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Littrow diffraction, the ability to reflect light back along incident direction, is a key functionality of retroreflectors,
exhibiting wide applications in nanophotonics. However, retroreflectors have hitherto low working efficiencies and nar-
row bandwidths, and work only for a specific polarization, being unfavorable for integration-optics applications. Here,
we propose a type of metagrating consisting of an all-dielectric Bragg reflector and a periodic metasurface with freeform-
shaped dielectric resonators, which enables broadband depolarized perfect Littrow diffraction at optical frequencies.
The physics is governed by exact cancellations of specular reflections contributed by two Bragg modes in metagratings,
enabled by careful structural optimization to yield the desired reflection-phase difference of Bragg modes within a wide
frequency band and for two polarizations. As a proof of concept, we experimentally demonstrate retroreflections with
unpolarized absolute efficiency higher than 98% (99% in design) at 1030–1090 nm using multilayer freeform metagrat-
ings. Our results pave the way for numerous applications based on high-efficiency Littrow diffraction (e.g., spectral laser
beam combining), which is not bonded to a specific polarization or frequency. © 2023 Optica Publishing Group under the

terms of theOpticaOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.486332

1. INTRODUCTION

The widest and probably simplest way to back direct the flow of
electromagnetic waves along its incident direction in photonics is
impinging it on diffraction gratings at the so-called Littrow angle
[1]. Gratings used for retroreflection purposes are known as blazed
gratings, for example, metal echelette gratings [2] or multilayer
dielectric gratings [3–5]. Yet, developing Littrow diffraction in a
broadband domain with extremely high efficiencies and no polari-
zation independence remains tremendously challenging. Potential
applications for this significant aim include compact spectrome-
ters [6], information and communication technology [7], pulse
compression [8], spectral combining [9], and so forth [10,11].
Technically, the desired broadband depolarized perfect Littrow
diffraction is a long-standing bottleneck for the most traditional
diffraction gratings. Specifically, their sawtooth edges for metal

echelette gratings typically lead to undesired efficiency limitations,
while dielectric gratings are usually featured with strong polarized
dependence because they are naturally anisotropic in geometry.

Recent decades have witnessed the emergence of metamateri-
als/metasurfaces [12–26] that provide unprecedented capabilities
to engineer electromagnetic waves in an arbitrary manner. For
example, the widely studied phase-gradient metasurfaces [27–33]
have been demonstrated to flexibly manipulate the wavefront,
amplitude, and polarization of light. However, such gradient
metasurfaces typically operate well in a regime of proper Littrow
angles while suffering from low efficiencies for large bending angles
[34], especially at optical frequencies, because they require to
discretize a continuous, fast-varying impedance profile per period.
A different route proposed by Alu and co-workers suggests that a
perfect wavefront transformation at a large Littrow angle can also
be achieved using periodic arrays of one or two suitably tailored
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inclusions, called metagratings [35]. However, the functionality of
broadband depolarized perfect Littrow diffraction has not yet been
reported with metagratings. For instance, although a Littrow-like
perfect anomalous reflection has been demonstrated using metal-
lic metagratings in the microwave region [36], their results are
polarization dependent, and efficiencies in the broadband domain
unfortunately drop; metallic structures are also highly lossy at opti-
cal frequencies. Moreover, although many dielectric metagratings
[37–40] including the emergent freeform metagratings [41–43]
have been investigated, they all typically suffer from transmission
losses and do not necessarily exhibit the desired depolarized and
broadband performances. Therefore, realizing broadband depo-
larized perfect Littrow diffraction still remains a great challenge for
the nanophotonics community.

In this work, we propose a novel idea of multilayer freeform
metagratings, consisting of a dielectric multilayer Bragg reflector
and a periodic metasurface composed of dielectric resonators with
a freeform shape, to enable the desired broadband depolarized
perfect Littrow diffraction. These all-dielectric structures are not
only immune to absorption losses but also improve the amplitude
control by using multilayer high-reflection films to eliminate all
transmission losses. Moreover, the scatterings of Bragg modes that
determine the final broadband efficiencies can be fully controlled
by customizing both phase difference 18 and phase-difference
dispersion ∂18/∂ω of two Bragg modes when fine-tuning their
propagation phase and interfacial phase. Therefore, optimizing the
geometric shape of metasurfaces can provide adequate degrees of
freedom to help achieve the desired 18 and ∂18/∂ω required
by broadband depolarized perfect Littrow diffraction. As a proof
of concept, we deploy this technique to demonstrate a typical
potential application, i.e., spectral laser beam combining, which
exhibits an unpolarized absolute efficiency higher than 99% at
1030–1090 nm at a Littrow angle of 36◦ (corresponding 72◦ bend-
ing angle). The experimental result shows unpolarized broadband
efficiencies over 98%.

2. MODEL OF BROADBAND DEPOLARIZED
PERFECT LITTROW DIFFRACTION

Figure 1(a) illustrates the reflection from a mirror, Littrow diffrac-
tion, and broadband Littrow diffraction for the gratings. The
mirror reflection does not change the horizontal component of
the momentum of incident light ( pi

x ), while Littrow diffraction
flips the direction of pi

x by adding a particular grating momentum,
that is, pg =−2 pi

x . Broadband Littrow diffraction in spectral
beam combining is an inverse process of spectral dispersion, where
an identical horizontal momentum component ( pg ) is added to
each pi

x to get the same outgoing direction. Figure 1(b) shows the
k-space operation of the gratings with a period 3g and reciprocal
lattice vector kg = 2π/3g , where the location of arrows in reflec-
tion depicts multiple Floquet modes with different kr

x . Here, we
can design the system to allow only two reflection channels (i.e., the
zeroth and −1st order channels fall within the propagation range
of kr

x ∈ [−k0, k0]) by aligning the proper ki
x and kg , while all other

high-order channels are evanescent.
To maximize the efficiency of the −1st order reflection, a

coupled-resonator model based on the mode-expansion theory
[44] is adopted to give insight into the high-efficiency diffraction
process in this structural system. As shown in Fig. 2(a), the incident
plane wave first couples into the dielectric waveguide structures in
the form of a set of Bragg modes. Then, these modes can propagate,
reflect, and finally couple out into the external-field channels. In
this way, every mode distributes its energy to all possible far-field
diffraction orders. Supposing that the structural depth is large
enough so that the evanescent modes do not participate in the
energy transfer, the highest efficiency in the −1st order reflection
is achieved when all out-coupled propagating modes in the zeroth
order channel could strongly destructively interfere because of
energy conservation, since the bottom multilayer reflection mirror
will make all the energy eventually couple into the reflection orders.

In general, a clean system is usually desirable so that we can
design the system to support only two propagating Bragg modes

Fig. 1. Littrow diffraction concept. (a) Schematic illustration of reflection by a mirror, Littrow diffraction, and broadband Littrow diffraction. The mir-
ror does not change the horizontal component of the momentum ( pi

x ) of the incidence, while Littrow gratings add a momentum ( pg ) to it and change its
direction. (b) Diagram describing how Littrow gratings operate in k-space. Arrows indicate the existence of diffraction modes, and their locations depict the
magnitude of kr

x ; the orange box denotes the regime of propagation waves.



Research Article Vol. 10, No. 5 / May 2023 / Optica 587

Fig. 2. Theoretical model of depolarized broadband perfect Littrow diffraction. (a) When incident light interacted with the structures, the energy first
coupled into Bragg modes in the structures with the in-coupling coefficient τ 0

j . Then, the propagating modes propagated inside the structural layer and were
reflected at the interfaces with the reflection coefficient ktop

j /kbot
j ; finally, they coupled out into the reflection diffraction channels with the out-coupling coef-

ficient r n
j . (b) Band structures of kz and ω of 1D gratings with duty ratio of 0.5 calculated by TMM [Eq. (1) and (2)], illustrating that only two modal dis-

persion curves can be intersected in our concerned frequency range (shadow region) for both TM and TE states when setting the period3g = 905 nm and
incident angle θ0 = 36◦. The inset depicts the schematic picture under study, where εA = 4, εB = 1,µA =µB = 1. (c) Physical picture of single-wavelength
depolarized high-efficiency diffraction. Perfect efficiency in −1st order reflection occurs when the out-coupled modes in zeroth order reflection strongly
destructively interfere. (d) Physical picture of broadband depolarized high-efficiency diffraction. The broadband destructive interference in zeroth order
reflection should be satisfied for both TM and TE states.

by altering the period and the incident angle. We can assume that
the grating layer is an infinite-length dielectric waveguide slab to
study the corresponding band structures. Taking one-dimensional
(1D) gratings as the example, a straightforward calculation using
the transfer matrix method (TMM) shows that, given a frequency
ω and k0 =ω/c , the vertical wave vector kz of eigenmodes is
correlated with the horizontal wave vector kx by the following
equations [45]:

2 cos(k A
x dA + k B

x dB )−

(
σB k A

x

σAk B
x
+
σAk B

x

σB k A
x
− 2

)
× sin(k A

x dA) sin(k B
x dB )= 2 cos(kx d), (1)

and

k A
x =

√
εAµAk2

0 − (kz)
2, k B

x =

√
εBµB k2

0 − (kz)
2, (2)

where σ j =µ j for TE polarization and σ j = ε j for TM polari-
zation, and each unit cell3g contains two layers with thicknesses
dA, dB and electromagnetic parameters εA, µA, εB , µB . By fixing
kx = k0 · sin(θ0), solving Eq. (1) yields a series of real kz for all
eigenmodes, and then, the corresponding dispersion curves of the
band structures of kz can be easily obtained, as shown in Fig. 2(b)
(the inset depicts the schematic picture under study here). With
a well-defined period and incident angle, here, 3g = 905 nm
and θ0 = 36◦, it can be seen that there are always two propagating
modes (fundamental mode and first high-order mode) involved

in the considered frequency range for both TM and TE states, for
example, 1030–1090 nm (275.2–291.3 THz).

The underlying principle of depolarized high efficiency is first
explored for single-wavelength Littrow diffraction, that is, the
phase difference18 of two out-coupled Bragg modes in the zeroth
order should beπ to satisfy the canceling condition for each polari-
zation state [see Fig. 2(c)]. Then, broadband requirements are
further explored, wherein, besides the single-wavelength demand
of 18= π , the phase-difference dispersion ∂18/∂ω should be
considered in approaching zero, aiming at a constant cancellation
in the broadband domain [see Fig. 2(d)]. Next, how to satisfy the
desired18 and ∂18/∂ω demands with what kind of particular
structures is explained. Finally, the multilayer freeform metagrat-
ings with unpolarized broadband efficiencies higher than 99% at
1030–1090 nm can be achieved.

A. Phase-Difference Requirement for Depolarized High
Efficiency at Single Wavelength

First, the single-wavelength and single-polarization case was
analyzed. The reflection coefficient of the zeroth order r 0 can be
written as

r 0
=U0

1 +U0
2 , (3)

where U0
j denotes the complex amplitude of the j th out-coupling

mode in the zeroth order reflection. The highest efficiency in
the −1st order is achieved when r 0

= 0, as shown in Fig. 2(c).
Therefore, U0

1 and U0
2 should satisfy the specific phase difference
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and amplitude criteria to cancel each other out. Since their ampli-
tudes |U0

1 | and |U0
2 | are almost equal when illuminated around the

Littrow mounting (see Fig. S2 in Supplement 1 Note 1), the core
demand is that their phase difference18 should satisfy

18= arg(U0
1 )− arg(U0

2 )= π . (4)

For the actually finitely thick dielectric waveguide nanopillar
structures, the concerned modal phase arg(U0

j ) is composed of
two contributions: propagation phase8t and interfacial phase8c .
Considering the low Q-factor resonance of Bragg modes (detailed
demonstrations are given in Supplement 1 Note 4), it is reasonable
to think that the first bounding process of Bragg modes inside the
structural layer is dominant while ignoring the multiple scattering.
At this moment,8t and8c can be written as

8t = 2k0neffh, (5)

which is determined by the modal effective index neff and thickness
of grating-layer h , and

8c = arg(τ 0
j )+ arg(r 0

j )+ arg(κbot
j ), (6)

where arg(τ 0
j ) and arg(r 0

j ) are in-coupling phase and out-coupling

phase at the top air–grating interface, respectively, and arg(κbot
j )

is the reflection phase at the bottom grating–mirror interface
(detailed derivations are given in Supplement 1 Note 1).

In this way, the phase difference18 can be further written as

18=18t +18c = (2k01neffh)+ (8c 1 −8c 2)

=18t + o(18), (7)

with1neff = neff1 − neff2. It should be mentioned that the propa-
gation phase difference 18t actually plays a dominant role in
adjusting 18 here, because 18t has an overwhelming quantity
compared to18c in such thick waveguide structures (see Fig. S3d
in Supplement 1 Note 2). Therefore, it is usually easy to achieve
high efficiency at a single wavelength and single polarization by
using numerous combinations of1neff and h to build a18 ofπ .

Moreover, to further eliminate the polarization dependence, it
is necessary to have18TM =18TE = π by considering two pairs
of Bragg modes (TM and TE) simultaneously. In this way, a depo-
larized1neff is the key condition for depolarized high efficiency at
a single wavelength as

1neff(TM) =1neff(TE), (8)

because the propagation phase is key in this issue. Once1neff has
been determined, we should adjust the thickness h to make sure
18t is close to π . Therefore,1neff must also be of adequate size;
otherwise, the thickness h would be too large to realize in practice.

B. Phase Difference and Phase-Difference Dispersion
Requirements for Depolarized Broadband High
Efficiency

To further consider broadband diffraction, the broadband
phase difference 18(ω) should be roughly constant of π in
the appointed bandwidth to reach the broadband destruc-
tive interference, as shown in Fig. 2(d). In this way, besides the
satisfaction of the single-point phase-difference requirement
18TM(ω0)=18TE(ω0)= π , how to achieve the desired
phase-difference broadband dispersion nature, for example,

∂18TM

∂ω
=
∂18TE

∂ω
= 0, (9)

is the additional challenge in the broadband issue. Here, we can
assume that 18 is almost linearly dispersive in our concerned
bandwidth, and thus ∂18/∂ω0 can be represented as the gradient
in the whole bandwidth.

Similarly, the derivative of phase difference ∂18/∂ω0 can also
be divided into two contributions from both the propagation phase
difference and interfacial phase difference, which can be written as

∂18

∂ω0
=
∂18t

∂ω0
+
∂18c

∂ω0
=
∂(k01neff2h)

∂ω0
+
∂18c

∂ω0

=
∂18c

∂ω0
+ o

(
∂18

∂ω0

)
. (10)

It is worth noting that the derivative of propagation-phase
difference ∂18t/∂ω0 ≈ 2k01neffh/ω0 = π/ω0 is intrinsically
small, and for a finite spectral bandwidth, the total dispersion
variation of18t is thus expected to be very small. In this way, the
derivative of interfacial phase difference ∂18c/∂ω0—of course,
the dispersion variation of 18c —plays a dominant role in the
final broadband performance (see Fig. S3d in Supplement 1 Note
2). Thus, a depolarized ∂18c/∂ω0 with the quantity as small
as possible is the key condition for depolarized broadband high
efficiency.

C. Effect of Structural Geometry on Phase Difference
and Phase-Difference Dispersion

Now, the question is: what kind of structures can exhibit such a
desired phase difference and phase-difference dispersion tailoring
ability? We note that, on one hand, the Bragg modes are eigen-
modes, whose 1neff are dependent only on the waveguide cross
section, that is, the lateral structural design (e.g., duty ratio), which
is characterized by the vertical wave vector kz described as

1neff =
1kz

k0
. (11)

On the other hand, the derivative of the interfacial phase differ-
ence ∂18c/∂ω0 is also highly related to lateral structures, which
transforms the lateral field distributions of eigenmodes to impact
the coupling coefficients between the external waves and internal
excited modes to affect the interfacial phase and interfacial phase
dispersion [46]. Therefore, the lateral structures are predomi-
nant degrees of freedom in tailoring both 1neff and ∂18c/∂ω0

(detailed demonstrations are given in Supplement 1 Note 2).
Here, typical materials HfO2 and SiO2 and a typical archi-

tecture comprising a grating layer, spacer film, and multilayer
high-reflection mirror were used to design broadband depolarized
perfect Littrow diffraction [47]. Three kinds of structures, includ-
ing multilayer 1D gratings, multilayer 2D rectangular nanopillars,
and multilayer 2D compound rectangular nanopillars, which
possess the incremental level of the lateral degrees of freedom,
are compared with their tailoring ability on 1neff(TM), 1neff(TE),
∂18c (TM)/∂ω, and ∂18c (TE)/∂ω, as shown in Fig. 3.

For the multilayer 1D gratings in Fig. 3(a), due to only one
lateral degree of freedom (e.g., grating duty ratio), the combina-
tions of1neff(TM) and1neff(TE) at central frequency ω0 have only
a limited coverage (red dots) because they are associated when
tuning the duty ratio f , as shown in Fig. 3(b). Note that a single

https://doi.org/10.6084/m9.figshare.22592530
https://doi.org/10.6084/m9.figshare.22592530
https://doi.org/10.6084/m9.figshare.22592530
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https://doi.org/10.6084/m9.figshare.22592530
https://doi.org/10.6084/m9.figshare.22592530
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Fig. 3. Comparison of three kinds of structures with different lateral degrees of freedom to their control ability on1neff and ∂18c/∂ω0. (a) Schematic
of multilayer 1D gratings with only one lateral degree of freedom. (b) 1neff(TM) and 1neff(TE) combinations realized by 1D gratings are shown using red
dots. The dotted line represents the target of depolarized 1neff. (c) The corresponding ∂18c (TM)/∂ω0 and ∂18c (TE)/∂ω0 combinations of the depo-
larized points in (b) with1neff > 0.3 are given using blue dots, which are far away from the ideal target of ∂18c/∂ω0, marked by an orange pentagram.
(d) Schematic of multilayer 2D rectangular nanopillars with two lateral degrees of freedom and (e) their 1neff(TM) and 1neff(TE) combinations, which
exhibit extensive coverage compared to 1D gratings. (f ) Their corresponding ∂18c (TM)/∂ω0 and ∂18c (TE)/∂ω0 combinations are still distinct from the
ideal target due to inadequate degrees of freedom. (g) Schematic of multilayer 2D compound rectangular nanopillars with four degrees of freedom and
(h) their1neff(TM) and1neff(TE) combinations, which exhibit the same coverage but enriched database compared to 2D rectangular nanopillars. (i) Their
corresponding ∂18c (TM)/∂ω0 and ∂18c (TE)/∂ω0 combinations can well cover the ideal target due to adequate lateral degrees of freedom. The structures
in (a), (d), and (g) consist of the top HfO2 structural layer, HfO2 spacer layer, and bottom HfO2/SiO2 multilayer reflection films with the stack of (H2L)20.
The refractive indices of high- and low-index layers are nH = 2.0 and nL = 1.45, and their thicknesses are dH = 94 nm and dL = 267 nm, respectively.
∂18c/∂ω0 in (c), (f ), and (i) was calculated when the thickness of the spacer was arbitrarily set to 160 nm (other values are also feasible), and the height of
the gratings are fixed with1neff to make sure the propagation phase difference18t(ω0)= π .

intersection with the target dotted line means that only a specific
duty ratio (that is, f = 0.45; see Fig. S3c in Supplement 1 Note 2)
can exactly provide a desired depolarized 1neff. At this point, 1D
gratings can build a depolarized propagation phase difference18t

to achieve single-wavelength unpolarized high efficiency. However,
when further examining the corresponding ∂18c/∂ω0, we can
see that this duty ratio fails to realize the desired ∂18c (TM)/∂ω0

and ∂18c (TE)/∂ω0 combination simultaneously, as shown in
Fig. 3(c), because the lateral degree of freedom has been completely
fixed by the depolarization of1neff.

For the multilayer 2D rectangular nanopillars in Fig. 3(d), the
1neff combinations can cover anywhere within the framed scope
because the duty ratio in both x and y directions can be arbitrarily
tuned, as shown in Fig. 3(e). Since 1neff(TM) and 1neff(TE) can
almost be independently controlled, a set of depolarized 1neff

combinations is easily obtained. We can filter out the duty ratios

with depolarized and adequate-sized1neff (e.g.,1neff > 0.3), and
then examine their corresponding ∂18c/∂ω0. Unfortunately, as
shown in Fig. 3(f ), they still fail to realize the target of ∂18c/∂ω0

combination by using 2D rectangular nanopillars. This is because
duty ratios fx and f y are still to some extent fixed by the depo-
larization of 1neff, and lateral degrees of freedom are not enough
yet to further customize ∂18c/∂ω0. It reminds us that there
should be more lateral degrees of freedom to fully control 1neff

and ∂18c/∂ω0 at different polarization states, as both depend on
the lateral structures but in different mechanisms.

According to the principle of equivalence of degrees of free-
dom, it is expected that at least four effective lateral degrees of
freedom can fully control the associated 1neff(TM), 1neff(TE),
∂18c (TM)/∂ω0, and ∂18c (TE)/∂ω0 for broadband depolarized
perfect Littrow diffraction. Therefore, we next explore the multi-
layer 2D compound rectangular nanopillars in Fig. 3(g) with four

https://doi.org/10.6084/m9.figshare.22592530
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alterable duty ratios. It can be seen in Fig. 3(h) that, although the
coverage scope of1neff does not change, the database of the points
with depolarized 1neff is greatly enriched, which can provide
more possibilities to find an appropriate solution in ∂18c/∂ω0

control. As shown in Fig. 3(i), the corresponding ∂18c/∂ω0

combinations can successfully cover the target at this moment.
We can understand this result from the perspective that there are
enough degrees of freedom for 2D compound structures to impact
the band structures of kz to control 1neff(TM) and 1neff(TE), and
modify the modal field profiles to adjust ∂18c (TM)/∂ω0 and
∂18c (TE)/∂ω0.

3. RESULTS

We have demonstrated that the depolarization and broad band
for high-efficiency Littrow diffraction depend strongly on the
lateral degrees of freedom of the top-layer structures. The advan-
tage of the regular structures such as 1D gratings or rectangular
nanopillars is their simplicity, but they also sacrifice versatility
and capability in controlling 1neff and ∂18c/∂ω, resulting in a

limited depolarized broadband performance. Here, to maximize
the structural lateral degrees of freedom to enhance the depolari-
zation and broadband dispersion control capability, we propose
all-dielectric multilayer freeform metagratings that consist of a
multilayer Bragg reflector and periodic freeform metagratings
designed by adjoint-based topology optimization, which can allow
the lateral structures to be freely varied to search for highly non-
intuitive patterns with arbitrary geometric shapes. Here, a typical
application for broadband depolarized perfect Littrow diffraction
in spectral laser beam combining in the near-infrared is considered
in our design. The concerned spectral range is 1030–1090 nm,
which covers the main high-output wavelengths of fiber lasers. The
combining beam is fixed at the −1st reflective Littrow mounting
of central wavelength λ0 = 1064 nm, where the Littrow angle θ0

is set to 36◦ and the period 3g = λ0/2 sin θ0 = 905 nm to build
a dual-mode live system. The materials and coating stack of the
multilayer mirror are the same as those used in Fig. 3.

In the optimization, we used the optimal design of 2D com-
pound rectangular nanopillars in Fig. 3(i) achieved by scanning
1neff and ∂18c/∂ω as the initial solution to optimize the shape

Fig. 4. Simulation of broadband depolarized perfect Littrow diffraction using multilayer freeform metagratings. (a) Schematic drawing of topology-
optimized multilayer freeform metagratings. The top pattern layer is 2D periodic HfO2 metagratings with a bulb-like shape designed by the topology opti-
mization algorithm, aiming at a small broadband dispersion of 18 for both polarization states. The optimized height of metagratings and spacer thick-
ness are 744 and 128 nm, respectively. (b) Theoretical broadband efficiency curves of multilayer freeform metagratings with higher than 99% unpolarized
efficiency in the whole spectral range. (c) Broadband dispersion curves of18 as well as the propagation phase difference18t and interfacial phase differ-
ence18c of the multilayer freeform metagratings. An almost constant broadband18 of π at both polarization states brings remarkable highly unpolar-
ized broadband efficiencies for multilayer freeform metagratings. (d) Mode field profiles of multilayer freeform gratings at central wavelength 1064 nm. An
asymmetric profile is obviously distinct from the 1D gratings. The value labeled in the graph is the modal effective index. The dashed line represents the lat-
eral contour of the metagratings.
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and height of the metagratings as well as spacer thickness. The
detailed optimization process is given in Section 6. The schematic
of optimized multilayer freeform metagratings is shown in
Fig. 4(a). It can be seen that the optimized result can be inter-
preted as the associated variant of the initial compound rectangular
nanopillars. The performance realized by multilayer freeform
metagratings is as follows. It can be seen in Fig. 4(b) that the broad-
band efficiencies are higher than 99% for both polarization states
in the whole aimed spectral scope (results outside the spectral
domain of interest are given in Fig. S6 in Supplement 1 Note 3).
We can verify the broadband dispersion of the phase difference
18 as well as propagation phase difference 18t and interfacial
phase difference 18c at different polarizations. In Fig. 4(c), we
can see that the multilayer freeform metagratings can present an
almost constant dispersion variation around π of 18 for both
polarization states simultaneously because the dispersion varia-
tions of interfacial phase differences 18c (TM) and 18c (TE) are
very small. The fundamental reason is attributed to the modifi-
cation of the modal field of Bragg modes, whose field profiles are
given in Fig. 4(d). Compared with the modal fields of 1D gratings
(see Fig. S5d in Supplement 1 Note 2), we assume that it may be
related to the asymmetry of the field since the incident fields and
diffraction fields are also asymmetric, which can increase the field
matching between them. In addition, the differences of field pro-
files between TE and TM modes of the freeform metagratings are
much greater than those of 1D gratings, which we attribute to the
better depolarizing ability of freeform metagratings.

In the experiments, multilayer freeform metagratings were fab-
ricated by electron beam evaporation with ion-beam assisted
deposition, electron beam lithography (EBL), atomic layer
deposition (ALD), and inductively coupled reactive ion etch-
ing techniques. Taking advantage of the large-scale fabrication
capability of the current EBL facility, we prepared a large-area
sample of 10× 10 mm2 (or 5× 5 mm2), which can further imple-
ment mass copy by reproduction technology such as nanoimprint
lithography. The detailed preparation process is given in Section 6.
Figures 5(a)–5(d) give the scanning electron microscopy (SEM)
images of fabricated multilayer freeform metagratings, showing
relatively well-matched structural parameters with the design.
For a better comparison, the designed pattern is plotted as the red
pattern in Fig. 5(a), being almost consistent with our experimental
result. The broadband efficiency spectrum of the sample was tested
by an angle-resolved macroscopic spectrum system. The detailed
spectral tests are discussed in Section 6 and Supplement 1 Note
7. As shown in Fig. 5(e), when we use the unpolarized source to
perform the measurement, the results exhibit over 98% absolute
efficiency in−1st order reflection from 1030–1090 nm (measure-
ment results outside the spectral domain of interest are given in
Fig. S6 in Supplement 1 Note 3). Admittedly, it is expected that
the results have a random error estimated at about 1% because of
the stability of the light source and mechanical vibration, but the
current results are enough to show the validity of our work.

4. DISCUSSION

We realize broadband depolarized perfect Littrow diffraction by
controlling the phase difference 18 and phase-difference disper-
sion ∂18/∂ω of Bragg modes in a metasystem, which comes from
full control of their propagation phase 18t and interfacial phase
dispersion ∂18c/∂ω0 by adequate lateral degrees of freedom in

Fig. 5. Experimental results of multilayer freeform metagratings.
(a)–(d) SEM images of the prepared sample. The red pattern in (a) denotes
the design for comparison with the experimental result. (e) Diffraction
efficiency spectra of the −1st order reflection. The red solid line is the
theoretical design curve, and the blue dots are the experimentally mea-
sured results. The error bars donate the 95% confidence interval for five
measurements given in Fig. S10d in Supplement 1.

our proposed multilayer freeform metagratings. This elegant strat-
egy is straightforward and effective, because the freeform shape of
metagratings can result in more flexible polarization responses and
field distributions of Bragg modes, and multilayer films can help
control the amplitude without loss. For example, in Supplement 1
Note 2, we present a comparison of our results with the perform-
ance realized by traditional multilayer 1D gratings to demonstrate
the validity of our proposed methodology. In an additional exam-
ple given in Supplement 1 Note 5, broadband depolarized perfect
Littrow diffraction is also demonstrated using low-index material
such as SiO2 freeform metagratings, even though the material
index is greatly reduced, which typically corresponds to a seri-
ously diminished field tailoring capability as expected. Although
the achieved bandwidth (about 40 nm) by SiO2 metagratings is
slightly less than that of HfO2 metagratings, we believe that our
powerful multilayer freeform metagratings can provide flexible
degrees of freedom to advance the performance in diffractive
optics. Moreover, the methodology used to promote broadband
depolarized high-efficiency responses via multilayer freeform
metagratings can be applied not only to Littrow diffraction but
also to other high-efficiency metasurfaces [48], such as anomalous
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refraction and metalenses. Finally, in regard to the typical appli-
cation of spectral laser beam combining, it ought to give some
discussion on the requirements on laser beams in practice. For
example, although there is no need for laser coherence in spectral
combining, a narrow emission bandwidth and highly collimated
beam profile of laser beams are typically required to achieve high
output power and fine beam quality for the combining laser.

5. CONCLUSION

In conclusion, for the first time, we demonstrate a new essential
functionality of broadband depolarized perfect Littrow diffraction
via elegantly designed multilayer freeform metagratings. A typical
example toward spectral laser beam combining application is
designed to realize >99% unpolarized broadband efficiencies in
a significant 60 nm bandwidth, which is much more superior to
traditional diffractive approaches. The nontrivial performance
results from the extremely flexible capability in tailoring the band
structures and the field profiles of Bragg modes in metagratings to
build a broadband constant π -phase difference for two polariza-
tion states simultaneously. Since the current EBL equipment has
already been available for wafer-level fabrication, together with the
efficient reproduction technique such as nanoimprint lithography,
our work paves the way toward the practical application of Littrow
gratings in, e.g., lasers, spectroscopy, and communications.

6. MATERIALS AND METHODS

Numerical simulation and optimization. An open source rig-
orous coupled-wave analysis (RCWA) solver, “RETICOLO”
[49], was used to perform the full-wave simulation including
the calculation of diffraction efficiency, interfacial phase, and
the modal field profiles of Bragg modes. The topology optimiza-
tion algorithm that we used is an open-source program supplied
by Stanford University [50], which is performed iteratively and
typically converges within 300 iterations. In the optimization
process, an additional optimization procedure using a genetic
algorithm was applied after each 10 iteration intervals, to opti-
mize the height of metagratings and spacer thickness. The root
mean square of the unpolarized broadband efficiency errors

MF=
{

1
N

∑N
j=1 (100%−

ηTE(λ j )+ηTM(λ j )

2 )
2}1/2

at 1030–

1090 nm is used as the merit function during optimization, where
η refers to diffraction efficiency, and N is the number of wave-
length points. More details about the implementation of topology
optimization can be found in Ref. [41].

Sample fabrication. The HfO2/SiO2 multilayer mirror was
first deposited on fused silica substrates using an electron beam
evaporation plant OTFC1300 from Optorun. During deposition,
an RF-type ion source was used to densify the deposited layers
with a working condition of 250 V and 500 mA. The deposition
temperature was set to 200◦C, and the chamber was pumped
down to a base pressure of 2.3× 10−4 Pa. The deposition rates
of HfO2 and SiO2 were 1.0 Å/s and 8.0 Å/s, respectively. Then,
a layer of the positive electron beam resist (PMMA AR-672.08)
with thickness of about 750 nm was spin-coated on the multi-
layer coatings, followed by baking for 10 min at 180◦C. 10 nm of
chromium was then coated on the sample surface by evaporation
to avoid charging effects during EBL exposure. Next, the inverse
patterns of the target metagratings were defined on the resist by
EBL using a Raith EBPG 5200 system with 100 kV accelerator

voltage and 3 nA beam current. After exposure, the chromium
was removed by a chromium remover, and the resist was devel-
oped in MIBK:IPA = 1:3 for 1 min. Next, the exposed resist
patterns were filled by directly depositing HfO2 using ALD at a
low temperature (105◦C) to avoid the glass transition of the resist.
During the ALD process, a standard two-pulse system of water and
tetrakis (dimethyl-lamino) hafnium (TDMAH) precursor was
used with a 0.1 s water pulse and a 0.4 s TDMAH pulse. The ALD
deposition rate was about 0.12 nm/cycle. Note that ALD finally
leaves a redundant HfO2 layer covering the resist surface, which
should be removed to expose the beneath patterns. Therefore,
we used inductively coupled reactive ion etching to remove the
HfO2 redundant layer with a mixture of CHF3 and Ar gas (20 and
80 sccm, respectively) at a pressure of 15 mTorr. The inductively
coupled plasma power was set to 800 W. The etching rate was
about 0.6 nm/s. After this, the resist and the HfO2 pattern below
were exposed, and we used oxygen plasma to remove the remaining
resist. The procedures of the microstructure preparation are also
shown in Supplement 1 Note 6.

Sample characterization. The macro-region (R1) angle-
resolved spectrum system (Ideaoptics, China) was used to
characterize the broadband efficiency of the sample. The mea-
surement realizes angle resolution by mechanically rotating the
receiver. In the test, the intensity of incident light was detected
via a high-reflection mirror. Then, the intensities of the −1st and
zeroth order light were detected for all wavelengths to obtain the
broadband efficiencies. The measurements were carried in a dark-
room to improve the signal-to-noise ratio. Details of the efficiency
measurement are given in Supplement 1 Note 7.
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