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Optical metasurfaces are two-dimensional arrays of meta-atoms that modify different characteristics of light such as
phase, amplitude, and polarization. One intriguing feature that distinguishes them from conventional optical com-
ponents is their multifunctional capability. However, multifunctional metasurfaces with efficiencies approaching
those of their single-functional counterparts require more degrees of freedom. Here we show that 2.5D metastructures,
which are stacked layers of interacting metasurface layers, provide sufficient degrees of freedom to implement efficient
multifunctional devices. The large number of design parameters and their intricate intercoupling make the design of
multifunctional 2.5D metastructures a complex task, and unit-cell approaches to metasurface design produce subopti-
mal devices. We address this issue by designing 2.5D metastructures using the adjoint optimization technique. Instead
of designing unit cells individually, our technique considers the structure as a whole, accurately accounting for inter-
post and inter-layer coupling. As proof of concept, we experimentally demonstrate a double-wavelength metastructure,
designed using adjoint optimization, that has significantly higher efficiencies than a similar device designed with a
simplified approach conventionally used in metasurface design. The 2.5D metastructure architecture empowered by the
optimization-based design technique is a general platform for realizing high-performance multifunctional components
and systems. © 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Metasurfaces, a new class of diffractive optical elements engineered
at the subwavelength, have recently emerged as a promising plat-
form for compact optical elements with enhanced and augmented
functionalities [1–10]. They have garnered great interest due to
their versatility, ease of fabrication, and their multifunctional
capability. Various metasurface-based devices and systems such
as lenses [6,11,12], beam splitters [7,13], polarization elements
[7,14], and flat spectrometers and retroreflectors [15,16] have
been demonstrated. One of the main features that distinguishes
metasurfaces from conventional optical components is their multi-
functional capability. A multifunctional metasurface performs
different functions based on different characteristics of an incident
wave such as polarization [7,14,17], wavelength [9,18–22], and
incidence angle [23]. Implementation of multifunctional meta-
surfaces requires independent control of optical wavefronts for
different degrees of freedom of the incident wave [5,9,18–22,24].
To design multifunctional metasurfaces, a few different meth-
ods have so far been investigated, including spatial multiplexing
[5,22,24] using multi-element unit cells [9,19,21] or meta-atoms

with additional degrees of freedom [20,21]. However, these meth-
ods have both fundamental and practical shortcomings as they
do not generally provide sufficiently many degrees of freedom to
achieve multifunctional response [5,9,19,21,22,25], resulting in
devices with lower efficiencies that are less tolerant to fabrication
errors.

Multilayer metasurfaces provide a significantly larger number
of degrees of freedom and can be used for the implementation of
multifunctional devices. Reference [18] recently demonstrated
multiwavelength bilayer metasurfaces assuming layers to be
non-interacting. However, considering interlayer interactions
(evanescent coupling or unwanted diffracted propagating fields)
allows one to leverage even more degrees of freedom for similarly-
sized metasurfaces, promising higher-performing devices. Highly
coupled multilayer metasurfaces can be considered as 2.5D
aperiodic metamaterials [Fig. 1(a)]. Metamaterials and photonic
crystals are periodic 3D arrangements of meta-atoms designed to
achieve desired effective material properties or band structures,
and are fully described by one of their unit cells. By contrast, 2.5D
metastructures are composed of dissimilar interacting meta-atoms
with a large number of design parameters. The methods that are
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Fig. 1. Multifunctional 2.5D metastructure. (a) Schematic of a metastructure with the ability to generate independent wavefronts for different wave-
lengths. (b) Illustration of one such metastructure which focuses two different wavelengths to two separate focal points. The inset shows a closer picture of a
part of the device.

conventionally used to design single-layer metasurfaces are not
accurate for designing 2.5D devices due to multiple reflections
and diffraction of light between the layers that lead to nonlocal
interactions among meta-atoms in different layers. To address this
issue, here we develop and use an adjoint optimization technique
to design 2.5D metastructures.

Adjoint optimization [26–30] is a versatile and powerful
technique that has been used in the electromagnetics and optics
communities to design various devices such as couplers and
beam splitters [31], integrated components [32–35], and pho-
tonic crystals [26]. It has also been utilized to design single-
[36–38] and multi-layer [39–41] metasurfaces; however, its
applications have been mostly limited to periodic structures
[36,42] or 2D metasurfaces, resulting in a simpler formulation and
implementation.

Here, we experimentally demonstrate 2.5D multifunctional
metastructures designed using adjoint optimization. In contrast
to most demonstrations so far that use a topological optimization
scheme, we use parameterized meta-atoms that are more suitable
for the layer-by-layer fabrication. For performance comparison,
we designed a control device using a direct design technique
that ignores the diffraction and scattering of light in the regions
between the stacked layers that cause the non-locality of the inter-
actions. The simulated and experimentally measured focusing
efficiencies of the optimized device were found to be significantly
higher than the simulated efficiency of the control, confirming
the potential of the adjoint-based technique in designing high-
performance 2.5D multifunctional devices. In the following, we
discuss a direct design strategy for implementing 2.5D metastruc-
tures and study its performance via full-wave simulations, and then
we describe the adjoint-based design approach.

2. DIRECT DESIGN

The direct design method uses maps that relate the optical response
of a unit cell to geometrical parameters of meta-atoms within
it. Metastructures designed with this method use these maps to
determine the spatial arrangement of dissimilar unit cells that
implement the desired optical transformation. In the direct design
paradigm, the multifunctional 2.5D metastructure shown in
Fig. 1(a) can be conceptualized as a 2D array of unit cells in which
each unit cell consists of stacked meta-atoms.

An underlying assumption in direct design is that the trans-
mission amplitude of a unit cell in an aperiodic metasurface can
be approximated by the transmission amplitude of the same unit
cell in a periodic metasurface. The approximation is valid when the

meta-atom geometries vary slowly and the metasurface is nearly
periodic in the vicinity of each meta-atom. However, the accu-
racy of the approximation decreases as the interactions between
neighboring unit cells deviate from those of a periodic structure. In
design of multilayer metasurfaces with conventional direct design,
the deviation of the meta-atoms from perfect periodicity in one
layer leads to scattering and diffraction of the waves in the spacer
layers and non-local excitation of the meta-atoms in the following
layers. As a result, the accuracy of the direct technique for modeling
and designing multilayer metasurfaces decreases as the number of
layers increases.

To illustrate its shortcomings, we use the direct design method
to design and evaluate the performance of a lens that focuses light
to two separate focal spots based on its wavelength [Fig. 1(b)]. The
bilayer structure is composed of more than 21,000 amorphous
silicon meta-atoms arranged in two stacked layers. The bilayer
meta-atoms are nano-posts with square cross-sections, and are
placed on a periodic square lattice. The device has a diameter of
40 µm and focuses λ1 = 780 nm and λ2 = 915 nm light to two
points 60 µm away from it. These two wavelengths were selected
because of the availability of sources at these wavelengths.

The unit cell of the bilayer metastructure is schematically
shown in Fig. 2(a), denoting the dimensions. Assume that the
structure is illuminated by two normally incident plane waves
with wavelengths of λ1 and λ2. The transmission phases at the
two wavelengths (φ1 and φ2) depend on many design parameters
(layer height, interlayer distance, and material indices, to name
just a few). We select as design parameters the nano-post widths
Wb and Wt of the top and bottom layers, respectively. In the direct
design paradigm, it is assumed that complete and independent
control of φ1 and φ2 can be achieved by tuning these widths. To
generate the direct design maps shown in Fig. 2(b), we found
the transmission coefficients (t1 and t2) of the periodic bilayer
metastructure shown in Fig. 2(a) as functions of Wb and Wt using
the rigorous coupled-wave analysis technique [43]. Then, for
any combinations of desired phase shifts φ1 and φ2, we found
optimal values for the nano-post widths Wb and Wt such that
the transmission coefficients of the periodic bilayer metastruc-
ture were closest to e− jφ1 and e− jφ2 at λ1, and λ2, respectively
(see Supplementary Fig. S1). The optimal nano-post widths as
functions of desired phases are presented in Fig. 2(b). Using the
design maps in Fig. 2(b), we designed a double-wavelength bilayer
control metalens shown in Fig. 1(b). The metalens imparts spa-
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Fig. 2. Direct design of metastructures. (a) Illustration of a periodic bilayer metastructure composed of nano-posts with square cross-sections.
Transmission coefficients of the metastructure for normally incident light at λ1 = 780 and λ2 = 915 nm are t1 and t2, respectively. The inset shows an
expanded view of the unit cell and its dimensions. (b) Optimal widths of the bottom and top nano-posts for achieving t1 = e− jφ1 and t2 = e− jφ2 at λ1 and
λ2, respectively. (c) Color-coded plots of the nano-post width in the top and bottom layers for the control metalens designed using the graphs shown in (b).
Because the structure is symmetric with respect to the y axis, only the nano-post width in the top halves of the layers are plotted.

f = 60 µm is the focal length of the metalens, and d = 20 µm is
the separation between the two focal points. Color-coded width
maps of the nano-posts of the bottom and top layers for this device
are shown in Fig. 2(c). We refer to this metalens as the control
metalens.

The focusing efficiency, defined as the percentage of the inci-
dent power focused to a 3.6 µm diameter circle centered at the
focal point corresponding to the incident wavelength, was used as
a quantitative measure of the device performance. The aperture
diameter was selected as 3.6µm to match the diameter of the aper-
ture used in the measurements discussed below (see Section 4). The
focusing efficiencies of the control metalens estimated by the direct
design method are 86% and 88% at λ1 and λ2, respectively. To
determine these focal efficiencies more accurately, we performed
full-wave simulations in which the device was illuminated by
normally incident plane waves with wavelengths λ1 and λ2 (see
Supplement 1 for details) [44]. The full-wave simulations yielded
focusing efficiencies of 33% and 29%, significantly lower than
those predicted by the direct design model. This large discrepancy
indicates that the control metalens violates the assumptions of the
direct design model, resulting in imperfect implementation of the
phase profiles.

3. 2.5D METASTRUCTURE DESIGN USING
ADJOINT OPTIMIZATION

Because of the inaccuracy of the underlying approximations of
the direct design method, high-performance 2.5D metastruc-
tures cannot be designed using this method, and a new approach
is required that accurately considers the complex interactions
between meta-atoms. Here, we employ the adjoint optimization
technique to design such metastructures [30,31,36–38,45,46].

In this technique, the desired multifunctional responses of the
device are expressed in the form of an objective function, and the
design process is cast as an optimization problem. For structures
composed of parametrized meta-atoms, the design parameters are
the geometrical dimensions of the meta-atoms, and the objective
function may be defined as a function of the efficiencies of different
functions provided by the device. The meta-atom parameters and
the optimal design are determined by maximizing or minimizing
the objective function.

In general, the objective function is a nonlinear function of
design parameters and the optimization problem is solved iter-
atively. One approach for solving such a problem is through the
gradient descent (or ascent) approach. This approach requires the
knowledge of the gradient of the objective function with respect
to the design parameters at each iteration, and can be effective
provided the gradient vector can be obtained at a reasonable com-
putational cost. The adjoint technique offers an efficient method
for the computation of the gradient vector using only two full-wave
simulations, namely the forward and adjoint simulations. In the
following, we describe the overall design procedure using a bilayer
metalens [Fig. 1(b)] as an example.

The design starts by defining an objective function and selecting
an initial design. Then, the device is optimized through an iterative
procedure. Each iteration consists of two general steps: First, for-
ward and adjoint simulations of the whole structure are performed.
The results of these simulations are used to compute the gradient
of the objective function with respect to the nano-post widths (see
Supplement 1). Second, the nano-post dimensions are updated in
small increments using the calculated gradient information. The
iterations are continued until no further significant improvement
to the objective function is observed.

https://doi.org/10.6084/m9.figshare.11349827
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Fig. 3. Multiwavelength metalens design using adjoint technique. (a) Schematic representation of the forward, and (b) the adjoint simulations in the
adjoint optimization technique. In the forward simulation, the metalens is excited with the incident wave intended for the device operation, while in the
adjoint simulation, it is excited by sources that are equal to the time-reversed (i.e., complex conjugate) of the desired output fields. (c) Color-coded plots of
the surface electric current densities that are used as excitation sources in the adjoint simulation at the two wavelengths. The current densities are applied on
the dotted plane shown in (b).

For the bilayer double-wavelength metalens [Fig. 3(a)], the
desired performance metrics are the focal spot intensities for the
two wavelengths (I1 and I2). One possible objective function is the
sum of the intensities. However, the optimal solution obtained by

maximizing such an objective function might have significantly
different values for I1 and I2. In order to obtain an optimal design
with almost equal values for the two intensities, we selected the
objective function as O = I1 I2.

Fig. 4. Multifunctional metalens designed using adjoint optimization. (a) Evolution of the focusing efficiencies of the device during the optimiza-
tion process. (b) Color-coded plots of the nano-post widths in the top and bottom layers for the optimized metalens. Because the structure is symmetric
with respect to the y axis, only the nano-post widths in the top halves of the layers are plotted. (c) Electric field in the y−z plane in the region indicated
by a dashed rectangle in the schematic illustration. (d) Electric field distribution on a plane 78 nm above the optimized metalens at 780 and 915 nm.
(e) Simulated intensity distributions in the focal plane of the control and optimized metalenses at 780 and 915 nm.
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Fig. 5. Effects of layer number and interlayer distance. (a) Schematic illustration of a cylindrical multilayer metasurface. The inset shows a cross-section
of one layer. (b) Average efficiency (of 780 and 915 nm) for metasurfaces with different numbers of layers, and (c) for bilayer metasurfaces with different
spacer thicknesses. Each circle in (a) and (c) shows the final efficiency for different designs.

The gradient of O with respect to the design parameters was
computed using forward and adjoint simulation results (see
Supplement 1). Both forward and adjoint simulations are per-
formed using a free and open-source FDTD solver [44], but any
electromagnetic field solver (e.g., FDFD, FEM) could be used. In
the forward simulation, the metalens is illuminated by incident
waves that are used in the device operation. For the double-
wavelength metalens, these correspond to normally incident plane
waves (i.e., collimated beams) illuminating the metalens aperture
[Fig. 3(a)]. In the adjoint simulation, the same structure is excited
by sources that are equal to the complex conjugate of the desired
output fields (i.e., we propagate the desired output backward). The
desired output fields at the two wavelengths are converging spheri-
cal waves centered at the corresponding focal points; therefore,
the adjoint sources illuminate the metalens by diverging spheri-
cal waves centered at the same focal points. This is schematically
shown in Fig. 3(b), and a snapshot of the surface current densities
that generate such illuminations are shown in Fig. 3(c).

Using this method, we designed the metalens shown in Fig. 1(b)
by using the control metalens as the initial design. Figure 4(a)
shows the evolution of the focusing efficiencies of the device, which
are proportional to I1 and I2, during the optimization process.
The optimized device has simulated focusing efficiencies of 52%
and 49% at 780 and 915 nm, respectively, for x -polarized inci-
dent light. Color-coded nano-post width maps for the two layers
of the optimized metalens are shown in Fig. 4(b). Snapshots of
electric field distributions in the y−z plane are plotted in Fig. 4(c).
As Fig. 4(c) shows, the interlayer coupling is significantly more
complicated than a simple concatenation of two nano-posts. These
interactions contribute to unwanted diffraction, which reduces
the performance of designs produced by the direct design method.
Snapshots of electric fields in a plane∼80 nm above the optimized
metalens’ top surface are presented in Fig. 4(d). Figure 4(e) shows
the focal plane intensities of the control and optimized metalenses.

Both devices are simulated with the same incident waves, and thus
the focal spot intensities can be directly compared.

Including additional degrees of freedom in the optimization
(e.g., interlayer distance, post layer heights, additional layers of
posts) can further increase the device efficiency. To illustrate the
effect of adding or removing layers, we compared simulated effi-
ciencies of metasurfaces with one, two, and three layers designed
using the adjoint technique (Fig. 5). In this study, we used cylindri-
cal metalenses instead of circular-aperture (“spherical”) metalenses.
Cylindrical lenses consist of repeated rows of rectangular meta-
atoms, as shown in the inset of Fig. 5(a). Using periodic boundary
conditions produces a smaller simulation volume, reducing the
computational load and simulation time. The design objective
for these cylindrical lenses is analogous to that of the spherical
bifocal lens described in the previous section: instead of focusing
to two points, the cylindrical lenses focus λ1 and λ2 to two lines, as
illustrated in Fig. 5(a). Each lens design starts as a uniform array of
meta-atoms with a square cross-section and a width of 150 nm.

Figure 5(b) shows the average focusing efficiencies for opti-
mized single-, bi-, and trilayer lenses (see supplementary Fig. S7 for
details). The optimized single-layer metasurface has the smallest
average efficiency, around 35%. This efficiency increases with
the number of layers, to 48% for the bilayer and to 60% for the
trilayer lens. These simulations confirm that better performance in
multifunctional metasurfaces can be achieved by adding degrees
of freedom. As a further demonstration, we also designed larger
volume, circular-aperture metalenses with two and three layers
that focus λ1 and λ2 to two points on their axes (see Supplement
1). The two focal points were chosen to lie on the metalens axis
to reduce the computational cost by exploiting symmetry. In
these designs, adding a third layer increased metalens efficiency by
∼15% (Supplement 1, Fig. S3).

We also used cylindrical lenses to study the influence of inter-
layer distance on device performance. We optimized eight different
bilayer metasurfaces with interlayer distance ranging from 250 nm

https://doi.org/10.6084/m9.figshare.11349827
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to 2µm. The average efficiency of each device is shown in Fig. 5(c).
These results indicate that the performance of the designs obtained
using the proposed optimization technique is not highly sensitive
to the device parameters. The interlayer distance varies among
the designs presented in Fig. 5(c), and their starting design (i.e.,
the uniform array) differs from the starting design used for the
spherical bilayer lens shown in Fig. 4. Despite different parameters
and starting designs, both spherical and all cylindrical lenses have
reached an average focusing efficiency of ∼50%, thus indicating
the relative insensitivity of the optimization-based design approach
to different design parameters. The character of nonlocal inter-
actions changes with interlayer distance: evanescent coupling
dominates in closely pitched layers, while for more distant layers,
diffraction and multiple reflection play larger roles. The perform-
ance of the cylindrical lenses is unaffected by interlayer distance

because all these effects are accurately modeled. Though device
parameters may be selected arbitrarily, device performance still
may be sensitive to deviations from their designed values (i.e.,
adjoint method designs are not automatically robust). We discuss
the impact of inaccurate interlayer distance on device efficiency in
Section 4.

4. EXPERIMENTAL RESULTS

We fabricated the 2.5D metalens using standard nano-fabrication
techniques. A layer of amorphous silicon was deposited on a fused
silica substrate, and the bottom layer meta-atom pattern was gen-
erated using electron beam lithography and dry etching. An SU-8
layer was then spin-coated to fill the gaps and cover the first meta-
surface, and to act as a spacer between the two layers. The top layer

Fig. 6. Experimental results. (a) Scanning electron micrographs of the top and cross-sectional view of the 2.5D metalens. A thin, protective platinum
layer (light green) was deposited on the top nano-post layer during cross-sectioning. (b) Schematic of the measurement setup used to characterize the bilayer
metalens. (c) Intensity distributions measured in the y−z plane at 780 and 915 nm. (d) Intensity distributions measured in the focal plane of the device at
780 and 915 nm. (e) Intensity profile along the dashed lines shown in (c) and (d) at 780 and 915 nm.
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was then fabricated in a process mostly similar to the first one (see
Supplement 1 for more details). Scanning electron micrographs of
the fabricated devices showing top and cross-sectional views of the
device are presented in Fig. 6(a). By repeating the planarization and
nano-post fabrication steps, an arbitrary number of layers can be
incorporated.

The fabricated metalens was characterized using the setup
shown schematically in Fig. 6(b) (see Supplement 1 for more
details). Collimated beams from diode lasers at 780 and 915 nm
were used to illuminate the device, and the intensity distribution
after the device was measured using a custom-built microscope.
The intensity distributions captured in the focal plane at both
wavelengths are shown in Fig. 6(c) (logarithmic-scale intensity
plots are shown in Fig. S4). Figure 5(d) shows the axial intensity
distributions (in the y−z plane) at both wavelengths. As Figs. 5(c)
and 5(d) show, the crosstalk between the two focal points is neg-
ligible. In Fig. 6(e), the measured full width at half maximum
(FWHM) spot sizes are 1.33 and 1.54 µm at 780 and 915 nm,
respectively. For comparison, the corresponding FWHMs values
for ideal phase profiles are 1.30 and 1.50µm, respectively, and thus
the device shows near-diffraction-limited focusing. To confirm
that the device is polarization insensitive, we measured the device
with both x - and y -polarized input light and observed a negligible
polarization dependence (see Fig. S5).

We measured the focusing efficiency of the device at both wave-
lengths, which is the ratio of optical power focused to a 3.6 µm
diameter circle to the power incident on the device, at both wave-
lengths (see Supplement 1 for details). The measured efficiencies
were found to be 30.3± 0.7% and 38.2± 1% for x -polarized light
at 780 and 915 nm, respectively and 33± 1.2% and 36.5± 1%
for y-polarized light. We attribute the lower measured efficiencies
(in comparison to full-wave simulated values of about 50%) to
fabrication imperfections, and especially to the difference between
the fabricated spacer layer thickness of 800 nm from its designed
value of 500 nm. To confirm this, we performed further full-wave
simulations of the optimized metalens, but with the actual spacer
thickness of 800 nm that resulted in efficiencies of 42% and 38%.
Another source of imperfection in 2.5D metasurfaces is misalign-
ment between registered layers. We characterized devices with a
relative shift between layers to study this effect (see supplementary
Fig. S6 for details). A device with 56 nm shift along the x axis
exhibited a −0.8% (−4.8%) change in efficiency for 780 (915)
nm light, while a device with the same lateral shift along the y axis
exhibited changes of −7.2% (+1%). For reference, the misalign-
ment between layers patterned using electron beam lithography is
typically on the order of tens of nanometers.

5. DISCUSSION AND CONCLUSION

The versatile 2.5D metastructure platform presented here provides
more degrees of freedom than ordinary single layer metasurfaces,
enabling the implementation of efficient multifunctional optical
devices. By increasing the number of layers or by using more com-
plicated meta-atoms, one can imagine the possibility of integrating
additional functionalities by accommodating more wavelengths,
different polarizations, or angles of incidence. The conventional
direct methods used in designing metasurfaces have a few built-
in approximations, making them inaccurate even for designing
bilayer metastructures. The problem is exacerbated as the number
of layers increases because the interactions between different layers

become increasingly complex and thus cannot be captured by the
simple unit cell model.

The adjoint optimization technique provides an effective
approach for overcoming most of these design limitations. The
cost, however, is the significantly increased computational resource
requirements, resulting in demonstrations of either very small or
2D devices. The use of parameterized meta-atoms (instead of the
conventionally used topological schemes) lays out a way of over-
coming the design limitations while decreasing the computation
time through reducing the design domain dimensionality. This
compromise allows for optimization of 3D structures with vol-
umes as large as a few thousand cubic wavelengths. However, the
efficiencies achieved might be lower than what might be possible
with a freeform device.

Although the fabrication process of 2.5D metastructures
involves more steps than single-layer metasurfaces, the significant
performance improvement is large enough to justify the more
involved fabrication process. Multilayer structures with tens of
nanometer tolerances are routinely fabricated in CMOS foundries,
and similar processes can be potentially used to manufacture prac-
tical 2.5D multifunctional metastructures such as color-splitting
filters for image sensors [47].
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