schematic of the aperiodic HCTA used to realize a high-NA micro-lens.

(b) Optical microscope image of a fabricated HCTA lens with large NA. Scale bar, 100 mm. (c,d) Scanning electron microscope images of the silicon posts

forming the HCTA micro-lens. Scale bars, 1 mm.
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implementation of high-NA lenses. Also, the rigorous method we
used for finding the optimum phase profile for the lenses
minimizes the spherical aberration. Any metasurface platform
that achieves the 2p phase coverage, and samples rapidly varying
phase profiles with subwavelength spatial resolution using weakly
coupled scatterers can be used to implement the high-NA lenses;

however, for achieving high focusing efficiency, it is essential to
avoid platforms whose efficiencies are limited by absorption
losses or fundamental physical limits.

In conclusion, the HCTAs enable shaping of the wavefront of
light at will, efficiently and with subwavelength resolution. The
exceptional freedom provided in the implementation of any
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Figure 4 | Measurement results of high-NA HCTA micro-lenses. (a) Measurement setup for imaging the focal spot size and measuring the efficiency

of the high-NA HCTA micro-lenses. The flip mirror was inserted into the setup only during efficiency measurements. (b) Measured 2D intensity profile

at the plane of focus for a micro-lens with d¼ 50mm. Scale bar, 1mm. (c) Normalized measured intensity profiles of high-NA micro-lenses with different

focal lengths at their planes of focus. (d) Measured plane of focus FWHM spot size, transmission and focusing efficiency of the HCTA micro-lenses as a

function of their focusing distance. (e) Wavelength dependence of the FWHM spot size, transmission and focusing efficiency for the micro-lens with

d¼ 175mm. The measurement data in d and e are represented by the symbols, the solid lines are eye guides, and the error bars represent the s.d. for three

alignment repetitions.

Table 1 | Summary of previously reported thin flat micro-lenses.

Reference FWHM spot size (l) Efficiency Polarization k (nm) Lens thickness (l)

Aieta et al.11 B33 B1% Linear (cross*) 1,550 0.038
Ni et al.12 0.93 B10%w Linear (cross) 676 0.044
This work 2.4 B82% Insensitive 1,550 0.65
This work 0.57 B42% Insensitive 1,550 0.65
Vo et al.27 B10 B70% Insensitive 850 0.56
Lin et al.25 1.2 Not reportedz Circular (cross) 550 0.18

*Cross: focused light is cross-polarized compared with the incident light.
wThe ratio between the power of the cross-polarized light transmitted through the lens and the total power collected by the lens at the illumination side.
zB45% diffraction efficiency is reported for a blazed grating at 550 nm, the operation wavelength of the lens. Higher diffraction efficiencies up to 85% can be theoretically achieved at other wavelengths.
The diffraction efficiency is defined as the ratio of the first diffraction order power to the summation of the powers of the zeroth and first diffraction orders, and it does not take into account the losses due
to reflection, absorption and incomplete polarization conversion.
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desired masks allows for achieving the best performance for any
particular functionality. Combined with their planar form factor,
these structures will enable on-chip optical systems created by
cascading multiple diffractive elements. One recent demonstra-
tion is a planar retroreflector integrating an HCTA lens and a
reflectarray focusing mirror33. We envision near-future
application of HCTA-based devices in realization of more
complex optical systems with new functionalities.

Methods
Sample fabrication. The HCTA pattern was defined in ZEP520A positive resist
using a Vistec EBPG5000þ electron beam lithography system. After developing
the resist, the pattern was transferred into a 70-nm thick aluminium oxide layer
deposited by electron beam evaporation using the lift-off technique. The patterned
aluminium oxide served as hard mask for the dry etching of the 940-nm thick
silicon layer in a mixture of C4F8 and SF6 plasma, and was subsequently removed
through wet etching in a mixture of ammonium hydroxide and hydrogen peroxide
at 80 �C.

Measurement procedure. The microscope uses a 100� objective (Olympus
UMPlanFl) with the NA of 0.95 and a tube lens (Thorlabs LB1945-C) with
focal distance of 20 cm, which is anti-reflection coated for the 1,050–1,620 nm
wavelength range. The magnification of the microscope was found by imaging a
calibration sample with known feature dimensions.

The transmission and focusing efficiency of the micro-lenses were measured by
inserting a flip mirror (as shown in Fig. 4a) in front of the camera. To measure the
optical power focused by the micro-lens, the active area of the photodetector
(Newport 818-IR) was reduced using an iris. The radius of the iris aperture was
adjusted to three times of the measured FWHM spot size of the micro-lens on the
camera. The total transmitted power was measured by opening the iris aperture
completely. The total power incident on the microlens was measured by removing
the micro-lens from the setup and bringing the fibre tip into the focus of the
microscope. The non-uniformities seen in the intensity profile in Fig. 4 are due to
the local variations in the sensitivity of the camera (Digital CamIR 1,550 by
Applied Scintillation Technologies) and are observed even when directly imaging
the light from an optical fibre.

Simulations. We found the electric and magnetic fields of the light from the fibre
on a plane close to the lens using the plane wave expansion technique. Then, these
fields were used to determine the equivalent electric and magnetic surface current
densities, which were used as excitation sources in the FDTD simulations. This
allowed us to reduce the size of the simulation domain to a smaller volume
surrounding the micro-lens.

In Fig. 2, the FWHM spot size is found by fitting a 2D Gaussian function to
the z component of the Poynting vector at the plane of focus (shown in Fig. 2c).
The focusing efficiency is defined as the fraction of the incident light that passes
through a circular aperture in the plane of focus with a radius equal to three times
the FWHM spot size.
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