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Abstract: One compound metasurface with multiple func-
tions and precise complex amplitude modulation is benefi-
cial to photonic integration. Here, all-silicon bifunctional
metasurfaces capable of independent amplitude and phase
modulation in two circular polarized channels are pro-
posed, which encode complex amplitude information by
integrating propagation phase and Pancharatnam-Berry
phase. A switchable power-controllable axial bifocal met-
alens directly illustrates the feasibility of the proposed
modulation scheme. Another switchable power-controllable
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horizontal/vertical bifocal metalens characterizes the
versatility and flexibility of this approach. The experimental
results agree well with the simulations and theoretical ex-
pectations. In addition, we also discuss the broadband
performance of the proposed metalens and the dynamic
focusing behavior under optical pumping. The proposed
approach can directly generate editable amplitude and
phase profiles and can find applications in dynamic holog-
raphy, dynamic display, and other fields.

Keywords: all-dielectric metasurface; complex amplitude
modulation; decoupling; terahertz.

1 Introduction

Metasurfaces, the two-dimensional form of metamaterials,
are planar optical elements composed of artificially designed
meta-atoms. Because of the powerful manipulation of elec-
tromagnetic waves, they have attracted extensive attentions
of researchers [1-3]. Unlike traditional optical elements that
require a long propagation distance to accumulate phase
shift, metasurfaces can introduce an abrupt phase disconti-
nuity at the interface to achieve phase modulation [1]. The
ways of manipulating scattered light can be divided into
resonance phase, Pancharatnam-Berry (PB) phase, propa-
gation phase, and detour phase [4-8]. These planar micro-
structure arrays with subwavelength scale have the cap-
ability of full 2 phase modulation, and has shown strong
application potential in many interesting devices, such as
flat metalens [9, 10], holography [11-13], vortex generators
[14-18] image differentiators [19-21], wave plates [22, 23].
In addition to being a device that produces a certain
specific function, recently, researchers have proposed many
multiplexed and multifunctional metasurfaces, which inte-
grate degrees of freedom such as polarization, wavelength,
incident angle, and time series [24-28]. Metasurfaces with
anisotropic response provide an effective way for the inte-
gration of different optical functions. Rotating anisotropic
meta-atoms can introduce additional geometric phase for
circular polarizations. However, the left-handed circularly
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polarized (LCP) and right-handed circularly polarized (RCP)
incidences are mutually locked [29]. The proposal of so-
called spin-decoupling, which combines PB phase and
propagation phase, overcomes this limitation [25, 30-35].
Completely independent functions can be realized in two
circular polarized channels, such as polarization-switching
holograms [25], switchable vortices with different topolog-
ical charges [30], independent switching between two
arbitrary visible accelerating light beams [31], and so on. In
addition, multiple channels or functions can also be inte-
grated through segmented, interleaved, and multi-layer
designs [36, 37].

To completely control the propagation of electromag-
netic wave, in addition to the parameters of polarization
and phase, amplitude is essential. Compared with those
phase-only metasurfaces, devices that can simultaneously
modulate amplitude and phase distributions have better
performance of wavefront shaping, and have advantages in
high-quality holography, generation of complex light fields,
and so on [18, 38—41]. C-shaped meta-atoms were proposed
to achieve amplitude and phase modulation in terahertz
(THz) band [38]. A complex amplitude modulation meta-
surface working at dual wavelengths was reported in
Ref. [41]. X-shaped meta-atoms were used to achieve such
modulation [39]. Chiral-assisted metasurfaces were pro-
posed for independent phase, amplitude and polarization
control [40]. Most of these metasurfaces are reflective or
multilayer designs, and they are designed for a specific
polarization.

In this article, we propose all-silicon bifunctional meta-
surfaces that can achieve independent amplitude and phase
modulation in two circularly polarized channels. These
metasurfaces combine propagation phase and PB phase, and
encode complex amplitude information into these two
channels. As functional demonstrations, we design two
metasurfaces: (1) a switchable power-controllable axial
bifocal metalens; (2) a switchable power-controllable hori-
zontal/vertical bifocal metalens. The experimental results are
in good agreement with the simulations. The broadband
performance of the proposed metalens and the dynamic
focusing behavior under optical pumping conditions are also
studied. Such a scheme provides a new choice for the
development of multifunctional photonic devices.

2 Results and discussions

Figure 1 shows the schematic of the proposed bifunctional
metasurface with complete amplitude and phase modu-
lation. Here, we take the switch of two foci with control-
lable amplitude ratio as an example to show the
independent complex amplitude modulations in two
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circular polarizations. The polarization-dependent
bifunctional design relies on the principle of spin-
decoupling, which combines the degree of freedom of PB
phase on the basis of propagation phase. Until now, there
have been several reports about the complex amplitude
modulation on a phase-only spatial light modulator (SLM)
[42, 43], which enables simultaneous amplitude and phase
modulation by multiplying the desired amplitude distri-
bution with a blazed grating. Let us assume that the
required complex amplitude is expressed as:

U(x,y) =A(x,y)exp [ip(x,y)] 6y

Where A(x, y) and ¢(x, y) are amplitude and phase infor-
mation, respectively. In order to completely manipulate
the target field, we use a technique introduced in Ref. [42]
and encode the required amplitude and phase information
onto a metasurface. Therefore, the coded complex ampli-
tude of the proposed metasurface can be expressed as:

T(x.y) = exp [ip(x.y)] = exp[iA(x,y)p (x.y)] (2

Here, T(x, y) represents the total transmission function,
and ¢(x, y) is the encoding phase combining the ampli-
tude information A(x, y) and the original phase informa-
tion ¢(x, y).

The basic meta-atom of the all-silicon metasurface is
illustrated in Figure 2(a), which is a rectangular pillar
with permittivity of £ = 11.9 and a height of h = 200 pm. The
phase responses can cover a 2n range under the x and y
polarized illuminations by changing the length L; and
width L,, respectively. The simulated transmission am-
plitudes and phase shifts of the selected fifteen meta-
atoms at 0.9 THz are shown in Figure 2(b), which are
simulated using CST Microwave Studio. The transmission
phase shifts are in increment of 77/8 and the phase dif-
ference between x and y polarization is 7. And all of the
transmission amplitudes remain around 0.7 with a small
fluctuation. Figure 2(c) shows the simulated side view
(xoz) of the phase distributions in four silicon pillars
(corresponding to the #1, #5, #9, and #13 in Figure 2(b))
under the x and y polarized illuminations, respectively,
at 0.9 THz. It can be seen that, from #1 to #13, the phase
shifts gradually increase with the change of structural
parameters under the x and y polarized illuminations.
Specially, the phase differences between #1 and #9, #5
and #13 are 7.

In addition to the propagation phase obtained by
changing the parameters of meta-atoms, the geometric
phase is introduced to realize the independently control-
lable circular polarization phase, which is achieved by
rotating the meta-atom at a specific angle. The propaga-
tion phase and rotation angle of the meta-atom need to
meet are [25]:
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Figure 1: The schematic of a bifunctional
metasurface with complete amplitude and
phase modulation.

For the LCP incidence, the transmitted RCP
field contains two foci with an amplitude
ratio of 3:2 along x axis. For the RCP
incidence, the transmitted LCP field
contains two foci with an amplitude ratio of
2:1 along y axis.
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amplitudes and phase shifts of the selected
fifteen meta-atoms at 0.9 THz. () Simulated
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Figure 2: Characterization of the designed
meta-atoms.
(@) Schematic of the rectangular-shape
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@y = (Prcp + Prep) /2
®, = (Prep + Prep) /2 -1 €)
0= (Prcp + Prep) /4

Where ¢, (¢,) represents the phase response under x (y)
polarized incidence, @icp (@rcp) represents the required
circularly polarized phase profile, and 6 is the rotation
angle of the meta-atom.
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By using these rectangular-shape silicon pillars as the
basic building blocks, the proposed bifunctional meta-
surfaces can realize switchable amplitude-phase modula-
tion. Next, we will use the generation of power-controllable
axial and horizontal/vertical bi-foci as examples to char-
acterize the feasibility and flexibility of this approach. In
addition to generating such switchable power-controllable
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Figure 3: Design and characterization of the axial bifocal metalens.
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(@) The required amplitude distribution of the target field. (b) The required phase distribution of the target field. (c) The coded phase

distribution. (d—f) The transmitted field profiles under the LCP illumination: (d) The axial intensity profile. (¢) The simulated intensity profile of
the first focal plane f;. (f) The simulated intensity profile of the second focal plane f,. (g-i) The transmitted field profiles under the RCP
illumination: (g) The axial intensity profile. (h) The simulated intensity profile of the first focal plane f;. (i) The simulated intensity profile of the
second focal plane f,. (j) The intensity profiles across the two focal planes under the LCP illumination. (k) The intensity profiles across the two
focal planes under the RCP illumination. (I) The comparison of intensity profiles along the optical axis under the LCP/RCP illumination.
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bifocal or multifocal metalens, such approach can also be
used to generate complex light fields, high-quality holog-
raphy, and other applications that require complete
manipulation of the light field.

3 Proof of concept demonstrations

3.1 Switchable power-controllable axial
bifocal metalens

First, a switchable intensity-ratio axial bifocal metalens
has been designed employing the proposed method. For
the LCP incidence, the proposed metalens is encoded with
the required amplitude and phase information of the target
field. While for the RCP illumination, only the phase in-
formation is encoded. Through such a comparison, not
only the bifunctional characteristic of this approach can be
shown, but also the feasibility of its complex amplitude
modulation can be characterized.

The required complex amplitude distributions can be

described as:
p, = %( \/rz +ff _f1>
», = 2%( \/rz +f7 _fZ>

E = ayexp (ip,) + aexp (ip,) (4)
A = abs (E)

@y, = angle (E)
@,z = abs (E) x angle (E)

Where ¢, (¢,) represents the phase distribution for gener-
ating a focused beam with a focal length of f; (), A is the
designed wavelength corresponding to 0.9 THz, the focal
length is set to f; = 3.7 mm, f, = 8 mm, and a; and a, are
amplitudes of the two foci (a;:a, = 1:1). E represents the
designed complex amplitude distribution, A represents
the amplitude information of the target field, @gr; (@rr)
represents the phase distribution of the transmitted LCP
(RCP) component in response to RCP (LCP) incidence.
Figure 3(a)-(c) show the required amplitude (4), phase
(prr), and coded phase (p;z) distributions, respectively.
Let’s first consider the case of the LCP incidence. The
simulated axial intensity profile is shown in Figure 3(d). As
the theoretical design, there are two foci are generated
along the optical axis. Figure 3(e) and (f) show the simu-
lated intensity profiles at z = f; and z = f,, respectively. The
intensity profiles across these two focal planes are plotted
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in Figure 3(j). It can be seen that these two foci have the
same peak intensities. And full width at half maxima
(FWHM) of the first focus is less than that of the second
focus. Next, we will discuss the case of the RCP incidence.
As a contrast, we only encode the phase information of the
target light field in this channel. The corresponding in-
tensity profiles are shown in Figure 3(g)—(i). The intensity
profiles across the two focal planes are plotted in
Figure 3(k). It is observed that, although two foci are
generated at the set locations, their peak intensities are not
the same. The comparison of intensity profiles along the
optical axis under the LCP/RCP illumination are plotted in
Figure 3(1). It is obvious that the channel encoding both
intensity and phase information generates two foci with
equal intensity, while the other channel can generate only
two foci and cannot modulate the intensity profile of the
target. This comparison can directly illustrate the feasi-
bility of this complex amplitude modulation scheme.
However, it should be noted that encoding amplitude in-
formation will cause some energy loss, resulting in a slight
decrease in focusing efficiency.

3.2 Switchable power-controllable
horizontal/vertical bifocal metalens

To validate the versatility and flexibility of this approach, a
second metalens is designed to generate polarization-
dependent power-controllable multiple foci. For this met-
alens, two independent functions are designed in the two
circularly polarized channels: two foci with amplitude ratio
of a;:a, = 3:2 (power allocation I;:I, = 2.25:1) along the x axis
are generated under the LCP incidence, and two foci with
amplitude ratio of as:a, = 2:1 (power allocation I5:I, = 4:1)
along the y axis are generated under the RCP incidence. To
realize such bifunctional device, the required coded com-
plex amplitude distributions are described as:

o =T (ov &y +yr o2 1)

A
02 =2 (-7 +y2 12 1)
2 2
?s =7n(\/X2+ (y+8) +f? —f)
404:2%( X2+ (y-&) +f? —f)
E; = aexp (ip,) + a,exp (ip,)

E; = asexp (ip;) + a,exp (ip,)
@, = abs (E,) x angle (E,)

®)

@g = abs (E) x angle (E;)
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Where the factor £ = 800 pm is introduced to generate The simulated axial intensity profile (xoz) of the
off-axis foci, the focal length is set to f= 8 mm, and ¢;z transmitted RCP component under the LCP illumination is
(prr) represents the phase distribution of the trans- shown in Figure 4(a). It can be seen that there are two foci
mitted RCP (LCP) component in response to LCP (RCP) are generated. The simulated intensity profile at the focal
incidence. plane is shown in Figure 4(e) and the intensity profile along

o I

. - -

(a) 15

x (mm)
<

» (mm)

-1.5

(c) ()

(e)

. b 3
(® . — iy (h) " — sim
0.8 A exp 0.8 ) A A exp
—_~ [ " ~_~ A
5 : 3
20.61 s £0.64 A
z Zz i
.zﬁ h g o ‘
3 0.4 S 0.4+
k= L = L
A
0.2 A 0.24 B A
E A
0.0 = e ¥ T A. ¥ y 0.0-
4 -3 -2 -1 0 1 2 3 4 4 3 -2 -1 0 1 2 3 4
X (mm) y (mm)

Figure 4: Characterization of the horizontal/vertical bifocal metalens.

(@) The axial intensity profile (xoz) of the transmitted RCP component under the LCP illumination. (b) The axial intensity profile (yoz) of the
transmitted LCP component under the RCP illumination. (c, d) SEM images of the fabricated sample. () The simulated RCP intensity profile at
the focal plane under the LCP illumination. The inset is the measured intensity profile. (f) The LCP intensity profile under the RCP illumination.
The inset is the measured intensity profile. (g) The simulated and measured intensity profile along the x axis at the focal plane under the LCP
illumination. (h) The simulated and measured intensity profile along the y axis at the focal plane under the RCP illumination.
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the x axis is plotted in Figure 4(g). It’s clear that the in-
tensity ratio of the two foci is approximately 2.25:1. For the
RCP incidence, there are two foci along the y axis are
generated (Figure 4(b)). The corresponding simulated in-
tensity profiles at the focal plane are shown in Figure 4(f)
and (h). And the intensity ratio of the two foci is approxi-
mately 4:1. These simulated results are in good agreement
with the theoretical design. In order to better verify the
feasibility of our proposed design, we fabricate a sample
(Figure 4(c) and (d)) and explore the optical modulation
characteristics using the THz digital holographic imaging
system [44]. The sample is fabricated by standard ultravi-
olet lithography and inductively coupled plasma (ICP)
etching technology [35]. The two-dimensional THz field
profiles were extracted by using balanced electro-optic
detection technique and dynamic subtraction technique
[45]. The amplitude and phase information can be obtained
by performing Fourier transformations on the temporal
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Figure 5: Characterization of broadband property of metalens.
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signals. The measured intensity profiles under the LCP/
RCP incidences are shown in the insets of Figure 4(e) and
(). And the measured intensity profiles along the x/y axis at
the focal plane are plotted in Figure 4(g) and (h). It can be
seen that the measured intensity profiles and the measured
intensity ratios agree well with the simulations.

4 Broadband property of the
proposed metalens

The broadband performance of the proposed metalens has
been investigated, as shown in Figure 5. Here, the broad-
band performances of both circularly polarized channels
are discussed. Figure 5(a) shows the axial intensity profiles
(x0z) under the LCP illumination, where the incident fre-
quencies are from 0.7 to 1.1 THz. When the incident
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(a) The axial intensity profiles (xoz) under the LCP illumination with different frequencies. (b) The amplitude ratios of the generated two foci
along the x axis under the different incident frequencies. (c) The axial intensity profiles (yoz) under the RCP illumination with different
frequencies. (d) The amplitude ratios of the generated two foci along the y axis under the different incident frequencies.
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frequency is 0.9 THz, the generated two foci are at the set
focal length z = 8 mm. It can be seen that the focal length
increases as the incident frequency increases. Then the
amplitude ratios of the generated two foci along the x axis
under the different incident frequencies are plotted in
Figure 5(b). Obviously, although the focal length changes
with the incident frequency, the amplitude ratio of the two
foci remains almost constant (a;:a, = 3:2). For the RCP inci-
dence, the corresponding axial intensity profiles (yoz) under

—_
(e}
~

(d)

(e)

0=40

Figure 6: The dynamic behavior induced by optical pumping.
The simulated intensity profiles as the conductivity of silicon increases un
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the RCP illumination with different frequencies are shown in
Figure 5(c). The change of focal length with the incident
frequency has the same trend as that of the LCP incidence.
The corresponding amplitude ratios along the y axis under
the different incident frequencies are plotted in Figure 5(d).
They almost have the same value (as:a; = 2:1). In other
words, although the proposed metalens has obvious
dispersion, the switchable complex amplitude modulation
of the light field is still effective in a wide bandwidth.

1.0
6=0S/m
6=5S/m
0.8+ 6=10S/m
—_ AL 6=20S/m
=S 6 =30S/m
50.6' [0 =40 S/m
@
£0.4-
=
0.2 1
00— A N e
4 3 -2 -1 0 1 2 3 4
y (mm)
1.0
g=0S/m
o=5S/m
0.8 6=10S/m
—_ o =20S/m
3 A 4 o =30S/m
50-6' g =40 S/m|
:E, {\
@»
£04-
=
0.2- A
Y e e
4 -3 -2 -1 0 1 2 3 4
X (mm)
2.1
——
"
3 RCP)
-4
3
21'7-
:i
£
“15{ — ——
131— . . . . .
0 5 10 20 30 40

Conductivity o(S/m)

derthe (a) LCP (b) RCPillumination. (c) The intensity profile along the

X axis at the focal plane as the conductivity of silicon increases under the LCP illumination. (d) The intensity profile along the y axis at the focal

plane as the conductivity of silicon increases under the RCP illumination.
as the conductivity of silicon increases.

(e) The amplitude ratios of the generated two foci along the x/y axis



DE GRUYTER

5 Dynamic behavior of the
proposed metalens induced by
optical pumping

This part we will study the dynamic focusing behavior
induced by optical pumping. In our previous work, dy-
namic chiral behaviors are characterized by optical
pumping (1064 nm continuous wave) [46]. The photo-
carriers in the high-resistance silicon increase with the
pump power increases, which will reduce the trans-
mittance of the silicon sample. As shown in Figure 6(a), the
intensity profiles as the conductivity of silicon increases
under the LCP illumination are simulated. They are
normalized by the peak intensity when the conductivity
0 =0S/m. The intensity profiles along the x axis at the focal
plane as the conductivity of silicon increases are plotted in
Figure 6(c). It is clear that the intensities of the two foci
gradually decrease to 0, as the conductivity varies from
0 S/m to 40 S/m. The corresponding intensity profiles are
shown in Figure 6(b) and (d) under the RCP incidence.
Similarly, the intensities of the two foci along the y axis
gradually decrease as the conductivity increases. The
amplitude ratios of the generated two foci along the x/y
axis as the conductivity of silicon increases are plotted in
Figure 6(e). Obviously, the amplitude ratios of the hori-
zontal/vertical two foci remains almost constant, as the
conductivity of silicon increases. Such dynamic behavior
makes it possible for our scheme to be used in dynamic
holography, dynamic maging, dynamic display, and other
interesting applications.

6 Conclusion

In conclusion, we propose all-silicon bifunctional meta-
surfaces to achieve switchable amplitude-phase modula-
tion in THz band, which is realized by spin-decoupling and
encoding complex amplitude information. The proposed
switchable power-controllable axial bifocal metalens
directly illustrates the feasibility of this complex amplitude
modulation scheme. The second switchable power-
controllable horizontal/vertical bifocal metalens character-
izes the feasibility and flexibility of this approach. In addi-
tion, the broadband performance and dynamic focusing
behavior induced by optical pumping are also discussed.
The proposed switchable complex amplitude modulation of
the light field is effective in a wide bandwidth, and such
scheme can find applications in dynamic holography, dy-
namic imaging, dynamic display, and other fields.
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