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Compared with traditional optical elements, metasurfaces have shown unique advantages in multifunctionality
encoded in different frequencies, polarization states, and orbital angular momentums. However, the study of
metasurfaces with well-controlled functions under different incident angles is still in its infancy. Here we propose
a general method to tailor the angular dispersion over the simplest binary dielectric grating in the transmission
mode. We demonstrate that the angular response is strongly related to the number of waveguide modes inside the
grating, so one can intentionally reduce or enhance the angular dispersion by controlling the number of wave-
guide modes. Independent phase manipulation over incident angles is experimentally demonstrated by a metalens
with angle-dependent focus. The angular dispersion in orthogonal polarization states is further utilized to dem-
onstrate angle-insensitive and angle-multiplexed wave plates. These devices with simple configuration and clear
physics offer a general platform to expand the scope of beam manipulation over metasurfaces. © 2021 Chinese
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https://doi.org/10.1364/PRJ.433777

1. INTRODUCTION

Angular dispersion characterizes the variation of the electro-
magnetic response with the incident angle. Traditional meta-
surfaces are focused on electromagnetic manipulation at a
specific incident angle [1–5]. The angular dispersion is either
overlooked or very weak. Until recently, researches are carried
out to intentionally weaken it for angle-insensitive functional-
ities [6–8] and to maximize it for angle-dependent wave
manipulation [9–12] and angle-multiplexed multifunctional-
ities [13–16]. Precisely tailoring the angular dispersion offers
a new degree of freedom for wave manipulation.

Angular dispersion has been proved to be closely related to
the near-field coupling among adjacent meta-elements. To re-
duce the angular sensitivity, one should weaken the coupling of
the elements. For example, Deng et al. showed that the local-
ized cavity mode resonance of the reflective metallic grating is
unchanged with the variation of the incident angle [6]. Zhang
et al. used the dislocated metallic bars with reduced inter-
element coupling to achieve angle-insensitive meta-absorbers
[17]. In contrast, angular dispersion can be enhanced in
strongly coupled metasurfaces and even finely tuned by con-
trolling the coupling strength. Collective resonances in tightly

coupled split rings show ultrahigh angular selectivity [18,19],
which can be used to suppress the stray light, to increase the
sensitivity of detectors, to function as spatial frequency filters
[20,21], and to perform analog computing [22]. A metasurface
operating in the bound states in the continuum with angle-tun-
able resonances is used for spectrum detection [15].

In addition, the nonlocal interaction is also helpful to in-
crease the angular dispersion. We have shown that long-period
metasurfaces with nonlocal scattering can selectively enhance
the diffraction in a desired order according to different incident
angles [23]. Disordered metasurfaces greatly reduce the
memory effect and shape the wavefront into completely differ-
ent patterns with a tiny change of the incident angle [24].
Topology-optimized freeform metasurfaces with implicit cou-
pling show angle-tunable birefringence for versatile polarization
control [10]. The coupling and interaction in the above designs
happen in a much longer distance as compared to that in meta-
surfaces with rigorous subwavelength lattice, facilitating the
realization of multifunctional integration encoded by the inci-
dent angle.

In this work, we tailor the angular dispersion from another
perspective. We focus on the simplest one-dimensional binary
dielectric grating structure and find the physical origin of
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angular dispersion from the contribution of waveguide modes
to the transmission response. One can independently manipu-
late the zeroth-order transmission phases from different
incident angles by properly tuning the number of waveguide
modes inside the grating. In addition, low-index dielectric
structure is used as it brings stronger angular dispersion as com-
pared to the high-index one due to the weak field localization
and increased coupling [14]. A metalens is designed and exper-
imentally verified with independent focal lengths at two inci-
dent angles. We further utilize the angular dispersion in TE and
TM modes to demonstrate angle-insensitive wave plates and
angle-multiplexed trifunctional wave plates. All the samples
are 3D-printed and tested at terahertz frequencies with excel-
lent performance. The simple structure, clear physics, and
low-cost fabrication technique make the dielectric grating an
attractive choice for multifunctional wavefront and polarization
control encoded in well-tailored angular responses.

2. MECHANISM OF TAILORING THE ANGULAR
DISPERSION

The angle-dependent wavefront shaping and polarization con-
trol are schematically shown in Figs. 1(a) and 1(c), which are
implemented by rotating one-dimensional nonuniform and
uniform dielectric gratings around the x axis, respectively.
The grating is made of low-index and low-loss 3D-printable
polymer high impact polystyrene (HIPS) with refractive index
of 1.518 around the target frequency 0.14 THz. The geometric
parameters of the grating involve the period Λ, the duty cycle of
the ridge η � a∕Λ, and the thickness h. For angle-dependent
wavefront shaping, both Λ and η vary along the y axis, and h is
fixed, while the grating is uniform for polarization control.

To explain the origin of angular dispersion and the method
of controlling it, we consider the uniform grating as a periodic

waveguide truncated along the z axis and analyze the supported
Bloch waveguide modes. Considering the TM polarization as
an example, the field in and out of the grating can be written in
a general form [25,26]:

Hn�y, z� �
X
m

Hnm�y��a�nme−jβnmz − a−nmejβnmz�. (1)

n � i, g , t stands for the incident, grating, and transmitted
layers. m is an integer representing the number of Bloch wave-
guide modes or the number of diffraction modes. Hnm is the
lateral field distribution, and βnm is the propagation constant of
each mode. a�nm and a−nm are the amplitudes of the mode
propagating along the �z and −z directions. With the excita-
tion from the angle of θ, the lateral distribution and the
propagation constant in the incident and transmitted layers
can be expressed by Hnm�y� � ej�k0 sin θ�2mπy∕Λ� and βnm �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k20 − �k0 sin θ� 2πm
Λ �2

q
. In the grating layer, Hnm and βnm

are determined by solving the dispersion equation of the grating
waveguide [27,28]. a�nm and a−nm are solved by matching the
electric and magnetic fields at the interfaces. a�im is known
by the excitation and a−tm is zero. a−im and a�tm are the diffraction
coefficients in the reflection and transmission side, respectively.
Since the reflection is very weak in the low-index dielectric gra-
ting, one can simplify this mode by setting a−nm as zero.

The summation of the waveguide modes is matched to the
transmission and reflection fields at the bottom and top inter-
faces. One can obtain the diffracted fields of each order by
doing the Fourier decomposition of the total field at the inter-
faces. When reflection is ignored, the zeroth-order diffraction
coefficient a�t0 (noted as t0 for short) can be expressed as

t0�θ� �
X
m

αme−jβgmh, (2)

where αm � 1
Λ j
R
Λ
0 Hgm�y�ejk0y sin θdyj2 is a weight coefficient

of themth waveguide mode, indicating the overlap of this mode
with the excitation field. Equation (2) means that t0 is weighted
superposition of the waveguide modes as they propagate
through the grating. As a result, if the number of waveguide
modes changes with θ, t0 and its phase will show a dramatic
change due to the contribution of additional waveguide mode.

For clarity, we define a 1 × 2 mode matrix M for each gra-
ting with two elements describing the number of supported
waveguide modes corresponding to incident angles of θ1 and
θ2. We find that if two gratings have the same mode matrix,
their angular responses share very similar shapes with a constant
shift. It means the phase difference between two incident angles
ϕ�θ1� − ϕ�θ2� is locked, and the angular dispersion cannot be
tuned freely. In contrast, changing one or two elements inM by
tuning the geometric parameters Λ and η means introduction
of new waveguide modes. Hence the transmission response in
Eq. (2) is disturbed by the addition of new modes, and the
shape of the ϕ�θ� curve can be dramatically changed. The
angular dispersion can be tailored accordingly.

Here we consider θ1 � 0° and θ2 � 45° for simplicity and
analyze the angular dispersion of three gratings with different
mode matrices M . The first grating has the period Λ � 0.47λ
and duty cycle η � 0.2. It supports one waveguide mode re-
gardless of the launched direction of the beam, corresponding

Fig. 1. (a) Schematic of multifunctional wavefront shaping via the
rotation of the cylindrical metalens composed of nonuniform gratings.
The focal length shifts with the incident angle. (b) Photograph of the
metalens. (c) Schematic of multifunctional polarization control via the
rotation of the uniform grating around the x axis. The incident beam is
polarized along 45° relative to the grating ridges. By changing the in-
cident angle from 0° to 60°, the output polarization state can be
switched among RCP, cross-LP, and LCP. (d) Photograph of the uni-
form grating for polarization control. The inset defines the period and
the ridge width.
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to the mode matrix of M � �1, 1�. The field distributions at
two incident angles are shown in Fig. 2(a). The grating behaves
as an effective medium and refracts the beam at the interfaces.
The second grating with Λ � 0.56λ and η � 0.7 has the mode
matrix of M � �1, 2�. The field inside the grating is composed
of two modes with 45° excitation as shown in Fig. 2(b). The
third grating with Λ � 0.93λ and η � 0.58 has another mode
matrix ofM � �2, 2�. The field distribution in the grating layer
is superposition of two waveguide modes both with normal ex-
citation and with 45° excitation. The angular response of the
zeroth-order transmission phase ϕ�θ� of the three gratings is
summarized in Figs. 2(d)–2(f ). The slope of ϕ�θ� is different
from each other. ϕ�θ1� is always 0, and ϕ�θ2� is 1.35π, 0.85π,
and 0.73π in the three cases. In contrast, if we simply change
the duty cycle of each grating while maintaining its mode ma-
trix, ϕ�θ� only gains a constant phase shift as shown by the dash
curves in Figs. 2(d)–2(f ). This means the angular dispersion is
hardly tunable if only one type of mode matrix is involved.

Higher-order modes always appear first when the incident
angle is larger. With the increase of the grating period, the in-
volved matrices are [1, 1], [1, 2], and [2, 2] in sequence. With
further increase of the grating period, the next matrix will be
[2, 3]. So in order to decouple the responses from different in-
cident angles, it is better to involve as many mode matrices as

possible in the process of adjusting geometric parameters,
sometimes at the cost of opening higher diffraction orders
[Fig. 2(c)]. However, the choice of the grating should minimize
the energy in higher diffraction orders and in the reflection side
to ensure the efficiency in angular dispersion engineering. Since
variation of the thickness h does not change the number of the
waveguide mode, it is not a key factor to tune the angular
dispersion. For simplicity, we choose h for proper phase
manipulation at normal incidence, and we tune Λ and η to
tailor the angular dispersion.

By simultaneously tuning the period and the duty cycle, one
can independently tune the phase responses under different in-
cident angles. The grid in Fig. 2(g) shows all the combinations
of ϕ�θ1� and ϕ�θ2� in the range of 2π with a step of π∕4, when
θ1 � 0° and θ2 � 45°. The dots are realized by 64 gratings,
which sit at or around the desired grid points. The period
and duty cycle of the 64 gratings are shown in Figs. 2(h)
and 2(i). The efficiency of the zeroth-order transmission is
above 0.5 in all the cases. The involved mode matrices are
[1, 1], [1, 2], and [2, 2]. All the gratings in Fig. 2 have the
thickness of 3.7λ. They are thicker than conventional metasur-
faces partly due to the use of low-index dielectric and partly due
to the need of independent control of phase responses at differ-
ent incident angles.

All the above analysis is under TM polarization. For TE-
polarized excitation, the involved mode matrices may be differ-
ent from the TM case due to the anisotropic feature of the one-
dimensional grating. Manipulation of the angular dispersion of
the phase retardation between TM and TE polarization states
will be more flexible as one has more choices to combine
different mode matrices in TM and TE polarizations. Next,
angle-dependent wavefront shaping in TM polarization and
angle-insensitive/sensitive polarization control are studied to
demonstrate the power of the simple grating structure in tailor-
ing the angular dispersion on demand.

3. ANGLE-DEPENDENT WAVEFRONT SHAPING

To demonstrate the flexibility of wavefront shaping brought by
angular dispersion, we design a cylindrical metalens with differ-
ent focal lengths when illuminated from different directions.
The operation frequency is set as 140 GHz. Figure 3(a) shows
the phase profile of the metalens when the focal length is
150 mm with 0° excitation and 100 mm with 45° excitation.
According to the data in Figs. 2(h) and 2(i), gratings with
different Λ and η are selected and arranged spatially to simul-
taneously satisfy the desired phase responses for 0° and 45° ex-
citations. The discrete circles in Fig. 3(a) show that the gratings
are not equally spaced as what we usually have in conventional
metasurfaces.

The metalens is fabricated by a 3D printer (RAISE3D N2)
using the fused-deposition modeling (FDM) method as shown
in Fig. 1(b). The simulated and experimentally measured in-
tensity distributions are summarized in Figs. 3(b)–3(e). With
normal excitation, the simulated focal length is 138 mm, and
the measured one is 125 mm. 45° excitation is achieved by ro-
tating the metalens around the x axis by 45°. The simulated and
measured focal lengths are 95 mm and 91 mm, respectively.
Rotation of the metalens from 0° to 45° continuously shifts

Fig. 2. Modulation of angular dispersion in gratings by tuning the
number of excited waveguide modes. (a) Field distribution in a grating
with Λ � 0.47λ and η � 0.73 with the mode matrix of [1, 1].
(b) Field distribution in a grating with Λ � 0.56λ and η � 0.7 with
the mode matrix of [1, 2]. (c) Field distribution in a grating with
Λ � 0.93λ and η � 0.58 with the mode matrix of [2, 2]. The position
of the grating is shown by the dash box in (a)–(c). The field in the
grating is decomposed into separate waveguide modes if more than
one mode is excited in (a)–(c). (d)–(f ) Solid lines show variation of
the transmission phase over the incident angle for the gratings in
(a)–(c). Dash lines are the transmission phase of gratings with changed
duty cycle and the same mode matrix. (g) Independent transmission
phases achieved at 0° and 45° incident angles in 64 types of gratings.
(h) Period distribution of the 64 gratings. (i) Duty cycle distribution of
the 64 gratings.
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the focus from 125 mm to 91 mm, which can be used for dy-
namic 3D imaging. Since the metalens is relatively thick, the
alignment between the metalens and the Gaussian beam has an
impact on the field distribution for the oblique incidence. The
simulation shows the best focusing performance when the top
surface center of the metalens is at y � 0, which is also the
reason for the asymmetry of the focus in Fig. 3(d), while
the measurement shows the best focusing when the center
of the whole volume is aligned to y � 0. We attribute this dis-
crepancy to the fabrication error of the metalens and the system
alignment error. Further study shows that the bandwidth of the
metalens is wider under normal excitation than under oblique
excitation. This is because the phase of the grating under
oblique excitation is a result of two-mode interference, which
oscillates with frequency.

4. ANGLE-INSENSITIVE/MULTIPLEXED
POLARIZATION CONTROL

For polarization control, the duty cycle of the grating is fixed as
0.4, because the form birefringence will be reduced as η is to-
wards 0 or 1. The thickness of the grating is fixed as 5.2 mm.
Figures 4(a)–4(c) show the transmission phase in TE and TM
polarizations and the phase retardation δϕ between TE and
TM with the variation of grating periods and incident angles.
The pseudo color plots are divided by the dashed lines into two
parts, corresponding to one and two waveguide modes sup-
ported in the gratings, respectively, in Figs. 4(a)–4(c). In the
one-mode region, although the phase of both TE and TM po-
larizations varies with the incident angle, the phase difference

δϕ is quite stable regardless of θ and Λ. In the two-mode re-
gion, δϕ varies quickly with the incident angle. With Λ being
0.4, 0.7, and 1 mm, the angular responses of δϕ are shown in
Fig. 4(d). The slope of δϕ is weakly modulated among the three
gratings, as they all support a single waveguide mode for each
polarization with incident angles up to 60°. Especially when Λ
is 0.7 mm, δϕ � 0.5π is invariant with the incident angle θ.
This grating can be used as an angle-insensitive quarter-wave
plate for linear-circular polarization conversion. The thickness
of the grating is chosen to have a phase retardation of 0.5π. One
can simply double the thickness to achieve an angle-insensitive
half-wave plate with δϕ � π.

To significantly deviate from the current angular dispersion,
a larger grating period can be chosen so that more waveguide
modes will appear for oblique incidence. For example, when Λ
is 1.4 mm, there are two waveguide modes, as the incident an-
gle is larger than 20°. Figure 4(d) shows that δϕ vibrates and
increases significantly with θ, leading to phase retardation of
0.5π, π, and 1.5π when θ is 0°, 45°, and 56°, respectively.
As a result, the grating with Λ � 1.4 mm can switch the linear
polarization into right-handed circular (RCP), cross-polarized
linear (LP), and left-handed circular (LCP) polarization states
by simply rotating the sample. If we still consider two incident
angles θ1 � 0° and θ2 � 45°, the mode matrix is [1, 1] in the
angle-insensitive grating and [1, 2] in the highly dispersive gra-
ting. When working at other frequencies around 0.14 THz, the
grating with Λ � 0.7 mm still has an angle-insensitive δϕ,
which varies proportionally with frequency. The grating with
Λ � 1.4 mm shows increased (decreased) angular dispersion
when working at higher (lower) frequencies.

For validation, we 3D-print and experimentally test two
gratings with Λ being 0.7 mm and 1.4 mm at 0.14 THz.
One sample with Λ � 1.4 mm is shown in Fig. 1(d).

Fig. 4. Variation of the transmission phase of (a) TE and (b) TM
polarizations with the incident angle and the grating period when
η � 0.4 and h � 5.2 mm. To better observe the phase change with
the incident angle, the phases at θ � 0° are forced to be 0 in both
plots. (c) Variation of the phase difference δϕ between TE and
TM polarizations with the grating period and the incident angle.
(d) δϕ in selected gratings with period of Λ � 0.4 mm,
Λ � 0.7 mm, Λ � 1.0 mm, and Λ � 1.4 mm.

Fig. 3. (a) Ideal phase profiles of the metalens with 150 mm focal
length (purple line) at 0° incident angle and 100 mm focal length
(yellow line) at 45° incident angle. Dots are discrete phase distribution
of the selected grating units under different incident angles.
(b) Simulated field distribution with 0° excitation using Lumerical
FDTD Solutions. (c) Measured field distribution with 0° excitation.
(d) Simulated field distribution with 45° excitation using Lumerical
FDTD Solutions. (e) Measured field distribution with 45° excitation.

Research Article Vol. 9, No. 11 / November 2021 / Photonics Research 2193



Figure 5 shows the intensity of the beam by rotating the polar-
izer before the detector without and with the grating samples.
The measured results are well consistent with the theoretical
ones. The source is linearly polarized along 45° in the x-y plane
as shown in Fig. 1(c). The grating with Λ � 0.7 mm is a quar-
ter-wave plate converting the linear polarization into the circu-
lar one insensitive to the incident angle except for the very large
angle of 56°. In contrast, the grating with Λ � 1.4 mm is very
sensitive to the incident angle. The output polarization varies
from circular to cross-linear and then opposite-handed circular
states with the increase of the incident angle. The transmission
efficiency towards the zeroth order is above 90% for both gra-
tings under four incident angles, except for the grating with
Λ � 1.4 mm at 45° and 56°, where the efficiency is 80%.

Next, we fix the polarization axis of the polarizer to be the
same as the incident polarization direction. The dispersive gra-
ting wave plate is mounted on a motorized rotation stage for
dynamic intensity modulation with a rotation speed of 60° per
second. The measured and simulated intensity variations with
the incident angle are shown in Fig. 6. The detected intensity is
0.46 for normal excitation and 0.03 for 45° excitation, respec-
tively, which further validates that the output is very close to
circular and cross-linear polarization states. The variation of the
transmission is slow around 0° and 180°, as the phase retarda-
tion δϕ varies slowly for small-angle excitation as shown in
Fig. 4(d). The intensity can be modulated between 0 and 0.62.

The grating shows great potential as an electrical terahertz
(THz) modulator with the modulation speed controlled by
the rotation speed.

5. CONCLUSION

In conclusion, we propose a strategy to tune the angular
dispersion of dielectric binary gratings by controlling the num-
ber of waveguide modes inside the grating. We show that the
transmission phase is highly correlated with the incident angle
in different gratings if they support the same number of wave-
guide modes. This correlation can be broken by introducing
new waveguide modes, which facilitates completely indepen-
dent wavefront shaping and multifunctional polarization con-
version over different incident angles. Using this strategy, we
experimentally demonstrate a metalens with angle-dependent
focus, an angle-insensitive wave plate, and an angle-multiplexed
wave plate, which can dynamically change the output to right-
handed circular, cross-linear, and left-handed circular polariza-
tions via electrical rotation of the grating. Our findings may
extend the capability of metasurfaces in beam manipulation
and promote the integration of multifunctionalities via the per-
spective of incident angle.
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