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Abstract: Beyond the wave manipulation at a single frequency, efficiency bandwidth control
and functional dispersion engineering over metasurfaces are key challenges towards practical
applications. Here we propose a type of wideband dielectric metasurfaces made of ultra-thin and
layered high-index dielectric patches. The inclusions can be considered as effective material with
designable effective refractive index and dispersion. Beam-deflection metasurfaces composed of
such inclusions are characterized with the bandwidth approaching and surpassing the limit of
conventional blazed gratings in transmission and reflection manners. The bandwidths are more
than twice of that in popular single-layer dielectric metasurfaces made of pillar and disk building
blocks. In addition, the proposed design benefits from operation over wide range of incident
angles and with large tolerance to fabrication errors. More complicated beam manipulation can
be fulfilled similarly with great potential for wideband planar optics.
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1. Introduction

Motivated by device minimization and integration, metasurfaces are experiencing extremely
fast progress in control and transformation of electromagnetic waves from microwave to visible
spectrum [1–3] with diverse functionalities [4–8]. Subwavelength inclusions offer desired local
phase shift to relax the traditional Snell’s law [9] and show large freedom to tailor the wavefront as
desired. Laboratory demonstrations of some metadevices have been done with comparable or even
superior performance compared to the conventional optical elements, such as diffraction-limited
high numerical-aperture focusing [10–12] and high-efficiency holographic imaging [13]. Still
essential efforts are needed towards engineering the functional dispersion and enlarging the
bandwidth.
The functional dispersion describes variation of a certain feature with wavelength, such as

the wavelength dependence of the deflection angle in metagratings. The linear phase function
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in a metagrating is implemented by folding the phase spatially into multiple 2π zones with
respect to the center frequency. The invariance of the zone boundary with frequency leads to the
well-known diffractive dispersion that separates different frequencies.

In contrast, the working bandwidth in terms of the efficiency spectrum is mainly determined
by the structure dispersion of the metasurface inclusions. Ideally, if the inclusion offers a constant
phase delay regardless of frequency, i.e. φ(ω) = ωL

c ne f f (ω) − φ0(ω) = const., the device
efficiency can be maintained over the spectrum. Here ne f f and L are the effective refractive
index and the thickness of the inclusion; ω is the angular frequency; φ0(ω) is an additional
phase term for all the inclusions. Please note that in such case the functionality of the device
is still dispersive. Waves with different frequencies are diffracted into different directions but
with the same efficiency as along as the diffraction order exists. If φ0(ω) is neglected, anomalous
structure dispersion dne f f

dω < 0 is required, which is quite challenging over a wide bandwidth.
Most of the dielectric materials show normal dispersion ( dndω > 0) or zero dispersion ( dndω = 0),
leading to a finite bandwidth for surface-relief blazed gratings. Subwavelength resonators exhibit
increased normal dispersion around the resonances, which further narrow the bandwidth when
arranged together as a metagrating. Metasurfaces based on effective medium show the lowest
structure dispersion, but relying on demanding fabrication requirement of extremely high aspect
ratio [14, 15].
In this work, we keep the diffractive functional dispersion and propose a design with wide

efficiency bandwidth by engineering the structure dispersion in metasurfaces utilizing low-
aspect-ratio layered configuration with total thickness of λ/3. The efficiency bandwidth of the
transmission design and the reflection design approaches and surpasses that of conventional
blazed grating made of dispersionless materials, respectively, which is more than twice as large
as that of popular dielectric metasurfaces made of thick pillars and thin disks. The thinness
and the off-resonance feature offer additional merits of wide range of incident angles and large
dimension-error tolerance.

2. Layered phase shifters

Fig. 1. (a) The layered inclusion studied in this work and the designs using dielectric thick
pillar (b) and thin disk (c). The periodicity and the thickness information is marked relative
to the center wavelength.

The transmission phase shifters are composed of three-layer ultra-thin high-index dielectric
patches separated by low-index host medium in Fig. 1(a) with the total thickness around 1/3
of the center wavelength. The high-index and low-index materials are chosen as Si and SiO2,
respectively. With proper design of the thickness of each layer and the dimensions of Si patches,
it has been shown with low-pass response and true time delay [16–18] in a certain bandwidth.
The effective refractive index ne f f is retrieved from the transmission coefficient T of the periodic
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element array by [19]

T =
2

2cos(φ) + j(η + 1
η )sin(φ)

(1)

where φ = ne f f k0L, η = nb/ne f f , with nb =
√

2.2 as the refractive index of the background
SiO2, k0 as the vacuum wave number, and L as the total thickness. The effective permeability is
assumed to be 1. The phase shifter and an equivalent homogeneous layer with the same thickness
and the refractive index of ne f f have the same transmission response.

Fig. 2. Transmission spectrum of phase shifters made of layered structures (a), pillars (b),
and disks (c). The solid lines are for amplitude and dash lines for phase. Different elements
are represented by different colors. (d)-(f) Variation of the effective refractive index of the
inclusions with frequency retrieved from the responses in (a)-(c). Only real part is considered.

Next, we choose two types of popular dielectric inclusions: thick pillars [10, 20] [Fig. 1(b)]
and thin disks [21–23] [Fig. 1(c)] as the based designs for comparison. Comparison of them
with the layered inclusion is done when they offer the same phase delay of [ π2 , π,

3π
2 ] at the

center frequency f0 by properly choosing the dimensions of Si pattern. All of them are composed
of Si patterns embedded in SiO2. The fixed periodicity and the thickness are marked in Fig.
1 following the literature report. The layered inclusion is still thin compared to the other two
single-layer designs. Since they are studied at different frequencies in literature, the layered one
at 600 nm [17], and the other two at 1.55µm [10,21], the layered one is scaled to work around
1.55µm, and normalization relative to the center frequency is done throughout this work for
clarity.

Table 1. Diameters of phase shifters normalized to λ0

unit cell 1 2 3
layer [0.23 0.22 0.23] [0.3 0.32 0.3] [0.33 0.33 0.33]
pillar 0.18 0.22 0.27
disk 0.31 0.34 0.36

The frequency responses of different types of elements are summarized in Fig. 2(a)-2(c). Three
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pillar elements in Fig. 2(b) and three disk elements in Fig. 2(c) show transmission phase of
[0.75, 0.5, 0.25]2π respectively with high transmission at the center frequency, where the phase
is relative to the case without Si patterns. The transmission phase in the layered element covers
only 1.2π due to the limited thickness, So elements with [0.75, 0.5, 0.4]2π responses are plotted
in Fig. 2(a). One can improve the phase range by adding more layers of Si patches, which is not
considered in this work due to the increased structure complexity. The diameters for all the 9
elements are shown in Table. 1, where each layered element has three diameters (side length)
corresponding to three Si patches along the propagation direction. The thickness for each layer is
[55, 68, 100, 68, 55]nm respectively, and fixed throughout all the layered transmission designs
considering the fabrication constraints.
The effective refractive index is retrieved for each element using Eq. (1) and summarized in

Fig. 2(d)-2(f). The layered element has most flat effective index over frequency with minimum
structure dispersion among the three plots. It is dispersionless around the center frequency, and
has small normal dispersion at lower frequencies and small anomalous dispersion at higher
frequencies. Variation of ne f f increases in the pillar element with increased slope and additional
oscillations, and it becomes strongest in the disk one with a strong oscillation around the center
frequency. Please note, if the layered inclusion is replaced by a single layer configuration with the
same thickness and the same periodicity, it can offer the same phase delay, but with much larger
structure dispersion. The layered configuration offers additional freedom to tailor the structure
dispersion to the needs. Material dispersion of Si is taken into account through this work. Since
Si shows low dispersion around 1.55µm, the variation of ne f f in Fig. 2(d)-2(f) is mainly from
the structure dispersion.

Fig. 3. (a) Field profile in the layered π phase shifter. (b) Total field profile in the pillar π
phase shifter and the two guided modes in it. (c) Total field profile in the disk π element
and the two guided modes in it. Magnetic component Hx in the y-z plane is plotted with the
excitation of Ey and kz . The dash lines indicate the edges of the Si patterns.

The structure dispersion is related to the physics of the phase delay and the modes in the
elements. The layered elements work as low-pass filters around the passband edge and far from
resonances. Figure. 3(a) shows that although the layered configuration is beyond the effective
medium (EM) theory [24] considering several layers and the relatively large lattice size of 1/3
wavelength, the element still behaves closely as homogeneous slab with quite uniform intensity
distribution. In contrast, the pillar and the disk exhibit much stronger field enhancement in Fig.
3(b) and 3(c) as shown by the colorbar. The pillar works as a waveguide with 2 guided modes.
The disk works on the resonances where magnetic resonance (mode 1) and electric resonance
(mode 2) are spectrally overlapped with large transmittance [21].
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Fig. 4. (a-c) Angular response of the layered, pillar and disk inclusions. The solid lines are
for amplitude and dash lines for phase. Different elements are represented by different colors.
(d-f) Effective refractive index as a function of the incident angle.

In the pillar and disk designs, they both support two guided modes, as the high transmittance
and the π phase shift cannot be achieved within the single-mode regime. The two modes propagate
along z direction and interact through the top and the bottom interfaces to offer the desired
response. The optimum interaction can be guaranteed only at a specific frequency through
dimension design, being out of control at other nearby frequencies, leading to increased structure
dispersion.

The angular responses of the same phase shifters as in Fig. 2 are summarized in Fig. 4(a)-4(c)
when the incident beam comes from different directions. The layered element is not sensitive to
the angle up to 30◦; the pillar maintains the response up to around 20◦; the disk element changes
its transmission rapidly with angle. In Fig. 4(d)-4(f), ne f f is retrieved using Eq. (1) with modified
φ =

√
n2
e f f
− n2

b
sin2(θ)k0L and η = nbcos(θ)√

n2
e f f
−n2

b
sin2(θ)

, where θ is the incident angle.

3. Bandwidth of metadevices for beam deflection

The phase shifters analyzed above are representatives to show the structure dispersion of different
types of inclusions. Here we study the bandwidth of metasurfaces composed of the above three
types of inclusions when the beam is deflected from normal direction into 15◦ for fair comparison.
The length of the supercell Λ is calculated to be 2.6λ0 with λ0 as the center wavelength using the
well-known grating equation [9]. The layered supercell consists of 8 phase shifters. The pillar and
disk supercells are composed of 5 phase shifters. They are schematically illustrated in Fig. 5(a).
The phase excursion in a supercell can be expressed as ∆Φ = ωL

c [nM (ω) − nm(ω)], where
nM and nm are the maximum and the minimum effective refractive index at the two ends of the
supercell. ∆Φ is 2π at f0 by design with ideally unity efficiency. The decrease of the efficiency
at other frequencies is determined by how fast ∆Φ is deviated from 2π, which is ultimately
controlled by the dispersion of nM and nm. Usually nm is dispersionless by using low-index
background without any pattern. If other elements are made of dispersionless effective material
as well, ∆Φ ∝ ω, the efficiency spectrum of such grating follows [25]

E = sinc2(1 − f
f0
) (2)

It is illustrated in Fig. 5(b) as the solid line with the half-power bandwidth of 80%. Increasing and
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decreasing this bandwidth is possible by engineering nM with anamolous and normal dispersion,
respectively.

Fig. 5. (a) Schematic illustration of the three metasurfaces by repeating two supercells in
each. (b) Efficiency spectrum of the metasurfaces for 15◦ beam deflection. Solid line is
from Eq. (2). Dot line, plus line and cross line are for layered, pillar and disk metasurfaces,
respectively. (c) Variation of ∆Φ in the supcercell over frequency with the same legend as in
(b). (d) Transmission amplitude and phase of the first (red) and the last elements (blue) in
the layered supercell. Solid lines are amplitude and star markers are phase.

The bending efficiency, defined as the energy fraction diffracted into the 1st order of the
supercell relative to the input energy, is plotted in Fig. 5(b) for metasurfaces made of three
types of inclusions. The calculation is done with Rigorous Coupled-Wave Analysis using the
formulations in literature [26, 27]. The efficiency spectrum shows that the layered metasurface
outperforms the other two in terms of the bandwidth. The half-power bandwidth is 76%, 35%
and 5% for layered, pillar and disk metasurfaces, respectively. The bandwidth of the layered
metasurface is very close to the theoretical bandwidth of the grating made of dispersionless
material, which is consistent with the dispersion analysis of the elements in Fig. 2. However, the
peak efficiency is 0.6, 0.92 and 0.38 for the layered, pillar and disk designs, respectively. The
layered design scarifies around 30% peak efficiency to gain around 30% bandwidth compared to
the pillar structures. The relative low efficiency of the layered design comes from the limited
phase shift of 1.2π and non-unity transmission of the elements. The disk metasurface is a very
narrowband design, as it relies on the spectral overlapping of two modes, which happens only at
a specific frequency.
The supercell phase excursion ∆Φ over frequency is compared for three metasurfaces in Fig.

5(c). Obviously, for layered supercell, the variation of ∆Φ is small which agrees with the wide
bandwidth. And ∆Φ is only around π which limits the peak efficiency of the layered design. ∆Φ
in the pillar and the disk supercells both achieve 1.6π due to the phase discretization, but only at
the center frequency. The larger the slope of ∆Φ is, the narrower the bandwidth will be.
Figure. 5(c) shows that ∆Φ of the layered supercell is extremely flat from f0 to 1.4 f0, from
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Fig. 6. Beam deflection in layered, pillar and disk metasurfaces at the center frequency f0
and 1.2 f0. Real part of Hx is plotted before and after the metasurface supercell.

where we expect that the efficiency should be constant over such frequency range. However, it is
not the case in Fig. 5(b). The reason is the non-uniform transmission magnitude. As seen from
Fig. 5(d), the phase curves of the first and the last elements in the supercell are parallel to offer
the constant ∆Φ from f0 to 1.4 f0. But the magnitude of the last element is quite low in this
frequency range, which explains the decrease of the efficiency. Still one can see the asymmetry
of the efficiency spectrum which is larger in the high frequency end. If ∆Φ can be maintained
without sacrificing the magnitude, the bandwidth can be further improved. Therefor, Eq. (2) is
not the fundamental limit of the efficiency spectrum.
The near field profile is shown in Fig. 6 for beam deflection in the three designs at the center

frequency f0 and 1.2 f0. Real part of the Hx component is plotted within a lateral dimension of a
supercell. The pillar design shows the best performance at f0, while the layered one behaves best
at 1.2 f0.
Variation of the deflection efficiency with the incident angle is studied in Fig. 7(a). The

efficiency of pillar and disk metasurfaces drops after 15◦. In contrast, the layered metasurface
maintains the efficiency of 0.5 even at 45◦ excitation, approaching the angular response limit
of the effective medium design. Since thicker designs usually show worse angular responses,
the result of the effective medium design is obtained by simulating a gradient-index slab with
the same thickness as the layered design for fair comparison. Angular responses are further
validated in Fig. 7(b) by the near field distribution when excitation beam comes from 45◦. The
theoretical transmission angle is calculated to be 20◦, and the result in the layered design shows a
good agreement. In contrast, light is scattered into multiple directions with the interference field
pattern in the pillar and disk designs.

4. Effects of fabrication errors

A variety of inaccuracy and defects may be introduced inevitably during the fabrication, especially
for the layered designwith increased number of fabrication steps involved. It is of great significance
to numerically evaluate the sensitivity of the device to the fabrication errors. Such errors are
mainly three types in the layered design: thickness error of each layer, width error of the patches,
and the registration error as the lateral displacement among three Si pattern layers.
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Fig. 7. (a) Angular bandwidth of the metasurfaces. (b) Near field (real part of Hx) in layered,
pillar and disk metasurface supercells with 45◦ excitation.

Figure 8 shows the deflection efficiency when different fabrication errors are introduced. The
error is brought with random sign, and the result is averaged for 30 times of calculations. As our
expectation, disk designs are very sensitive to the width error and the thickness error. The pillar
one is not sensitive to thickness error up to 30nm as it is small relative to the total thickness.
Overall, the layered configuration shows large tolerance to all three types of inaccuracy. Especially
the thickness error is the error for each layer where 30nm is not small. In addition, the registration
is not strictly required within the lattice periodicity. The large tolerance to dimension variation
may loose the fabrication requirement in practice.
One possible fabrication procedure is depositing and patterning layer by layer. But it would

be challenging to maintain the planar profile. Considering the size of the patches does not
change much among the propagation direction in the designs, another way of fabrication could be
depositing the high/low index layers alternatively (5 layers in total), and etching them once [28,29].
The registration would not be an issue in this way. If the metasurface can be fabricated in this
way with more than 5 layers, the absolute efficiency of the device can be further improved in the
transmission mode due to the increased phase response range.

5. Beyond the bandwidth of grating made of dispersionless medium

In order to achieve unity-efficiency deflection over a certain bandwidth, all the elements in a
supercell should have parallel phase spectrum with proper phase shift to satisfy ∆Φ(ω) = 2π. The
phase spectrum of the elements can be any shape as long as they keep parallelization (the freedom
from φ0(ω) mentioned in Introduction). Examples of ideal phase spectrum of elements at the two
ends of the supercell for unity-efficiency deflection is illustrated in Fig. 9. Phase spectrum of

Fig. 8. Beam deflection efficiency of the devices when introducing different amount of the
width error (a), the thickness error (b), and the registration error (c) at the center frequency
with the normal excitation. The results are averaged for 30 times calculations.
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other elements should keep the same shape and stay in between with equal shift.

Fig. 9. Examples of ideal phase spectrum of elements at the two ends of the supercell for
unity-efficiency deflection.

Throughout this work, the transmission phase is normalized to the one when the inclusion is
only background (i.e. −ωnbL

c ). Figure. 9(a) shows a way for wideband operation when all the
elements have the same phase shape as that of the background. The above layered design belongs
to such case as the first element in a supercell is empty. The designed phase spectrum of the first
and the last element is flat and parallel from f0 to 1.4 f0. However the small magnitude spectrum
decreases the efficiency.

A neat solution to increase the bandwidth using monolayer design has been reported [30, 31].
Instead of fixing the first element in the supercell as the low-index background unit, one can fix
the last element in the supercell as the high-index solid unit. As such, the ideal phase spectrum
for different elements is Fig. 9(b). From here we can generalize the phase spectrum to other
shapes such as Fig. 9(c).
To avoid the magnitude variation and fully utilize the freedom of layered element in the

structure dispersion engineering, we next study the layered metasurface in reflection mode.
Reflective phase shifters can be designed by adding a metallic substrate in the layered elements.
Due to the gained optical path in reflection mode, only two layers of Si patches are needed on top
of the mirror in order to achieve complete 2π phase excursion and near unity reflectivity. The
typical reflective inclusion is shown in Fig. 10(a). The layers above the mirror can be considered
as a homogeneous slab with effective refractive index ne f f . Dispersion of ne f f can be engineered
to achieve the phase spectrum with desired shape.
The reflective metasurface supercell composed of 8 layered phase shifters for 15◦ beam

deflection is designed. Variation of the deflection efficiency over frequency is plotted in Fig.
10(b). The efficiency is above 0.9 from 0.9 f0 to 1.3 f0. The bandwidth is beyond Eq. (2). Figure.
10(c) shows the reflection phase spectrum of the 8 supercell inclusions. The first and the last
elements are shown with thick red lines, which are parallel over extremely wide frequency range
(similar to Fig. 9(b)). The reflection phase spectrum of other elements (thin lines) follow the
same shape from 0.9 f0 to 1.3 f0, over which near unity efficiency is observed.

The high deflection efficiency is well maintained for large angle of incidence in Fig. 10(d). The
angular response of the grating made of dispersionless effective material with the same thickness
of 0.3λ on top of the Ag mirror is added in Fig. 10(d) for comparison. Over such small thickness,
the refractive index should change spatially in a large range for enough phase delay, which leads
to strong impedance mismatch and interference among interfaces. This is the reason of the
fluctuation of the efficiency over angle, which also exists in Fig. 7(a). By increasing the thickness
of the effective medium layer, the response becomes smooth but more dependent on angle. The
near field reflected by the layered metasurface is included in Fig. 10(e) at different frequencies
and with different incident angles, which further validates the wideband and wideangle feature of
the beam deflection.

Finally, we need to clarify that the direction of the transmitted or reflected beam is 15◦ only at
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Fig. 10. (a) Geometry of the reflective layered inclusion. (b) Deflection efficiency of the
reflective layered design over frequency as the dot line. The solid line is from Eq. (2). (c)
Phase spectrum of 8 elements in a supercell. (d) Efficiency for beam deflection over incident
angle. Dot line for layered metasurface. Solid line for effective-medium grating with the same
thickness. (d) Reflected near field (Hx) by the layered metasurface at different frequencies
and with different incident angles. Position of the metasurface is shown as the dash line, and
incident field is not shown for clarity.

f0, and it varies with frequency due to the diffractive dispersion. To achieve achromatic wideband
beam deflection, one needs at-will control of both the phase and the dispersion [32–34]. Current
design is implemented at several discretized phase points where each phase point has a fixed
dispersion. In contrast, achromatic function needs different dispersions at each phase point. The
wideband performance here already shows the capability of dispersion engineering especially in
the reflective design. The layered metasurfaces will be a potential candidate to achieve achromatic
functions.

6. Conclusion

Meta-atoms made of few-layer high-index patches embedded in low-index host are designed
for beam deflection over a wide frequency bandwidth and a large range of incident angles.
By engineering the structure dispersion, the bandwidth of the transmission metasurface is
approaching that of the blazed grating made of dispersionless medium, with the peak efficiency
of 0.6. The bandwidth of the reflection metasurface is even larger with peak efficiency above
0.9. Compared to the existing monolayer metasurfaces, the bandwidth is more than doubled.
In addition, the designs show good tolerance to the dimension inaccuracy. The study here may
shed light on replacing the surface-relief diffractive optics with subwavelength-thin and planar
metasurfaces without sacrificing the spectral and angular bandwidth.
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