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In this Letter, we adapt the direct search method to metasur-
face optimization. We show that the direct search algorithm,
when coupled with deep learning techniques for free-
form meta-atom generation, offers a computationally
efficient optimization approach for metasurface optics.
As an example, we apply the approach to optimization of
achromatic metalenses. Taking advantage of the diverse
dispersion responses of free-form meta-atoms, metalenses
designed using this approach exhibit superior broadband
performances compared to their multilevel diffractive
counterparts. We further demonstrate an achromatic and
wide-field-of-view metalens design. © 2021 Optical Society
of America

https://doi.org/10.1364/OL.439393

Optical metasurfaces (also known as sub-wavelength diffractive
optics), which leverage sub-wavelength structures to sculpt the
wavefront of light, have been widely recognized as a promising
technology potentially enabling optical systems with significant
size, weight, and performance advantages [1–5]. Broadband
operation, however, has been a standing challenge for metasur-
face optics [6]. A number of techniques have been implemented
to realize achromatic metalenses. One solution involves disper-
sion engineering of individual meta-atoms to compensate for
chromatic aberration [7–14]. The objective of this approach is
to assemble a metalens out of meta-atoms with target dispersion
behaviors such that hyperbolic phase profiles corresponding
to the same focal length are fulfilled at different wavelengths.
Another scheme termed “zone engineering” has been demon-
strated recently [15], where the locations and step sizes for
phase wrap are judiciously engineered to maximize the phase
coherence at the focal spot. Full-aperture optimization meth-
ods (instead of relying on discrete meta-atoms) [16–19] and
cascaded metasurface designs [20] have also been developed,
although the computational load becomes prohibitively large
when these methods are applied to large-aperture (mm to cm
scale) optics. Finally, computational imaging has been proven
to be a powerful technique to retrieve high-quality broadband

images when coupled with front-end meta-optics engineering
[21,22].

Direct search (DS) optimization is an alternative technique
that has been explored for broadband optics design [23–27].
In the seminal work by Menon et al ., it has been shown that by
constraining only the intensity while leaving optical phase as a
free parameter, broadband achromatic flat lenses can be realized
with enhanced performance given the extra degrees of freedom
in phase selection [28]. In their studies, the DS algorithm was
implemented to optimize only multilevel diffractive optics,
where the individual unit cells or pixels consist of a film with
varying thicknesses. The phase delay imparted by the unit cells
therefore invariably follows a 1/λdependence.

In this Letter, we adapt the DS algorithm to optimization of
metalenses comprising free-form meta-atoms. By combining
the DS algorithm with a deep neural network trained for free-
form meta-atom generation, we demonstrate that the diverse
dispersion behaviors of the free-form meta-atoms lead to supe-
rior performance of the metalenses compared to their diffractive
counterparts optimized using the same algorithm and param-
eter sets. To illustrate that the approach is generically applicable
to different metalens configurations, we further implement
the technique to design an achromatic fisheye metalens with
200 nm spectral bandwidth in the near-IR.

Our design process starts with generation of a set of meta-
atoms with diverse dispersion responses. The generation process
capitalizes on our recently developed deep learning algorithm
targeting metasurfaces with high degrees of freedom [29,30],
which rapidly yields broadband optical responses (ampli-
tude and phase) of free-form meta-atoms without resorting
to full-wave electromagnetic simulations [31,32]. We started
with 3000 randomly generated meta-atom structures using a
needle-drop method [29]. Figure S1 in Supplement 1 depicts
the top-view layouts of several randomly selected examples of
the meta-atoms. All meta-atoms in the library are patterned
from a 1.4 µm thick Si layer resting on a SiO2 substrate with a
uniform period (pitch) of 0.5 µm. The amplitude and phase
responses of the meta-atoms modeled using the deep neural
network and full-wave simulations are also compared in Fig. S1,
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Fig. 1. (a)–(f ) Normalized intensity distributions of the focal spot on image plane at wavelengths of (a)1.0µm, (b)1.1µm, (c)1.2µm, (d)1.3µm,
(e)1.4 µm, and (f )1.5 µm from the broadband metalens (color lines) and an ideal aberration-free lens (black lines). (g), (h) Normalized intensity dis-
tribution along the optical axis for an aberration-free lens at wavelengths of (g) 1.0 µm and (h) 1.5 µm. (i)–(n) Normalized intensity distribution
along the optical axis for the broadband metalens at wavelengths of (i) 1.0 µm, (j) 1.1 µm, (k) 1.2 µm, (l) 1.3 µm, (m) 1.4 µm, and (n) 1.5 µm.
(o) Longitudinal chromatic focal shift of the metalens: the shaded area represents focal tolerance (defined as the longitudinal range where the on-axis
intensity is above 80% of the peak intensity at the focal spot). (p) Focusing efficiency and Strehl ratio of the metalens.

showing excellent agreement between the two approaches. In
this study, we did not target any specific pre-defined meta-atom
dispersion when compiling the meta-atom library.

The 3000 meta-atoms form the library for subsequent DS
optimization. We verified that further expanding the library
brings marginal benefits, implying that the library already covers
the entire accessible meta-atom design space given the geometric
conditions (see Supplement 1). The flow chart of the DS algo-
rithm is shown in Fig. S2. The Kirchhoff diffraction integral was
used to evaluate the focusing performance of the lens.

This combination of DS optimization and a deep learning
algorithm is ideally suited for versatile and computationally
efficient metasurface design. The deep learning algorithm is
capable of rapidly generating a large number of meta-atom
designs, whose free-form layouts enable the exploration of many
geometric degrees of freedom to enable a wide range of disper-
sion properties and thereby maximally boost performance. DS
also copes well with the large varieties of meta-atoms, which
otherwise can present a throughput challenge for alternative
optimization schemes. This is because the DS optimization is
sequentially and locally performed on each meta-atom. During
the performance evaluation step, partial diffraction integrals
representing the contribution from all meta-atoms other than
the one being replaced remain constant and thus do not need to
be re-computed. Moreover, the diffraction integral evaluation is
an “embarrassingly parallel” task and was thus executed leverag-
ing a commercial cloud computing service to drastically reduce
the iteration time. For this reason, the approach can be readily
scaled to metasurfaces with large (cm scale) optical apertures.

The main assumption of the optimization scheme is that
mutual coupling between meta-atoms is insignificant. This
assumption is a reasonable approximation for high-index meta-
atoms with strong field confinement. However, corrections
must be applied when such coupling is not negligible [33].

Our first design example is an achromatic single-layer met-
alens operating across the 1–1.5 µm spectral range with a
diameter of 200 µm and focal length ( f ) of 400 µm, corre-
sponding to a numerical aperture (NA) of 0.24. Cross-sectional
intensity distributions of the focal spot at several wavelengths

and on the same image plane ( f = 400 µm) are displayed in
Figs. 1(a)–1(f ), alongside the focal spot profiles from an ideal
aberration-free lens of the same NA. Intensity distributions
along the optical axis at these wavelengths are displayed in
Figs. 1(i)–1(n), alongside the intensity distributions from an
ideal aberration-free lens at wavelengths of 1.0 µm and 1.5 µm
shown in Figs. 1(g)–1(h). The average longitudinal chromatic
focal shift is 1.6% over the spectral range [Fig. 1(o)]. The rel-
atively small chromatic focal shift ensures that the fixed image
plane falls within focal tolerance of the lens throughout most
of the spectral band, which accounts for the high Strehl ratio.
The wavelength-dependent focusing efficiency (defined as the
fraction of power encircled within an area of a diameter equaling
three times the focal spot full-width-at-half-maximum nor-
malized by the total incident power) and Strehl ratio calculated
using the Kirchhoff diffraction integral are plotted in Fig. 1(p).
The design yields a spectrally averaged focusing efficiency of
42% and Strehl ratio of 0.67.

As a comparison, we applied the same optimization approach
to multilevel diffractive lenses (MDLs). In MDLs, the height
of unit cells on the lens surface is utilized to control the phase
response of the broadband lens. In the optimization, the same
unit cell period of 0.5 µm and maximum layer thickness of
1.4 µm are assumed for both metalenses and MDLs. It is
important to note that the broadband performances of both

Fig. 2. 1–1.5 µm wavelength-averaged focusing efficiency and
Strehl ratio of MDLs with varying diffractive surface refractive indices.
The dashed lines give performances of the metalens shown in Fig. 1.
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Fig. 3. Performance comparison between metalens and MDLs
with varying design parameters, showing spectrally averaged focusing
efficiency and Strehl ratio as functions of: (a), (b) NA with varying
focal lengths; (c), (d) NA with varying lens aperture sizes; and (e),
(f ) aperture size with constant NA.

metalenses and MDLs improve with increasing unit cell height,
since the group delay increases with larger thickness [6,34].
Therefore, the same thickness is assumed for the sake of drawing
a fair comparison. Figure 2 compares the simulated wavelength-
averaged focusing efficiency and Strehl ratio of the metalens in
Fig. 1 and MDLs with diffractive surface refractive indices vary-
ing from 1.5 to 3.5. The metalens offers superior efficiency and
Strehl ratio compared to the MDLs due to the diverse dispersion
characteristics of the free-form meta-atoms.

We further extend the comparison of flat lenses considering
a wide range of design parameters. Figure 3 compares the spec-
trally averaged focusing efficiency and Strehl ratio of metalenses
and MDLs of varying NAs and aperture sizes, both optimized
using the DS approach over the 1–1.5µm band. The diffractive
surface refractive index of MDLs is set to 3.5 with a maximum
thickness of 1.4 µm, the same as the metalens design. The
performances of metalenses based on free-form meta-atoms
are consistently superior to or at least on par with their MDL
counterparts. The result highlights facile dispersion engineering
as an important advantage of free-from meta-atom structures
[35,36], where their increased geometric degrees of freedom
enable tailoring of waveguiding and multipole resonance
behaviors to produce favorable dispersion responses [37,38].

Finally, we demonstrate that the DS + deep learning design
paradigm can also be harnessed to realize advanced metalens
architectures. As an example, here for the first time, we present
the design of a wide-field-of-view (FOV) and broadband achro-
matic metalens. The configuration of the lens is illustrated
in Fig. S3 in Supplement 1. The phase profile of the backside
metasurface is optimized using the DS algorithm with the angle
of incidence (AOI)-dependent image height (lateral displace-
ment of the focal spot with respect to the optical axis) given by a
closed-form expression [39]:

Fig. 4. Broadband and wide-FOV metalens performance characterization. (a) Transverse chromatic focal shift (averaged over the full 180◦ FOV
and the 1–1.2µm spectral range) relative to the analytically derived image heights in Eq. (1) for wide-FOV metalenses with varying bandwidths. Here
the lower end of the wavelength is fixed at 1 µm. (b) Focusing efficiency and (c) Strehl ratio dependences on both wavelength and AOI. (d) Axial
intensity distributions of the focal spot on the meridional plane at different wavelengths and AOIs (scale bar: 20µm). Centers of all the figures are the
focal spot position derived from Eq. (1) on the image plane. (e) Intensity distributions on the image plane at different wavelengths and AOIs (scale
bar: 10µm).
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In the equation, d is the image height, n = 1.45 denotes the
substrate refractive index, α represents the AOI, L = 200 µm
is the substrate thickness, and the focal length is set to
f = 280 µm. The top aperture has a diameter of 100 µm.
This equation is exact for a single-wavelength design. As band-
width increases, transverse chromatic aberration becomes more
pronounced, and the in-plane focal spot position progressively
deviates from the equation (see Supplement 1). We note that
this effect is unique to wide-FOV lenses; prior achromatic
metalens designs were constrained to a small on-axis FOV, and
the transverse chromatic aberration is insignificant. Figure 4(a)
presents the AOI and wavelength averaged transverse chro-
matic focal shift as a function of metalens spectral bandwidth.
The wide-FOV metalens bandwidth becomes limited by the
transverse chromatic aberration rather than the axial chromatic
focal shift.

We choose an exemplary design operating across the 1–
1.2 µm wavelength range and targeting 180◦ FOV, using the
same meta-atom library as in the preceding examples. Within
the spectral range, the transverse chromatic focal shift is far
smaller than the focal spot size, and thus the lens is close to
achromatic. The results are shown in Figs. 4(b)–4(e). The
Kirchhoff diffraction integral was applied to calculate the focus-
ing efficiency and Strehl ratio of the broadband and wide-FOV
metalens. It maintains high focal spot quality across the entire
1–1.2 µm band and FOV with an average focusing efficiency of
45% and a Strehl ratio of 0.64.

In summary, we demonstrate that the combination of DS
optimization and deep learning meta-atom generation networks
presents a generic and computationally efficient scheme for
objective-driven design of metasurface optics. We show that
meta-optics designed using the scheme offer enhanced perfor-
mances over their MDL counterparts, exploiting the diverse
dispersion characteristics of the free-form meta-atoms that form
the metasurface. We further applied the scheme to develop the
first broadband and wide-FOV metalens design.
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