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There is tremendous interest in gen-
eralizing the design of metasurfaces to 
include multifunctional responses, where 
a single “function” is taken to mean an 
individual wavefront response specified 
for an incident plane wave with a distinct 
polarization, wavelength, and direction. 
Multifunctional metasurfaces represent 
a versatile class of optical devices that 
enable an expanded range of applications 
compared to their single-function coun-
terparts. For example, multifunctional 
devices that produce the same wavefront 
response for different incident wave-
lengths are key components in aberration-
corrected, multispectral imaging systems. 
Devices that produce distinct responses 
for different incident wavelengths are 
the basis for wavelength-multiplexed 
beam steering, focusing, and filtering 
applications.

There currently exist design methods 
to produce high-efficiency, dual-function 

metasurfaces using polarization-based multiplexing schemes. 
These approaches incorporate anisotropy in the subwave-
length-scale metasurface building blocks to produce polari-
zation-dependent phase responses.[10] They have been used 
to realize dual-wavelength metalenses[11,12] and dual-function 
holograms.[13,14]

It is less straightforward to design multifunctional metas-
urfaces without exploiting the polarization degree of freedom. 
For devices that support distinct functions for different wave-
lengths with the same polarization, current design strategies 
include sectoring,[15–17] interleaving,[16–18] and the brute-force 
searching of subwavelength building blocks.[19–21] In the sec-
toring and interleaving approaches (Figure 1a,b), devices are 
subdivided into regions that are individually designed for a 
single wavelength. Sectored device regions are larger than a 
wavelength, while interleaved device regions are subwavelength 
in scale. The brute-force search approach utilizes a library of 
subwavelength-scale building blocks, which each possess multi-
wavelength responses (Figure 1c). Upon searching through this 
library, building blocks with the desired responses are identi-
fied and stitched together.

While these methods each provide a pathway for multiplexing 
functions, the efficiencies of the resulting multifunctional 
devices are limited. For N total input wavelengths, sectored 
devices possess a maximum average efficiency of 1/N at each 
wavelength. Interleaved devices have theoretical efficiencies 
that surpass the 1/N limit, but experimental demonstrations 
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Metasurfaces

Metasurfaces are thin-film optical devices that use nanoscale 
geometric designs to shape the wavefront of electromagnetic 
waves. Their ability to specify nearly arbitrary phase responses 
enables a broad range of applications, including holograms,[1] 
lenses,[2,3] retroreflectors,[4] beam steering devices,[5] spec-
troscopic elements,[6] and imaging filters.[7,8] Convention-
ally, these devices utilize subwavelength-scale nanoresonator 
or nanowaveguide building blocks, which have amplitude 
and phase responses tailored to a target wavelength.[9] These 
building blocks are then stitched together into macroscopic 
arrays to produce a desired wavefront response. For many cur-
rent realizations of metasurfaces, devices are designed for a 
single input wavelength.
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have yet to break this limit.[16,18] For the brute-force search 
approach, it becomes increasingly difficult to identify efficient 
building block designs as the number of functions increases, 
due to the limited design space provided by subwavelength-
scale structures. Optical transmission devices constructed in 
this way do not yield high efficiencies.[19–21]

In this Article, we demonstrate wavelength-multiplexed 
silicon metasurfaces that support significantly higher efficien-
cies than the current state-of-the-art. Our method uses adjoint-
based inverse design, which is an iterative optimization proce-
dure that can produce high-performance nanophotonic devices 
comprising nonintuitive patterns.[22–25] In an initial study, we 
showed that adjoint-based optimization can be used to pro-
duce large-angle, high-efficiency metasurface deflectors that 
can respond to one and two wavelengths.[26–28] As we analyze 
here, this design approach can scale to the optimization of N 
functions in a straightforward manner. As an illustration, we 
design and demonstrate periodic metasurfaces, i.e., metagrat-
ings, which can steer incident near-infrared plane waves to dif-
ferent diffraction orders based on wavelength (Figure 2a). It is 
not clear or obvious how the efficiency scales with number of 
functions or wavelengths in topology-optimized devices. We 
find that the theoretical and experimental efficiencies of these 

wavelength splitters surpass 1/N by a wide 
margin. While our analysis here is limited 
to periodic metasurfaces that deflect of light 
to specific diffraction angles, we anticipate 
that these results can generalize to aperiodic 
devices that can steer light to arbitrary angles.

One feature of our approach is that we 
directly optimize the multiwavelength 
responses of a full period of the metagrating, 
which is larger than a wavelength. By opti-
mizing wavelength-scale regions, as oppose 
to subwavelength-scale building blocks, we 
access a larger overall design space. Another 
feature is that our method optimizes for 
topology and is not limited to a prede-
fined number of discrete shapes, which is 
a common restriction of other metasurface 
optimization techniques.[29,30] The curvilinear 
and interconnected geometries produced 
with our design technique incorporate intri-
cate optical mode coupling dynamics that 
enhance device efficiency.[27] We also note 
that our devices are based on low loss, high 
refractive index materials. In contrast to mul-
tifunctional devices based on plasmonics,[31] 
our devices do not suffer from material 
absorption.

Our inverse design method begins with a 
dielectric slab consisting of a random con-
tinuum of refractive indices with values 
ranging between air (nair) and polycrystalline 
silicon (nsilicon). The values of these refrac-
tive indices are n1(r), where the subscript “1” 
represents the starting point for our optimi-
zation (i.e., iteration 1). r spans our design 
domain, which is the x–y space of a single 

period of our metagrating (coordinates are in Figure 2a). Over 
the course of multiple iterations, the refractive indices at each 
point in the design domain are gradually “pushed” toward nair 
or nsilicon, until the design domain finally converges to a device 
consisting of discrete air and silicon features (Figure 2b).

The goal of each iteration is to improve the Figure of Merit 
(FoM), which is a single-valued number that captures our desired 
design objective. For a single-wavelength metagrating that 
deflects an incident plane wave to a particular desired diffrac-
tion order, a simple and effective choice for the FoM is: FoM = T, 
where T is the transmission efficiency into the target diffraction 
order. As the transmission efficiency improves, the FoM increases 
monotonically. As such, for the mth iteration, the determination 
of whether nm(r) is increased or decreased at a particular r is 
based on whether that index change improves the FoM.

Mathematically, these changes in refractive index are linked 
to the FoM through the gradient G(r) = ∂FoM/∂n(r), which 
is used to compute Δn(r) such that nm + 1 (r) = nm(r) + Δn(r). 
We calculate this gradient using the adjoint method, which is 
discussed in detail in ref. [23]. For a single-wavelength, single-

function device, ( )
( )

Re ( ) ( )2
* fwd adjr

r
E r E rG

n
t

λ { }∝ ⋅ . Here, Efwd(r) 

is the electric field in the domain, as calculated by the forward 
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Figure 1.  Design approaches to multifunctional metasurfaces. a) The sectoring approach 
combines three functions by stitching together wavelength-scale regions, each designed for a 
single function, represented by different colors. b) The interleaving approach combines three 
functions by stitching together subwavelength-scale elements. c) The searching approach uti-
lizes a library of multifunctional, subwavelength-scale structures. d) The direct optimization of 
multifunctional, wavelength-scale regions is the subject of this report.
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simulation (i.e., illuminating the device with a normally inci-
dent plane wave), and tj is the complex transmission efficiency 
into the target direction. Eadj(r) is the adjoint electric field in 
the domain, as calculated by the adjoint simulation (i.e., illumi-
nating the device with a plane wave from the target diffraction 
order direction). The values that we use for Efwd(r) and Eadj(r) 
correspond to electric fields averaged over the thickness of the 
device. With the adjoint method, G(r) for the entire design 
region can be calculated using only two electromagnetic simu-
lations per iteration.[24]

A key aspect of our method is that it can readily extend to 
the incorporation and optimization of multiple functions. We 
approach this design problem by defining a new FoM that 
sums the individual FoMs for each function. As the overall 
functionality of the device improves over the course of the 
iterative optimization process, this modified FoM will increase 
monotonically. For our case of a metagrating splitter that 
deflects N input wavelengths to N different diffraction orders, 
our new FoM is expressed as

FoM
1∑ λ( )=

=
c Tj u jj

N

j
	 (1)

where ( )λTu jj
 is the diffraction efficiency of wavelength λj into 

diffraction order uj. cj is a weighting factor used to indicate how 
much importance is given to each function. In the case where 
the weighting factors are the same for each wavelength, the gra-
dient G(r) has the form

Re2
* fwd adj

1
r

r
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n
t E E

j
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A schematic of our evaluation of tj, ( )fwd rE j , and ( )adj rE j  is in 
Figure 2c. Our pathway to generalizing our design process to 

multiple functions is clear: for each iteration, we perform a for-
ward and adjoint simulation for each individual function and 
use the calculated fields in the design domain to define G(r), 
which specifies Δn(r) (Figure 2d). Our method readily extends 
to a large number of functions (i.e., unique optical responses 
for incident planes of differing polarization, wavelength, or 
angle of incidence), which is beyond the capability of conven-
tional metasurface design approaches.[9]

We demonstrate the utility of adjoint-based optimization by 
analyzing a series of metagrating splitters that steer N normally-
incident plane waves, each with unique wavelengths, into N 
distinct diffraction orders. The target diffraction orders for each 
wavelength are chosen to create a large angular spread between 
adjacent wavelengths. We analyze the cases of N equal to 2, 3, 
4, and 5, and the polarization of the incident waves is fixed to 
be either TE (|E| = Ey, see Figure 2a for axes) or TM (|H| = Hy). 
The grating thickness and period are 325 and 2500 nm, respec-
tively, and the wavelengths range from 900 to 1300 nm and are 
evenly spaced in frequency. Light diffraction only takes place 
in the x–z plane as the grating period along the y direction is 
subwavelength in scale. These devices are designed to include 
robustness to geometric erosion and dilation,[26,32] which we 
incorporate into the optimization process to mitigate the impact 
of experimental fabrication errors in device efficiency. To per-
form the forward and adjoint electromagnetic simulations, we 
use rigorous coupled-wave analysis (RCWA),[33] which is a com-
putation technique that supports fast and accurate calculations 
for periodic systems.

The device layouts of these wavelength splitters for differing 
N are summarized in Figure 3, together with a plot of their the-
oretical efficiencies. In each case, the designs are curvilinear, 
nonintuitive, and have no clearly associated length scale. The 
absolute and relative efficiencies represent the fraction of light 
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Figure 2.  Description of our metasurface design process. a) Illustration of a metagrating supporting five functions. Five normally-incident plane waves, 
each with a different wavelength, transmit through the device and deflect to differing diffraction order channels in the x–z plane with high efficiency. 
b) Summary of our iterative design procedure based on adjoint optimization. For the first iteration, our design domain D consists of a refractive index 
continuum n1(r) with values between nSi and nair. Over the course of multiple iterations, these refractive index values are adjusted until they finally 
converge to n(r), which has values of either nSi or nair. c) Schematics of the simulations performed during an individual iteration. Two simulations are 
performed for each of the N functions, a forward and an adjoint simuation. d) Parameters from the forward and adjoint simulations in (c) are used to 
specify Δn(r), which is added to nm(r) after the mth iteration.
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transmitted to the desired diffraction channel, normalized to 
the magnitudes of incident light and total transmitted light, 
respectively.

In all cases, the calculated efficiencies are 
high and well above the 1/N benchmark. 
As the number of wavelengths being split 
increases, the average efficiency decreases 
due to the challenge of optimizing for mul-
tiple distinct functions within the same 
device region. Fits to the average absolute 
efficiencies as a function of N (Figure 3a, 
solid lines) show that these device efficien-
cies scale approximately as 1/N0.5, displaying 
a much smaller drop-off than that featured 
in the 1/N benchmark. The average relative 
efficiencies as a function of N are even better 
and scale approximately as 1/N0.25. Unexpect-
edly, the efficiencies of the five-wavelength 
splitter are generally larger than that of the 
four-wavelength splitter. We speculate two 
potential causes. First, the four-wavelength 
splitter does not include a 0th-order dif-
fraction component, which may impose a 
constraint on the design space. Second, the 
specific wavelengths and diffraction orders 
chosen in the five-wavelength splitter may 
be particularly amenable to high-efficiency 
design.

The simulated electromagnetic fields 
within and above the TM-polarized five-
wavelength splitter are plotted in Figure 4 
for each target wavelength. The fields above 
the device show clearly defined wavefronts 
propagating in the direction of the desired 
diffractive order, which is indicative of the 
large relative efficiencies supported for each 
function in the device. The field plots within 

the metagrating show that distinct modes are responsible for 
high-efficiency deflection for each wavelength. These modes 
possess complex spatial profiles and utilize different regions 
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Figure 4.  Simulated fields of the five-wavelength splitter designed for TM-polarized incident waves. 
a) Top view schematic of four periods of the device. Black represents silicon and white represents 
air. The green solid line represents the cross-sectional plane used to evaluate the fields in (b–f). 
b–f) Plots of |Ey|2 in the x–z plane at each target wavelength. The translucent green box represents 
the metasurface cross-section. Top-right insets: Schematics showing the incident wavelength  
and target deflection angle. Bottom insets: |H|2 cross-sectional plots taken from the x–y plane 
located at the metagrating midpoint. The green outlines delineate the air-silicon boundaries.

Figure 3.  Theoretical analysis of multiwavelength metagrating splitters. a) Plot of the device efficiency, averaged for each wavelength, as a function of 
number of wavelengths (N). Devices designed for TE- and TM-polarized incident waves are denoted by red and blue colors, respectively. The solid lines 
represent absolute efficiencies, and the dashed lines represent relative efficiencies. The dashed green lines are reference curves showing the 1/N, 1/N0.5, 
and 1/N0.25 scaling trends. b–e) Schematics and top views of a single period of the optimized metagratings. Devices designed for TE- and TM-polarized 
incident waves are outlined with red and blue lines, respectively. Black represents silicon and white represents air. Wavelengths and target diffraction 
orders (in parentheses) for each device are as follows: (b) 900 nm (−2), 1300 nm (+1); (c) 900 nm (−2), 1064 nm (0), 1300 nm (+1); (d) 900 nm (−2), 
1003 nm (+2), 1132 nm (-1), 1300 nm (+1); (e) 900 nm (−2), 975 nm (+2), 1064 nm (0), 1170 nm (−1), 1300 nm (+1).
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of the silicon structure depending on the incident wavelength. 
A mode analysis[27,34] of the metagrating is summarized in 
Figure S8 in the Supporting Information and shows quantita-
tively that different sets of modes are utilized for light deflec-
tion for different target wavelengths. Furthermore, the modes 
are strongly dispersive and have spatial profiles and effective 
refractive indices that vary with wavelength. These mode pro-
files and scattering dynamics are highly intricate and can only 
be properly implemented using high-performance numerical 
optimization techniques.[27]

To experimentally demonstrate our metagratings, we fabri-
cate and optically characterize a set of TM-polarized wavelength 
splitters designed for 2–5 input wavelengths. The experimental 
details are in the Experimental Section. To summarize, we pre-
pare the samples by growing polycrystalline silicon films on a 
silicon dioxide substrate, followed by patterning with electron 
beam lithography and reactive ion etching. To characterize the 
devices, we weakly focus a light beam from a tunable white 
light laser source onto our samples and measure the trans-
mitted power as a function of angle using a detector mounted 
on a goniometer.

Scanning electron microscopy (SEM) images and experi-
mental angular deflection data for two- and five-wavelength 
splitters are presented in Figure 5. SEM images and experi-
mental data of the three- and four-wavelength splitters are in 
the Supporting Information (Figures S1 and S2). The SEM 
images of these devices show that the designs (Figure  3) 
were reproduced in the lithographic patterning steps with 
high fidelity. The experimental data show peaks in efficiency 
at the intended diffraction angle for each target wavelength 
(Figure  5b,f), indicating that each designed optical function 
is captured with high relative efficiencies in our fabricated 
devices. A plot of average relative efficiency versus N is in 

Figure S3 in the Supporting Information and shows that these 
device efficiencies scale as 0.9/N0.5, which is considerably 
more gradual than the 1/N benchmark.

Compared to the theoretical relative efficiencies plotted in 
Figure 5c,g, the experimental efficiencies are, on average, ≈20% 
lower. These deviations between experimental and theoretical 
efficiencies are due in part to fabrication errors, where pattern 
distortions during electron beam exposure, development, and 
etching can manifest and degrade device performance. These 
deviations are also due to the finite bandwidth of our tunable 
white light laser source after filtering. If the bandwidth of high-
efficiency operation in our device is less than the bandwidth of 
our filtered light source, the measured device efficiency will be 
lower than the actual value. For our devices, the bandwidth of 
high-efficiency operation at certain target wavelengths can be 
very narrow (Figure S4, Supporting Information).

Our inverse design scheme can generalize to the optimiza-
tion of a very large number of functions. As a proof-of-concept, 
we design and experimentally characterize a broadband blazed 
metagrating that deflects normally-incident TM-polarized light, 
with wavelengths ranging from 1000 to 1300 nm, to the +1 dif-
fraction order. For our grating period of 1556 nm, the span of 
deflection angles ranges from 40° to 57°. To design this device, 
we optimize for 20 incident wavelengths that are equally spaced 
in wavelength throughout our target bandwidth. The theo-
retical efficiency plots in Figure 6, which are rigorously calcu-
lated with high spectral resolution, show that even though the 
device is optimized at discrete wavelengths, those wavelengths 
are sufficiently close together to produce a high-efficiency 
broadband response. We note that there do exist a few sharp 
dips in efficiency at wavelengths located between our discrete 
optimization wavelengths, which are unaccounted for in our 
design process. These features can be reduced by decreasing 
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Figure 5.  Experimental characterization of two- and five-wavelength splitters. a) Scanning electron microscopy images of a two-wavelength splitter 
designed for TM-polarized incident waves. Inset: Schematic showing the target wavelengths and deflection angles for the device. b) Experimental plot of 
the measured relative efficiencies for the two-wavelength device. The different colors in the plots represent different target wavelengths and correspond 
to the colors in the inset of (a). c) Plots of theoretically calculated relative efficiencies for the two-wavelength device. d) Summary of the theoretical 
and experimental efficiencies for the two-wavelength splitters. e–h) Scanning electron microscopy images and efficiency data of the five-wavelength 
splitter, following the same format as (a–d).
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the spacing between optimization wavelengths in the design 
process. An SEM image of the device and the experimental 
absolute and relative efficiencies are also presented in Figure 6,  
and the data generally agree well with the theoretical curves. 
The experimental absolute efficiencies are approximately 10% 
lower than those calculated theoretically, indicating that these 
devices are relatively robust to fabrication imperfections. Theo-
retical and experimental results for similar devices operating 
for TE and dual-polarization inputs are in Figures S5–S7 in the 
Supporting Information.

In summary, we show that high-efficiency, multifunctional 
periodic metasurfaces can be designed and implemented using 
adjoint-based inverse design. With this technique, we directly 
optimize device regions that span wavelength-scale dimen-
sions, which allows us to access a large design space and 
engineer modes with complex spatial profiles and dynamics 
within the device.[26,27] Our devices, which deflect N incident 
plane waves of differing wavelength to N unique diffraction 
orders, support average absolute device efficiencies that theo-
retically and experimentally scale as 1/N0.5, which far surpasses 
the 1/N benchmark that is typical of current state-of-the-art 
approaches. Further improvements to the design process are 
likely to further surpass this scaling relation. While the device 
designs here are limited to periodic structures, due to our use 
of an RCWA electromagnetics solver, we envision that topology 
optimization can be applied to realize high-performance, 
multifunctional aperiodic metasurfaces, when used in con-
junction with electromagnetics solvers that can accommodate 
nonperiodic layouts.

Experimental Section
Sample Preparation: To prepare the samples, a 325 nm thick layer of 

polycrystalline silicon (p-Si) was grown using chemical vapor deposition, 
followed by a 30 nm thick silicon dioxide hard mask on a clean fused silica 
substrate. The p-Si layer was patterned using a 100 nm layer of CSAR 
92 electron beam resist together with a layer of Electra 92 conductive 
polymer to prevent charging. The metasurface devices, which each 

were circular shapes with 200 µm diameters, were patterned using  
a JEOL JBX 6300 electron beam lithography system. The samples then 
underwent a two-step reactive ion etch. The first etch used the CSAR 
92 as a mask to etch the 30 nm thick silica hard mask, and the second 
etch used an etch chemistry that was highly selective to oxide to etch the 
325 nm thick p-Si layer.

Device Characterization: To characterize the metagratings, a tunable 
white light laser source was used, which was tuned to a desired 
wavelength, polarized with a near-IR polarizer, and then weakly focused 
onto the metasurface. The light was focused using a 0.055 NA objective, 
which was sufficient to confine the beam to a 200 µm wide diameter 
area while producing minimal non-normal electric field components 
at the device interface. A germanium detector attached to a computer-
controlled goniometer measured the transmitted light intensity as a 
function of angle.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 6.  Experimental characterization of a broadband blazed metagrating. a) Scanning electron microscopy image of a blazed metagrating operating 
between 1000 and 1300 nm for TM-polarized normally-incident waves. Inset: Schematic summarizing the range of incident wavelengths and target 
deflection angles. b) Plot of the theoretical and experimental efficiencies versus wavelength for the device. The theoretical absolute and relative efficien-
cies are represented by the black solid and dashed lines, respectively. The experimentally-measured absolute and relative efficiencies are represented 
by the red dots and circles, respectively.
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