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Full Complex-Amplitude Modulation of Second Harmonic
Generation with Nonlinear Metasurfaces

Zelin Hao, Wenwei Liu, Zhancheng Li, Zhi Li, Guangzhou Geng, Yanchun Wang,
Hua Cheng,* Hammad Ahmed, Xianzhong Chen, Junjie Li, Jianguo Tian,*

and Shugi Chen*

Metasurfaces have shown unprecedented capabilities and flexibilities for
optical wave manipulation, which provide a powerful platform for the
integration and minimization of multifunctional optical devices. However, the
realization of the multidimensional manipulation of harmonic waves
generated by nonlinear metasurfaces is still a challenge due to the lack of a
theoretical guidance. Here, an efficient design strategy of nonlinear
metasurfaces based on the hydrodynamic model of the free electron dynamics
is demonstrated to realize the full complex-amplitude modulation of the
second harmonic generation (SHG). As a proof concept, three multifunctional
nonlinear metasurfaces are designed, in which both the amplitude and the
phase of the SHG waves are efficiently and independently manipulated. With
numerical and experimental validations, the proposed nonlinear metasurfaces
can realize the spin-selective SHG optical vortices with independent
topological charges. The design strategy of nonlinear metasurfaces shall
boost the applications of nonlinear metasurfaces in optical information,

optical multifunctional integration, and so on.

1. Introduction

Recently, flat integrated optical devices have been considered
as one of the most challenging and promising research fields.
There is an ever-increasing demand for new approaches to re-
alizing the effective manipulation of optical waves. Metasur-
faces, the 2D artificial arrays of nanoparticles, have shown un-
precedented capabilities and provide a compact platform for

manipulating optical waves at the sub-
wavelength scale.l'””] Benefiting from the
strong light-matter interactions within
nanostructures, a series of metasurfaces
have been proposed for novel applica-
tions, such as spin—orbit interaction,#-10
light focusing and imaging,[''""3] anoma-
lous refraction and reflection, ']
optical spin Hall effect,'”8] and
asymmetric transmission.['*?%]  Phase-
modulated metasurfaces, consisting
of the Pancharatnam-Berry (P-B)
phase elements, have shown promi-
nent advantages in phase manipulation
engineering.[?1?2l Compared with the
phase-only  manipulation, 21 the
complex-amplitude (phase and ampli-
tude) modulation of optical waves with
metasurface can significantly improve
the performance of the optical devices,
including the realization of the energy
distribution of the multichannels and the improvement of the
transmission accuracy of the optical signals.?6-%] For example,
Liu et al. realized a multifunctional metasurface to tailor the in-
tensity of each information channel without intrinsic noises com-
pared with phase-/intensity-only devices in linear photonics.3%!
However, complex-amplitude modulation of the high harmonic
generation still remains a challenge.

The latest advances in metasurfaces revealed their great ad-
vantages for nonlinear wave generation and manipulation.3-0
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The phase-matching condition in nonlinear process can be sig-
nificantly relaxed in metasurfaces since their thickness is at the
subwavelength scale. Meanwhile, the localized surface plasmonic
resonances in metasurfaces can generate strong enhancement
of the electromagnetic fields near the nanoparticles and can
greatly boost the efficiency of high harmonic generation. Non-
linear metasurfaces have been used widely in many applications,
such as giant enhancement of harmonic generation,'3°! non-
linear metalens,**] nonlinear optical holography,***! nonlin-
ear vortex beams,!*>*] and nonlinear information coding.!*4*!
Nonlinear phase-modulated metasurfaces have been used to re-
alize complete control over the propagation of the high harmonic
generation.[*-% However, previous nonlinear phase-modulated
metasurfaces suffer from intrinsic noises due to the loss of inten-
sity information, and such phase-only metasurfaces also cannot
realize intensity-only applications such as resolution test targets.
Simultaneous manipulation of amplitude and phase of the non-
linear optical signals based on metasurface, which is eagerly an-
ticipated by the scientific community, has not been well explored
yet.

Here, we propose a design principle of nonlinear metasurfaces
to realize the full complex-amplitude modulation of the second
harmonic generation (SHG). Based on the hydrodynamic model
of the free electron dynamics, the proposed nonlinear meta-
surfaces can simultaneously manipulate the amplitude and the
phase of SHG. In order to confirm the validity of our theory, we
designed a nonlinear plasmonic metasurface that can generate
four second harmonic optical vortices with independent topolog-
ical charges. The designed metasurface consists of gold nanopar-
ticles with threefold rotational symmetry of different sizes. We
investigate the SHG process of the nanoparticles and perform
full-wave nonlinear simulation using the hydrodynamic model.
Different from traditional phase-modulated metasurface, we em-
ploy amplitude and phase manipulating simultaneously by en-
coding the information into the geometry and the spatial ori-
entation of the nanoparticles. Furthermore, the spin-selective
characteristic of the designed metasurface has been experimen-
tally demonstrated. The designed metasurface breaks the con-
jugate symmetry of nonlinear phase-modulated phase for right-
handed circularly polarized (RCP) and left-handed circularly
polarized (LCP) incident light. Besides, we design the spin-
controlled interleaved nonlinear metasurface that can generate
different series of multichannel vortex beams when illuminated
by different circularly polarized light.

2. Results and Discussion

The key point to realize simultaneous manipulation of the ampli-
tude and the phase of second harmonic (SH) waves is to predict
the nonlinear properties of the plasmonic nonlinear metasur-
faces. In order to analyze the second-order nonlinear properties
of the nanoparticles, we studied the nonlinear radiation from the
nanoparticle by employing the hydrodynamic model of the free
electron dynamics. We incorporated the hydrodynamic model
into a finite element numerical simulation method to obtain
the far-field nonlinear radiation of the designed nanoparticle.
By utilizing the hydrodynamic model, we can calculate the
nonlinear surface current distribution which can be expressed
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by the fundamental polarization. The effective nonlinear current
density Ky, at the surface of a nanoparticle can be expressed as®!!

==
P (r)dr (1)

where P5 represents the nonlinear surface polarization and can
be obtained by

1 ®
stz_m (V (Pl 'V)Pl ()

P,)P, + -
1)1 20 + iy

where P, represents the fundamental polarization, n, is the
charge density, and y is electron collision rate. Then, the x- and
y-components of the nonlinear current at the upper and lower
surfaces of the nanoparticle can be simplified as

10}

Kx = n—eAPZPx (3)
0
iw

K = AP (4)

where AP, represents the difference of the z-component of the
polarization at the surface of the nanoparticle. Because the z-
component of the nonlinear current makes a negligible contri-
bution to the far-field SH radiation, we simplified our simulation
model by neglecting the z-component of the nonlinear current in
the following nonlinear simulation. The nonlinear surface cur-
rents of all surfaces of the designed nanoparticle are used as the
excitation source to achieve the simulation of the SH radiation.
Therefore, the amplitude and the phase of the SH radiation can
be quantitatively calculated and the complex-amplitude modula-
tion of the SH waves can be further realized by varying the size
and the orientation of the designed nanoparticles.

The designed nonlinear metasurface consists of gold nanopar-
ticles with threefold (C;) rotational symmetry. According to the
selection rules, the C;-symmetric nanoparticles allow only the
generation of the cross-polarized SHG.[523] Figure 1a shows the
schematic of the designed C,-symmetric gold nanoparticle on the
SiO, substrate. The C;-symmetric nanoparticles are located at the
centers of the hexagonal unit cell. The side length of the hexagon

silica substrate P is 200\/3 nm and the period of nanoparticles
is 600 nm. The nanoparticle is characterized by the arm length
l, the arm width w, and the height h. We designed and fabri-
cated the multiplexing metasurface consisting of the designed
C;-symmetric gold nanoparticles. The simulated (red line) and
the measured (blue line) linear transmission spectra under RCP
illumination are displayed in Figure 1b. The simulated result was
performed by using the commercially available software COM-
SOL Multiphysics based on the finite element method. The per-
mittivity of gold and the SiO, substrate was taken from Palik’s
handbook.[>* A trough with simulated transmittance lower than
0.2 can be observed at 1550 nm, which is attributed to the exci-
tation of the plasmonic electric dipole within the nanoparticle.
In the experiments, the electric dipole mode can be observed at
1588 nm, which is slightly redshifted compared with the simu-
lated result.
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Figure 1. Illustration of the designed C;-symmetric gold nanoparticle for simultaneous manipulation of the amplitude and the phase of the SH waves.
a) Schematic of the designed nanoparticle. The unit cell of the proposed metasurface consists of a gold nanoparticle with threefold rotational symmetry
and a regular hexagon silica substrate. The arm length /, the arm width w, and the height of h of the nanoparticle are 158, 45, and 30 nm, respectively. b)
Simulated (red lines) and measured (blue lines) transmission spectra of the proposed metasurface under RCP illumination. The inset shows the charge
distribution of the C3-symmetric nanoparticle at the wavelength of 1550 nm. c—e) Three different snapshots of the current flows (red arrows) and the
density distribution (color map) of the fundamental polarization at the upper surface of the C3-symmetric nanoparticle. f~h) The current flows (blue
arrows) and the density distribution (color map) of the SH currents at the upper surface of the C; nanoparticle snapshotted at three corresponding times.
Variation of i) the amplitude and j) the phase of the outgoing SH waves with the changing of the structural parameter | of the designed nanoparticles,

in which [ is equal to 115, 196, 143, 172, and 158 nm, respectively.

Figure 1c—e shows the fundamental polarization distribution
on the upper surface of the designed nanoparticle for RCP inci-
dence at the operating wavelength of 1550 nm. By utilizing the hy-
drodynamic model, we calculated the nonlinear surface currents
in all surfaces and achieved a complete description of the SHG
process in the designed nanoparticle. The surface currents for the
SH waves at the upper surface of the nanoparticle are displayed in
Figure 1f~h. The fundamental polarization shows different dis-
tributions at three different moments. At the corresponding mo-
ments, we observed that the flow of the nonlinear surface cur-
rents changed periodically. Three nonlinear surface current dis-
tribution diagrams show the variation tendency in a complete pe-
riod, while the fundamental polarization distributions only show
variation tendency in half a period. Different from the SH cur-
rent distributions in the split ring resonators,>! the surface cur-
rents in the designed nanoparticles do not have a uniform direc-
tivity. The calculated SH radiation is determined by the nonlinear
current distributions in the whole period. The nonlinear surface
current density at the edge of the designed nanoparticle is much
stronger than that within the structure. Therefore, the nonlinear
surface currents at the edge play an important role in the far-
field SH radiation. For our designed nanoparticles, the nonlin-
ear currents in the upper and the lower surfaces contribute more
to the far-field radiation than the side surfaces. The simulated
electric field distribution of the SH waves (see Figure S1 in the
Supporting Information) shows that only the SH waves with the
opposite spin angular momentum can radiate to the far field. The
spin-selective characteristic of the designed nanoparticle can con-
firm the selection rules for the harmonic generation of the circu-
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lar polarized fundamental waves (FWs): for circular-polarized (o)
FWs propagating along the rotational axis of the C;-symmetric
nanoparticle, only SHG with opposite optical spin (—o) can be
generated. To make a further validation, we analyzed the nonlin-
ear optical responses of the designed C;-symmetric nanoparticle
by calculating the wavelength-dependent SHG intensities under
the pumping of the LCP and RCP FWs from 1400 to 1700 nm (see
Figure S2 in the Supporting Information). The maximum SHG
intensity is observed at the FW of 1530 nm, which is close to the
resonance wavelength in Figure 1b. The SHG intensity decreases
as the wavelength of the FW shifts from 1530 nm. Meanwhile, the
results verify that the intensities of the SHG waves with opposite
optical spin to that of the FWs are much stronger, which further
validates the selection rules for the harmonic generations.

To achieve complete control over the amplitude and phase
of the SH waves, we calculated the SH radiation for a set of
C,-symmetric nanoparticles under RCP illumination. The arm
width of the simulated C,-symmetric nanoparticle was fixed at
45 nm, while the amplitude modulation is realized by changing
the arm length. Considering the experimental feasibility, the nor-
malized amplitude is divided into five states, which are 0.103,
0.306, 0.524, 0.748, and 1, respectively. Five nanoparticles were
optimized to obtain the five-level amplitude modulation (Fig-
ure 1i). The phase of the scattered SH waves for our designed
nanoparticles is shown in Figure 1j. Note that the results in
Figure 1i,j remain unchanged for LCP illumination since the
nanoparticles are in C; rotational symmetry. The phase manip-
ulation of the SH waves can be realized by involving both the
resonant phase y and the geometry phase 366, and the phase
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Figure 2. Design details of the OAM multiplexing metasurface and the experimental setup. a) Calculated phase profile for focusing multichannel vortex
beams. b) Five-level amplitude profile for focusing multichannel vortex beams. c) Scanning electron microscopy (SEM) images of the fabricated meta-
surface. The inset zooms in the designed metasurface. d) Schematic of the measurement setup. The RCP light can be generated by a polarizer (LP,)
and a quarter-wave plate (QWP;). Another set of a QWP, and a LP, is used to measure the signal with opposite circular polarization. The SH signals

are collected by a tube lens and a scientific camera.

of the SH waves can be expressed as ® = y + 300. It is worth
mentioning that, although the nonlinear resonant phase in our
designed nanoparticles is discrete, we can continuously control
the phase of the SH waves by varying the orientation angle 6 of
the designed nanoparticle. The further analysis proved that the
phase of the SH waves varies proportionally with the rotation an-
gle of the nanoparticle, while the amplitude of the SH waves is
not affected by the rotation angle of the nanoparticle (see Figure
S3 in the Supporting Information). Therefore, the full complex-
amplitude modulation of the SH waves can be realized by varying
the size and the orientation of the designed nanoparticles.

To experimentally verify our theory, we designed and fabri-
cated the orbital angular momentum (OAM) multiplexing meta-
surfaces that could generate multichannel vortex beams. The off-
axis design is utilized to realize both the focusing of the multi-
channel vortex beams for enhancing the weak SHG signals, and
the control over the position of the focal spots in the free space.
Thus, the metasurfaces need to incorporate the phase profile of
off-axis focusing and the vortex plate terms

®(rp) = 27” (Vfr+r-2fsinocosior— o) =f ) +lo (5)

where f= 300 pum is the focal length, and 6 = 4.76° is the off-
axis angle. The parameter ¢; stands for the azimuth of the focus
position and I represents the topological charge. By superimpos-
ing the complex electric fields of the OAM beam channels in the
metasurface plane, we can calculate the complex electric fields of
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the designed metasurface. The amplitude and the phase can be
acquired and expressed as

A= abs <Z a, exp(ifbk)> (6)

k=1

¢ =arg (Z @ exp(icbk)) (7)
k=1

where g, is the amplitude scale factor of the different OAM beams
and we defined g, = 1. We designed four off-axis optical vor-
tices at the focal plane and the topological charges were different
from each other. The calculated phase and amplitude profiles of
the electric field in the metasurface plane are illustrated in Fig-
ure 2a,b, respectively. The metasurfaces were fabricated by stan-
dard electron-beam lithography (EBL) and lift-off process. Fig-
ure 2c shows the scanning electron microscopy (SEM) image of
the designed metasurface, in which the multichannel informa-
tion is encoded to the size and the rotation angle of the nanoparti-
cles. In the experimental setup, the nonlinear optical vortices sig-
nal can be detected by the measurement system, which is shown
in Figure 2d.

As shown in Figure 3a, we designed the first sample with four
channels under RCP illumination and set the focusing optical
vortices Fy, F,, F;, and F, with topological charges ], =+1,1, = +3,
l; = +2, and I, = -2, respectively. We numerically calculated the
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Figure 3. Spin-selective generations of four SH optical vortices with independent topological charges by the designed nonlinear metasurfaces. a)
Schematic of the multichannel vortex beams generated with the designed metasurface under RCP illumination. b) Calculated results of the intensity
distributions of the LCP SH waves in k-space at the real focal plane under RCP illumination. The four SH optical vortices channels, Fy, F,, F3, and Fy
were located at (0, 0.083kg), (0, —0.083kg), (—0.083k, 0), and (0.083k, 0), respectively. c) Measured results of the light intensity distributions of the LCP
SH waves in k-space at the real focal plane under RCP illumination. d) Schematic of the block channels for LCP incidence. ) Calculated and f) measured
results of the intensity distribution of the RCP SH waves at the virtual focal plane under LCP illumination.

SH radiation in the far field by using the Rayleigh-Sommerfeld
diffraction integrall>®!

Ulx,y2) = —% // U (%0, 7,) X ﬂ X cos(n, r)dS (8)

where U(x,,y,) is the complex amplitude profile in the metasur-
face plane (z = 0) with surface area S and normal direction #,
r is the vector between the point in the metasurface plane and
a point in the focus plane (z = f), and k = 27 /4 is the wavevec-
tor. Because the designed metasurface generates only SHG with
opposite spin to the illumination light, the numerical intensity
distribution of LCP in k-space at the focal plane (z = 300 um)
is depicted in Figure 3b. Figure 3c shows the measured inten-
sity distributions at the focal plane, which is consistent with the
numerical intensity distribution. Since the amplitude scale fac-
tor g, is the same for each channel, the optical vortex (F;) with
topological charges I, = +1 has the strongest light intensity of
SH and the smallest diameter of the annular ring, while the op-
tical vortex (F,) with topological charges I, = +3 has the weakest
light intensity of SH and the largest diameter. Conventionally, by
controlling the polarization of the incident light, the dual-polarity
plasmonic phase-only metalens based on P-B phase can gener-
ate the real focal point at the real focal plane and the virtual fo-
cal point at the virtual focal plane, respectively. It means that the
optical functionalities of the geometric phase-only multiplexing
metasurfaces are conjugate for RCP and LCP illuminations (see
Figure S4 in the Supporting Information). On the contrary, our
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nonlinear device breaks the conjugate symmetry, and the mul-
tichannels are blocked when the device is illuminated by LCP
waves (Figure 3d). Since the nonlinear P-B phase still plays an
important role in our design, as shown in numerical results (Fig-
ure 3e), the focused energy of SH waves is still generated at the
designed position at the virtual focal plane (z = —300 um). Ob-
viously, the energy of blocked channels at the virtual plane is
much weaker than the energy of the optical vortex channels at
the real focal plane. The intensity distribution at the focal plane
was also experimentally measured, as shown in Figure 3f, which
is in good agreement with the numerical results. In particular,
several new focuses were generated at the specific positions ex-
cept for the original focuses. Under the group effect, the blocked
channels are due to negative interference and the new focuses
are due to positive interference. By comparing the optical vortices
channels at the real focal plane and block channels at the virtual
focal plane, we can demonstrate the excellent performance of the
designed metasurface and the validity of our design strategy. Be-
sides, we designed the second sample with four channels under
LCP illumination (see Figure S5 in the Supporting Information).
Compared with the first sample, the channel behaviors of the sec-
ond sample for RCP and LCP illuminations are exchanged. As
the manipulation of the full complex-amplitude modulation of
SH waves, the proposed nonlinear metasurfaces can realize the
spin-selective SHG optical vortices with independent topological
charges, which further verifies our theory.

The aforementioned nonlinear metasurface can only achieve
transmitted information for the incident light with specific cir-
cular polarization. Increasing the degree of freedom of spin

© 2021 Wiley-VCH GmbH
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Figure 4. Observation of different series of multichannel vortex beams with spin-controlled multifunctional nonlinear metasurfaces. Schematic of the
multichannel vortex beams with designed metasurface for a) RCP and d) LCP incidences. Calculated b) LCP and e) RCP light intensity distributions of SH
waves in k-space at the real focal plane for RCP and LCP incidences, respectively. The SH optical vortices channels F; and F, are located at (0, 0.083k)
and (0, —0.083k,) for RCP incidence, and F3 and F, are located at (—0.083k, 0) and (0.083k, 0) for LCP incidence. Measured c) LCP and f) RCP light
intensity distributions of SH waves in k-space at the real focal plane for RCP and LCP incidences, respectively.

angular momentum is deeply required to boost the development
of multifunctional integrated optical devices. We also designed
a spin-controlled multifunctional nonlinear metasurface consist-
ing of complex unit cells. The complex unit cell is composed of
two types of nanoparticles for RCP and LCP incident light, re-
spectively. Using Equations (5)—(7), we can independently design
the different series of multichannel vortex beams for different
circularly polarized incident lights (see Figure S6 in the Support-
ing Information). As shown in Figure 4a,d, by changing RCP and
LCP incident lights, the designed metasurfaces can realize differ-
ent series of multichannel vortex beams. We numerically calcu-
lated the intensity distributions at the real focal plane for RCP
and LCP incidences (Figure 4b,e). The proposed metasurfaces
can generate focusing optical vortices channels F, and F, with
topological charges I, = +1 and I, = +3 for RCP incidence, while
generate channels F; and F, with topological charges I, = +2 and
l, = =2 for LCP incidence. Note that the crosstalk effect between
different series of channels is minimized because another set of
channels diverges in the transmission direction. Therefore, we
can successfully measure one set of channels at the focal plane.
The measurement results are in agreement with the numerical
ones, as shown in Figure 4c,f. The visible differences between the
calculated and measured results in Figures 3 and 4 are mainly
attributed to the structural differences due to fabricational toler-
ances, that also cause a slight redshift of the measured resonance
wavelength (shown in Figure 1b). Since the complex-amplitude
modulation is implemented by manipulating the resonance of
the C,-symmetric nanoparticles, the shift of the resonance wave-
length shows a significant impact on the measurement results of
the intensity distributions at the focal plane.
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3. Conclusions and Outlook

In conclusion, we proposed and experimentally demonstrated
the full complex-amplitude modulation of SH waves based on
nonlinear metasurface. By utilizing the hydrodynamic model,
we studied the SHG process of the designed nanoparticles. Our
presented strategy has been well demonstrated by the designed
metasurfaces which can generate spin-selective multichannel
vortex beams. Besides, different series of multichannel vortex
beams have been observed at the real focal plane by the de-
signed spin-controlled multifunctional metasurfaces. Compared
with traditional phase-modulated nonlinear metasurfaces, the
proposed metasurfaces can increase the manipulating dimen-
sion and show unique capacity in the manipulation of SH waves.
The proposed design strategy paves the way for the accurate
complex-amplitude modulation of the SH waves. One key ap-
plication of our design is nonlinear holography since the qual-
ity of the holographic image can be significantly improved by
amplitude-phase holography.l’”! Our approach can also be fur-
ther extended to achieve high-quality hologram and high-capacity
information communications.

4. Experimental Section

Sample Fabrication: The samples were prepared using standard elec-
tron beam lithography and lift-off process. First, the fused silica substrate
was spun coated with a layer of poly(methyl methacrylate; PMMA) with
a thickness of 120 nm. Then, a layer of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) with a thickness of 35 nm was spun-
coated. The PEDOT:PSS layer was intended for charge release during the

© 2021 Wiley-VCH GmbH
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EBL process which employed a 100 kV voltage, 200 pA current, and 1000
uC cm~2 dose. After defining the nanometer scale metasurface patterns by
the EBL process, the PEDOT:PSS layer was removed with pure water for
60 s and the PMMA was developed with methyl isobutyl ketone/isopropyl
alcohol (3:1) for 40 s. After that, a Cr layer (2 nm) and an Au layer (30 nm)
were deposited on the resist by sequence utilizing electron beam evapora-
tion deposition. During the final lift-off procedure, the Cr film was stripped
by removing PMMA with hot acetone at a temperature of 60 °C for 20 min,
remaining C3-symmetric nanoparticles arrays on the substrate.

Experimental Procedure:  An erbium-doped ultrafast fiber laser (Toptica
Photonics AG FemtoFiber Pro NIR, repetition frequency: 80 MHz, pulse
length: ~80 fs) centered at 1550 nm was used as a fundamental beam
source. The linear and nonlinear signals were measured by coupling the
beam source to a home-built microscope. The polarizer (LP,) and quarter-
wave plate (QWP;) were combined to generate the incident circularly po-
larized light. The metasurface was illuminated at normal incidence and the
generated nonlinear optical vortices were filtered by another set of QWP,
and LP,, then collected with an objective, a tube lens, and a scientific cam-
era. The objective, tube lens (Thorlabs ITL200), and camera were all inte-
grated on a three-axis motorized translation stage to measure the mul-
tichannel optical vortices. For nonlinear measurement, the fundamental
pulses had an average power of 350 mW and were focused to a spot with
a diameter of 200 um (by a lens with focal length of 150 mm), which
corresponded to a peak intensity of 0.17 GW cm™2. The SHG signals were
captured by a 20x objective (SIGMA-KOKI PAL-20-NIR-HR-LC00 20 X nu-
merical aperture = 0.45) and a sCMOS (Scientific complementary metal
oxide semiconductor) camera (HAMAMATSU ORCA-Flash4.0 V3).
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