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Broadband Metasurfaces with Simultaneous Control

of Phase and Amplitude

Lixiang Liu, Xuegian Zhang, Mitchell Kenney, Xiaogiang Su, Ningning Xu,
Chunmei Ouyang, Yunlong Shi, Jiaguang Han,* Weili Zhang,* and Shuang Zhang*

Metamaterials have continuously attracted enormous interest
due to their unusual electromagnetic properties, which can be
utilized for engineering the electromagnetic space and con-
trolling light propagation, with prominent examples including
negative and zero refraction,l'””] sub-diffraction imaging,’®1%
and invisibility cloaking.'-13] Despite the success of metama-
terials in ushering an array of new fundamental physics and
potential applications, devising metamaterials for practical
applications, however, still remains a big challenge. In par-
ticular, the material loss and fabrication challenges have road-
blocked their transition to real world applications. For bulk
metamaterials, this usually cannot be avoided due to the fact
that metals are the primary constituent materials, whereby the
ohmic loss of metals at optical frequencies is quite significant.
Moreover, volumetric metamaterials very often require precise
alignment between different layers, which poses a great chal-
lenge even with the most state-of-the-art nanofabrication tools.
Recently, metasurfaces consisting of a monolayer of plasmonic
structures, capable of controlling the wavefront of light, serve
as an alternative approach to bypass the loss and fabrication
issues, and open doors for bridging the gap between the fun-
damental research of the artificial structures and their device
applications.'**1 Being as thin as only a fraction of the wave-
length, the optical loss is not a major concern. In addition, the
complex and time-consuming alignment process necessary
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for fabrication of bulk metamaterials is not required. Despite
being at its infancy, metasurfaces have shown great promise for
novel device applications, as evidenced by the demonstration
of a number of interesting devices, such as ultrathin metasur-
face flat lens,*?2 high efficiency!?*~?"! and switchable surface
plasmon couplers, 2?7 high resolution three-dimensional (3D)
metasurface holograms,?®32 and some other functional
interfaces.33-#1

Most of the metasurfaces demonstrated so far, however, are
designed to manipulate only the phase profile of the output
electromagnetic waves. Completely manipulating the propa-
gation of light, on the other hand, requires simultaneous
amplitude and phase control. In certain important applica-
tions, such as holography, laser beam shaping, and synthesis
of complex wave fields, manipulation of both of these degrees
of freedom is required to generate high quality holographic
images. Attempts have been made to simultaneously engineer
the phase and amplitude profiles of a metasurface through
designing the geometry of antennas.’133 In Ref. [33], the
complete control over phase and amplitude is realized in a
detour phase scheme, where the pixel size of the diffractive
surface is significantly greater than the wavelength of the
light. Multilayer metasurfaces for such purpose was proposed
in Ref. [32]; however, the alignment involved in such multi-
layer design would make its fabrication process highly com-
plicated and challenging. A single layer metasurface with sub-
wavelength pixel size was realized for engineering both phase
and amplitude,P!! but it was limited to only a few discrete
levels for both parameters, due to the complexity required in
matching the antenna geometry to the desired values of phase
and amplitude. The design is complicated by the fact that each
combination of amplitude and phase corresponds to a dif-
ferent geometrical design of the antenna, which would una-
voidably introduce less fabrication tolerances. Moreover, it is
very difficult to achieve broadband operation with such a com-
plicated design scheme. Here, a robust and facile approach is
employed for achieving simultaneous phase and amplitude
manipulation in a single layer metasurface over a broadband
frequency range in the terahertz regime. In comparison to pre-
vious approaches, our metasurface design uniquely combines
a number of important merits — subwavelength pixel size for
continuous wavefront manipulation, easy fabrication, robust
and broadband control of both the phase and amplitude, and
in particular, the amplitude can be engineered precisely and
continuously.

Our design combines the functionalities of two types of
metasurfaces — a metasurface for phase control determined
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Figure 1. Design of metasurfaces with simultaneous phase and amplitude control.
(a) C-shaped antennas array with different geometrical parameters for phase control of linear
polarization conversion. (b) Rod antennas array with different orientations for amplitude con-
trol of linear polarization conversion. Due to the duality between phase and amplitude, this type
of metasurface also functions as a phase metasurface for a circular polarization incident beam.
(c) C-shaped antennas array with same geometrical parameters corresponding to those in
(a) but with different orientations as those in b for both phase and amplitude control of linear

polarization conversion.

by the geometrical configuration of each antenna, and a meta-
surface for amplitude control realized by angular orientation
manipulation. The metasurface of the first type consists of an
array of C-shaped antennas, each one with carefully designed
geometries. The metasurface operates in a linear cross-polari-
zation scheme, i.e. the phase can be robustly controlled for a
transmitted beam with a polarization orthogonal to that of the
incident beam by their geometry — the arm length and the open
angle (Figure 1a). These antennas operate in a similar manner
to that of the widely adopted V-shaped antennas,'*"! but can
be designed to be more subwavelength. The symmetry line of
each antenna is along +45° or —45° angle to maximise the con-
version between the two linear polarizations in the horizontal
and vertical directions.

The metasurface of the second type consists of an array
of antennas with the same geometry but various orienta-
tions. Interestingly, there exists a duality between the phase
and amplitude control in this type of metasurface — namely,
the same metasurface works as a phase plate for a circularly
polarized wave, or an amplitude plate for linear polarizations.
For a linearly polarized incident beam, the scattering ampli-
tude of the cross-polarization is continuously controlled by
the orientation of each antenna.l'¥l This type of metasurface
can also be employed for controlling the phase of the scat-
tered wave in the cross circular polarization configuration
(Figure 1b).'®! Combining the design concepts of these two
types of metasurfaces leads to a metasurface consisting of
an array of C-shaped antennas, whose phase and amplitude
are separately controlled by their geometry and orientation
(Figure 1c). Therefore, nearly arbitrary complex transmis-
sion/reflection coefficient distribution at the interface can be
realized by simply arranging, in different orientation angles,
the previously well studied V or C shape antennas, without
having to specially design a new antenna for each combina-
tion of amplitude and phase. Thus, this approach represents
a facile and robust way to obtain a metasurface with simul-
taneous phase control and continuously tunable amplitude
profile, which greatly facilitates the complete control of light
propagation.
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Sample Design: To implement this
approach for controlling both phase and
amplitude, we design a metasurface con-
sisting of C-shaped antennas, as shown
in Figure 2a. When a linearly polarized
plane wave is incident onto a C-shaped
antenna the symmetric E, and anti-sym-
metric E, modes are excited simultane-
ously (Figure 2a). The scattered fields from
both the symmetric and anti-symmetric
modes contribute to an orthogonally pola-
rized output wave, whose phase and ampli-
tude can be engineered by adjusting the
shape parameters of the antenna.l'*%
When x-polarized wave E! is incident onto
a C-shaped antenna with symmetry axis ori-
ented along an arbitrary direction forming
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Figure 2. Angular dependence of phase and amplitude of the antenna.
(a) Schematic of C-shaped antenna with opening angle o, radius r, width
w and orientation angle 6 towards x-axis, where the red and blue arrows
represent the symmetric mode E £, and anti-symmetric mode E, E, of
the antenna, respectively. Inset shows the geometric relationship used to
calculate the scattered y-polarized wave under a normally incident x-polar-
ized wave. (b) Simulated transmission amplitude (blue circle) and phase
(black triangle) of an array of C-shaped antenna with (r, o) = (34 pm,
11°) and 6 varying from —90° to +90° at 0.63 THz. The amplitude profile
follows a |sin(26)| dependence (blue solid line), whereas the phase profile
remains constant except for a 7 phase jump at 6 = 0. The period of the
array is 80 pm in both x- and y-direction.
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an angle 6 with x axis (inset of Figure 2a), the generated
y-polarized scattered field E; can be written as,*]

%_l”‘i . ifs 0\ _ i io
EY—ZExsm(ZG)(ASe + A, 6% )=ELAe (1)

where A, A, and @, ¢,; denote the scattered amplitude and
phase from the symmetric and anti-symmetric modes when
the symmetry axis of the structure is along 6 = 45°, A and ¢
denote the overall scattered amplitude and phase, respec-
tively. According to Equation (1), for a fixed antenna design,
the amplitude of E; is solely determined by the orientation
angle 6. When the symmetry axis of the structure is along
0=45°, the amplitude of E; reaches the maximum. On the other
hand, varying the orientation angle 0 of the symmetry axis of
an antenna between 0° and 90° does not affect the phase of its
scattered wave at all, whereas when 6 is between 0° and -90°,
only an additional 7 phase shift is incurred. Figure 2b shows
the simulated amplitude and phase variations of a C-shaped
antenna at different orientation angles from —90° to +90° at
0.63 THz, where the amplitude varies as |sin(20) while the
phase remains constant in two separated ranges of —90° to 0°
and 0° to +90°, with an abrupt change of m at 6 = 0°. Thus, the
orientation angle 6 serves as one important parameter to con-
trol the amplitude of a scattered wave without resorting to new
antenna geometry.

This approach for realising metasurfaces with simultaneous
control of phase and amplitude is applied to the design of tera-
hertz metasurface gratings which can arbitrarily control the
diffraction orders for a linearly polarized incident beam. To
generate a grating with desired diffraction order amplitudes
A, the transmission through the grating should be in general
expressed as,

t(x) = A(x)exp[id(x)] = z A, exp(—i2mrx | d) 2)

where d is the grating periodicity and m is an integer denoting
the diffraction order. For achieving a single diffraction order,
the transmission function is simply a linear phase profile along
x direction and a uniform amplitude. This is also referred to as
anomalous refraction, which has been realized using a meta-
surface phase plate.'*15] However, the amplitude of the trans-
mission in general varies with x for generating multiple diffrac-
tion orders, which means that both the phase and amplitude
need to be carefully controlled.

Three metasurface designs for generating different numbers
of diffraction orders are given in Figure 3. All the metasurfaces
contain four different antenna geometries,’>) whose phase
evenly span the range from 0 to 7 at a step of 7/4, and with a
flip along the horizontal axis of each antenna to introduce an
additional phase shift of m. As shown in Figure 3a, the super-
cell of the metasurface for generating a single diffraction order
(—1%" order) consists of eight antennas, whose symmetry axes
are along either +45° or —45° to realize a linear phase profile
between 0 and 27 and a constant amplitude profile. The super-
cells of the metasurfaces for generating two (—1°! and —3'Y) and
three (1%, -2 and —3") diffraction orders consist of sixteen
antennas, with the orientation of the symmetry axis of each
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Figure 3. Amplitude and phase profiles of the diffractional metasurfaces.
For each metasurface, four different C-shaped antennas are designed with
the same w = 5 pm but different (r, ) = (34 pm, 11°), (32.3 pm, 47°),
(34.4 pm, 117°) and (29.8 pm, 140°). Simulated amplitude (normalized)
and phase profiles along x-axis for samples of (a) a single diffraction
order, (b) two diffraction orders, (c) three diffraction orders at 0.63 THz
for transmitted y-polarized wave under x-polarized normal incidence,
where the symbols represent the simulated results and the solid lines
represent the designed profiles based on Equation (2). In (a), the orien-
tations of each individual antennas are either +45° or —45°, whereas in
(b) and (c), the orientations vary between +45° or —45°. The antenna
spacing (pixel size) is 80 pm in the simulation.

antenna continuously varying between —45° and +45° to achieve
the desired phase and amplitude profiles (Figure 3b, ¢). In all
the plots, the phase and amplitude profiles calculated from the
simulation on the antennas agree very well with the designed
profiles.

Experimental Results: To experimentally demonstrate our
analysis, samples A-D are fabricated by conventional photoli-
thography. Sample A, with an antenna spacing of 80 pm (super-
cell size = 640 pm x 80 pm), is designed to show a single dif-
fraction order. Sample B and C are both designed for achieving
two diffraction orders but with slightly different antenna spac-
ings (100 pm for sample B and 80 um for sample C). Sample
D is designed for achieving three diffraction orders, which has
an antenna spacing of 100 pm (supercell size = 1600 pm x
100 pm). The C-shaped antennas made of 200 nm thick alu-
minum are patterned on a silicon substrate. The optical images
of the sample C and D are shown in Figure 4a,b, respectively.
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Figure 4. Experimental characterization of the metasurfaces at normal incidence. (a,b) Top view
of the sample C and D, where P is the pixel size, i.e. the spacing between adjacent antennas.
(c) Measured diffraction of sample A with amplitude and phase profile illustrated in Figure 3a
and P =80 pm. (d) Measured diffraction of sample B with amplitude and phase profile illus-
trated in Figure 3b and P =100 pm, (e) Measured diffraction of sample C with amplitude and
phase profile illustrated in Figure 3b and P =80 pm. (f) Measured diffraction of sample D with
amplitude and phase profile illustrated in Figure 3c and P =100 pm. The yellow dashed lines

represent the calculated diffraction angles.

A fiber-based angular resolved terahertz time-domain spectros-
copy (THz-TDS) is employed to characterise the diffraction
orders of the samples in the range between 0.4 and 1.0 THz
in a THz-TDS measurement at normal incidence (see Experi-
mental Section).

The experimental results are shown in Figure 4c—f, where
the diffraction spectra over the frequency range of 0.4 to
1.0 THz are shown in a broad angular range from -70° to
+70°. Sample A clearly shows a single diffraction order, which
is consistent with our previous work using the same metas-
urface design.’®! Although the metasurfaces are designed at
0.63 THz, it can be seen that a single diffraction order persists
over a quite broad frequency range between 0.5 to 1.0 THz. The
efficiency of anomalous refraction is estimated to be less than
20%. However it has been shown that by adding two layers of
metallic gratings perpendicular to each other, one above and
one below the metasurface, the efficiency can be dramati-
cally enhanced.?)l As predicted by the design, sample B and C
both exhibit two diffraction orders, but at different diffraction
angles due to the slightly different pixel sizes (100 and 80 pm).
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The diffraction spectra of the sample D are
dominated by three diffraction orders, which
again agree very well with the design. For all
the samples, the measured diffraction angles
match very well with the theoretically calcu-
lated diffraction angles over the whole fre-
quency range of 0.4 to 1.0 THz. The observed
multiple diffraction orders in samples B, C
and D directly confirm that the metasurfaces
exhibit well controlled phase and amplitude
profiles. It is noted that for those samples
with multiple diffraction orders, the inten-
sity of the lowest diffraction order is always
stronger than that of the higher order ones,
despite the metasurfaces being designed to
have equal electric field between the multiple
orders. This can be explained by the differ-
ence in the projection area of the metasur-
face along the propagation direction of the
different diffraction orders: at larger diffrac-
tion angles, the projection area is smaller
and consequently the overall energy carried
by that diffraction order is smaller.

Numerical Simulation: 3D finite-differ-
ence-time-domain (FDTD) simulations are
performed for the four samples by using
commercially available software CST Micro-
wave Studio. In the simulation, a terahertz
beam is incident from the substrate side
onto the metasurfaces. The simulated cross-
polarized electric field distributions for
terahertz transmitting through the metas-
urfaces at 0.8 THz, where all the designated
diffraction orders can be seen, are shown by
Figure 5.

Figure 5a shows the simulation results for
sample A, where a uniform anomalous trans-
mitted wave is observed, agreeing well with
our design of a metasurface with a single dif-
fraction order. Figure 5b, e, f show the simulation results for
metasurfaces with two (sample B and C) and three (Sample
D) diffraction orders, respectively. In these plots, the electric
field distributions are no longer uniform due to the interfer-
ence among multiple diffraction orders. In order to retrieve the
information of the diffraction orders, Fourier Transformation is
applied to the extracted field distributions along x-axis at a dis-
tance of 900 pm away from the metasurfaces. The results are
shown in Figure 5¢,d,g,h, where a single dominant diffraction
order at m = -1 (Figure 5c), two dominant diffraction orders at
m = -1 and -3 with different diffraction angles (Figure 5d,g),
and three dominant diffraction orders at m = -1, -2 and -3
(Figure 5h) are observed for the three metasurfaces, respec-
tively. The simulation results show very good agreement with
the measurements.

To summarise, a design scheme for realizing metasurfaces
capable of controlling both the phase and amplitude profile has
been proposed. The design of the metasurface is simple, robust
and broadband, and benefits from the freedom in engineering
simultaneously the geometry and orientation angle of the
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Figure 5. Simulated electric field distributions and the numerically retrieved diffraction orders. (a,b,e,f) Simulated y-polarized electric field distributions
of for (a) sample A, (b) sample B, (e) sample C, and (f) sample D at 0.8 THz. The terahertz beam is incident from the side of the silicon substrate at
normal incidence. (c,d,g,h) The corresponding diffraction order distribution calculated by Fourier transformation of the extracted y-polarized electric
field distribution along x-axis at a distance of 900 ym from the metasurfaces in the air part. The antenna spacing is 80 pm in (a), (e) and 100 pm in

(b), (f), to be consistent with the measurement.

antennas in the metasurface. As a proof of concept demonstra-
tion, we show that the design can be applied to realize a metas-
urface grating capable of arbitrarily controlling the intensity of
each diffraction order. Our approach can be utilised to engineer
complex holograms with simultaneous phase and amplitude
control, which paves the way towards high quality computer
generated holography, and the generation of arbitrarily complex
optical patterns.
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Experimental Section

The anomalous diffractions were measured by use of an angular
resolved THz-TDS. The terahertz pulses transmitter and receiver were
a pair of commercial fiber-based terahertz photoconductive switches
(Menlon System). The terahertz wave emitted from the transmitter was
first collected by a dielectric lens, then it was refocused to the receiver
by a same lens after passing through the samples. Samples were placed
in the center of a big rotation stage with the phase gradient along the
horizontal direction, while the receiver was placed on a metal rail, which
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is fixed on the rotation stage. It enables the receiver to detect any signal
from the sample. Meanwhile, two polarizers were employed, one in front
and one behind the sample, to improve the desired wave polarization;
with horizontal polarization incidence and vertical polarization detection.
The diffraction wave was detected every 3° by rotating the rotation stage
from —90° to +90°.
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