Chin. Phys. B 31, 124207 (2022)

Asymmetrical photonic spin Hall effect based on
dielectric metasurfaces

Guangzhou Geng(#k) " /H)!, Ruhao Pan(i&U15%)!, Wei Zhu(2k4E)> 7, and Junjie Li(Z=& %)+

1 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2School of Electronic and Electrical Engineering, Wuhan Textile University, Wuhan 430200, China

(Received 9 May 2022; revised manuscript received 31 May 2022; accepted manuscript online 2 June 2022)

The photonic spin Hall effect has attracted considerable research interest due to its potential applications in spin-
controlled nanophotonic devices. However, realization of the asymmetrical photonic spin Hall effect with a single optical
element is still a challenge due to the conjugation of the Pancharatnam—Berry phase, which reduces the flexibility in var-
ious applications. Here, we demonstrate an asymmetrical spin-dependent beam splitter based on a single-layer dielectric
metasurface exhibiting strong and controllable optical response. The metasurface consists of an array of dielectric nanofins,
where both varying rotation angles and feature sizes of the unit cells are utilized to create high-efficiency dielectric meta-
surfaces, which enables to break the conjugated characteristic of phase gradient. Thanks to the superiority of the phase
modulation ability, when the fabricated metasurface is under normal incidence with a wavelength of 1550 nm, the left-
handed circular polarization (LCP) light exhibits an anomalous refraction angle of 28.9°, while the right-handed circular
polarization (RCP) light transmits directly. The method we proposed can be used for the flexible manipulation of spin
photons and has potentials in high efficiency metasurfaces with versatile functionalities, especially with metasurfaces in a

compact space.
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1. Introduction

The photonic spin Hall effect (PSHE), associated with
photonic spin—orbit interactions, has attracted extensive re-
search interest due to its potential for novel photonic appli-
cations. Generally, the spin—orbit interaction is typically re-
lated to two types of geometric phases: the propagation phase
and the Pancharatnam—Berry (PB) phase, which are associ-
ated with the propagation direction and polarization state of

[1-4

light, respectively.!!™ The PSHE is rising as a promising

platform for novel photonic functions and can be applied in

[5-8] such as identifying the graphene

numerous applications,
layer numbers,!! precise measurement of optical conductivity
of atomically thin crystal,['”) detection of chemical reaction
rate,l'] and measurement of ion concentration.['?! More re-
cently, the PSHE has also been applied in high-contrast edge
imaging.!'3] However, it is always a challenge to manipu-
late the PSHE flexibly in practical applications. Conventional
PSHE manipulation methods only support symmetric photon
spin—orbit interactions, which makes it difficult to use differ-
ent spin states for multifunctional integration. By indepen-
dently manipulating the different spins of light by employing
the PB phase and propagation phase simultaneously, asymmet-
rical PSHE can integrate circular asymmetric transmission and
wavefront shaping, showing strong abilities in the multidimen-
sional and flexible manipulation of spin photons and has po-
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tential applications in chiral spin-controlled microscopy and
nanophotonics. 14131

Recently, metamaterials consisting of subwavelength
units with tunable electromagnetic responses have shown great
and flexible abilities to modulate the amplitude, phase and
polarization of electromagnetic waves due to the abundant
local resonances, resulting in the realization of many ex-
traordinary properties, which are unavailable through natural
materials.['%1°] Compared with metamaterials composed of
complex three-dimensional structures, metasurfaces are two-
dimensional artificial planar nanodevices, which can be eas-
ily fabricated through conventional semiconductor fabricat-
ing processes. Their optical properties are determined by an
ultra-thin layer of building blocks with delicately designed ge-
ometry and arrangement,[?°-??1 showing advantages in con-
trolling light in nanoscale. Metasurfaces have also exhibited
excellent ability to manipulate the spin—orbit interaction of
light, and have been widely used to produce spin-dependent

23.24] 'What is more, all-dielectric metasurfaces are

splitting.|
composed of building blocks with high aspect ratio, high-
refractive-index, and low-loss dielectrics, which have been
proposed as a more prospective route than the metallic ones,
for the Ohmic damping could be avoided.>>°! Among di-
electric materials used to manufacture metasurfaces, amor-

phous silicon (a-silicon) is commonly chosen for its compat-
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ibility with current fabrication processing technology, as well
as the high refractive index and negligible absorption coef-
ficient in the infrared region. Consequently, a-silicon now
serves as a promising candidate for metasurface that can ma-
nipulate light with high-efficiency over nanoscale dimensions,
showing plenty of potential applications in various nanopho-
tonic devices such as lithography, dynamic information dis-
play and virtual reality. 30331

In this work, we design, fabricate, and experimentally
demonstrate an optical all-dielectric a-silicon metasurface,
which realizes PSHE with transmissive modulation, showing
an asymmetric transverse spin-dependent split of transmitted
left-handed circular polarization (LCP) light and right-handed
circular polarization (RCP) light. Due to the combined action
of both PB phase and propagation phase, when the metasur-
face is under normal incidence of operating light with wave-
length of 1550 nm, the LCP light exhibits an anomalous re-
fraction of 28.9°, while the RCP light transmits directly. The
metasurfaces with building units of a-silicon nanofins, which
have changing rotational angles and feature sizes, standing on
a quartz substrate are manufactured by common electron beam
lithography (EBL), metal deposition and etching procedures,
which are compatible with mature semiconductor processes
and are feasible for on-chip integrated devices. The experi-
mental results show good consistency with the simulation, ex-
hibiting versatile potentials in ultra-compact spin-dependent
photonics devices, and providing a simple and promising route
for applications in optical sensing, optical communications,
quantum information processing, etc.

2. Fabrications and method

Sample fabrication Firstly, 800 nm a-silicon was de-
posited onto the quartz substrates by plasma enhanced chem-
ical vapor deposition (PECVD), then poly (methylmethacry-
late) (PMMA) electron beam resist (EBR) of 400 nm was spin-
ning coated on the a-silicon films. The desired metasurface
was patterned by utilizing electron beam lithography (EBL)
(JEOL 6300FS) at a base dose of 1000 C/cm? with an ac-
celerating voltage of 100 kV. After the exposure process, the
resist was developed in methyl isobutyl ketone (MIBK): iso-
propyl alcohol (IPA) of 1:3 solution for 40 s and rinsed in
IPA for 30 s successively, followed by a deposition of 100 nm
Cr by using the electron beam evaporation deposition (EBD)
method. For the purpose of realizing the lift-off process, the
samples were immersed in hot acetone of 65 °C and cleaned by
ultrasonic. Finally, by etching through the inductively coupled
plasma (ICP) reactive ion etching (RIE) method with HBr at
room temperature (RT) for 270 s (flow rate of 50 sccm, pres-
sure of 10 mTorr, RF and ICP powers of 50 W and 750 W,
respectively), the desired metasurfaces were transferred from

Cr to silicon and the residual Cr was removed by cerium (IV)
ammonium nitrate.

Simulation methods The phase responses and cross-
polarized transmission efficiency of the metasurface were sim-
ulated by the three-dimensional (3D) finite difference time-
domain method (FDTD). A two-dimensional (2D) parameter
sweep of a single unit with length and width from 80 nm to
250 nm and 200 nm—650 nm, height fixed at 800 nm simulta-
neously, was carried out under the x-polarization to obtain the
phase map of the different structural parameters at 1550 nm
wavelength under normal incidence. For these simulations,
periodic boundary conditions were applied in the x and y di-
rections and perfectly matched layers (PMLs) were applied in
the z direction. The phase response under y-polarization was
obtained by transposition of the x-polarization results. The re-
fractive index of the a-silicon was measured by an ellipsome-
ter. The effective refractive index was obtained from the fun-
damental modes while the power coupling into higher-order
waveguide modes was ignored.

3. Results and discussion

Figure 1 shows the designed transmissive all-dielectric
metasurface that achieves asymmetrical transverse spin-
dependent split due to the spin—orbit interaction in a broad-
band waveband. In this work, four diverse unit building
blocks labeled as Ul-U4 are specifically selected to as-
semble the metasurface, which stand on the quartz sub-
strate. =~ The periods P and heights H are both kept
at 800 nm, while the widths W and lengths L of Ul
to U4 are set as 220 nm/290 nm/320 nm/340 nm, and
600 nm/530 nm/540 nm/550 nm, respectively. One supercell,
which possesses four nanofins with a 7 /8 increment gradient
of the rotation angle 6 around the z-axis, is arrayed in large
area to achieve the designed metasurface. To obtain appropri-
ate PB phase, the rotation angles 6 are kept at 0, /8, n/4,
and 37 /8, successively.

When LCP or RCP lights illuminate the metasurface, the
two spins of light will be refracted into the different transverse
propagating directions after passing through the metasurface.
For normal incident circular polarization (CP) light, the trans-
mitted electric field (E‘L /R) of the nanofins rotated by an angle

0 can be obtained from the Jones matrix as follows: 3433

E g = %éL/R'i‘%eiizeéR/u ()
where f, and 7. represent the complex transmission coeffi-
cients when the polarization of the incoming light is along the
two principal axes of the nanostructure, respectively. €y /g =
(éx£ié,) /2 is the Jones vector of LCP or RCP light. The
two items in the right part of Eq. (1) indicate the transmitted
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CP scattered waves with the same and opposite helicity com-
pared to the incident CP wave, respectively. It should be no-
ticed that the opposite helicity radiation carries an additional
phase delay of +26, which is known as the PB phase. The
signs of 4 and — are for LCP and RCP incident light, respec-
tively. Note that the spin-dependent PB phase can induce the
opposite trajectories of the two spins, resulting in symmetrical
spin splitting.

Additionally, when an optical wave with CPs incident
on a certain nanofin, the relationship between the modulated
phase and the characteristics of the nanofin can be achieved as

follows: [3°]
|‘Px_(Py|:7Ta 2
o" (x,y) = ¢ +26, 3)
(P_ (xvy) = (Px_zev (4)

where @, and @, represent the phase delays of the nanofin for
polarized light along the x and y axes, respectively. 0 is the
rotation angle of the nanofin relative to the reference coordi-
nate system, and @7 (x,y) and @~ (x,y) are the correspond-
ing transmitted modulated phases. It can be seen from the
above equations that the phase difference between ¢, and @,
is . The modulation phase depends on ¢, and 26, which
corresponds to the propagation phase and the PB phase, re-
spectively. The propagation phase ¢, is mainly determined by
the material refractive index and the geometry of the nanofin,

and the PB phase 260 is only determined by the rotation an-
Resultingly, the LCP and RCP lights

T,

gle of the nanofin.

w0, (°)

are transformed into the corresponding orthogonal polariza-
tion states after passing through the nanofin, while gaining the
same propagation phase and opposite PB phase. According to
the above equations, the independent phase modulation of the
LCP and RCP light can be obtained through the linear combi-
nation of the propagation and PB phases.

oAy

/

Fig. 1. An illustration of the as-designed a-silicon metasurface. The
schematic diagram of the metasurface reveals asymmetrical transverse spin-
splitting, and its building blocks of a-silicon nanofins on a quartz substrate.
The insets are the schematic unit cells of the a-silicon metasurface. Four
specifically designed unit cells are chosen to ensure that the propagation
phase shifts of nanofins U1, U2, U3, and U4 are 0, w/4, w/2, and 37/4,
respectively. The height of each unit cell is fixed at 800 nm, while their
widths and lengths are diverse.
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Fig. 2. The design and simulation mechanisms of nanofins. The simulation results of (a) transmission T /7, (b) phase delays ¢ and @, as a function of
lengths L, /L, of nanofins under normal incidence at the wavelength of 1550 nm, respectively. The sizes of the selected nanofins are highlighted by red dots.
(c) Simulated E-fields (top: xoz-plane, bottom: yoz-plane) distributions in and near the nanofin at the wavelength of 1550 nm.
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According to the above discussion, a series of nanofins
with different phases (¢, @y) that satisfy Eqs. (2)—(4) pos-
sessing complete phase coverage of @* (x,y) and @~ (x,y)
are required. To achieve the maximum polarization conver-
sion efficiency (PCE), every nanofin is supposed to operate
as a half-waveplate. The 3D finite difference time-domain
(FDTD) is implemented to investigate the geometric param-
eters of the nanofins. The transmissions 7y/7; and the phase
changes ¢, and ¢, are simulated as a function of the lengths
Ly/L, of the nanofins, respectively. The proper parameters of
the nanofins are picked up through these lengths, as illustrated
by red dots in Figs. 2(a) and 2(b). The nanofins U1-U4 pos-
sess relative propagation phase shifts ¢, of 0, /4, /2 and
37 /4 in the x-direction, respectively. While the phase delay
¢, in the y-direction meets Eq. (2) to get high polarization
conversion efficiency. Furthermore, localized electric fields
distributions at xoz plane (top in Fig. 2(c)) and yoz plane (bot-
tom in Fig. 2(c)) in the nanofin at the wavelength of 1550 nm
illustrate well confinement of electric fields, showing that the
coupling between adjacent nanofins is weak. In this way, the
non-uniform medium is typically approximated to the uniform
periodic medium, which simplifies the design process.
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Fig. 3. The as-fabricated a-silicon metasurfaces composed of different
nanofins, and the simulated/experimental PCEs of each nanofin array. (a)
Tilted scanning electron microscopy (SEM) images of different metasurfaces
composed of nanofins U1-U4, respectively. The insets are the top view SEM
images of each metasurfaces. (b) Simulated and experimental PCEs of the
metasurfaces composed of nanofins of U1-U4. Scale bars: 1 um.

To further establish the validity of the selected U1-U4
nanofins, the a-silicon nanofins are separately fabricated on
quartz substrates, as shown in Fig. 3(a). The optical mea-
surements of PCEs are carried out by the Fourier transfer in-
frared spectrometer (FTIR). The PCEs of Ul1-U4 are firstly
calculated for incident light wavelengths from 1300 nm to
2000 nm, showing that samples U1-U4 have maximal PCEs

at the promised operating wavelength (~ 1550 nm), as shown

in the top of Fig. 3(b). The PCE is calculated as the ratio of the
transmitted opposite helicity power to the incident power. The
measured PCE results are displayed at the bottom of Fig. 3(b).
The deterioration of intensity between simulation and mea-
surement is mainly caused by imperfection of fabrication such
as the structure distortions, while the trends match well with
the maximum PCE at the operation wavelength.

Usually, two types of transverse spin-dependent splittings
based on the metasurface (symmetric and asymmetric) are
concerned. As for the symmetric spin-dependent splitting, the
nanofins in the supercell are reserved of the uniform geomet-
ric structures with different orientation angles. The light with
different helicity obtains an opposite but equal refraction an-
gle after transmitting through the metasurface.**) However,
the refraction angles of light with different spin states are dif-
ferent along the yoz plane in the asymmetric case, in which
the refraction angles are more flexible. Due to the variation
of nanofins in the supercell, the modulated phase is a hybrid
phase (the PB phase and propagation phase) for the asymmet-
ric case.[3?]

These four designed nanofins show relatively high PCE,
and also introduce different extra propagation phases. The
combination of PB phase and propagation phase makes it
much more flexible to modulate the polarization of light,
implying multi-freedom regulation in spin photons, such as
PSHE. To further verify that the propagation phase can break
the conjugated characteristic of the modulated phases, the cho-
sen nanofins, whose propagation phase shifts are 0, /4, 7/2,
and 37 /4 in the x-direction, respectively, are arranged with a
7/8 increment of the rotation angle to fabricate the metasur-
faces as shown in Fig. 4(a). Combined with the PB phase, the
transmitted modulated phase of LCP light can cover 27 phase,
while the transmitted phase of RCP light will remain the same,
through which the transmitted LCP light exhibits an anoma-
lous refraction while the RCP light transmits directly. We
simulate the electric field distributions of the transmitted lights
for the LCP and RCP incident lights, in which the conjugated
characteristic of modulated phases of PB phase metasurfaces
for different spins is broken, and transverse asymmetrical spin-
dependent splitting occurs, as illustrated in Fig. 4(b). The re-
fractive angles of the transmitted LCP light can be calculated
by the generalized Snell’s law as 8’ = sin~! (1/A) = 28.9°,
where A is the periodic dimension of each supercell, which
equals to 4 times of the period P. Figure 4(c) shows the ex-
perimental intensity distributions for normal RCP and LCP il-
luminations, respectively. These two spins of light are split
into the transverse asymmetric propagating directions after
passing through the metasurfaces. What is more, by prop-
erly optimizing the geometric dimensions of the nanofins, the
reflective angles of the LCP and RCP lights can be modu-
lated independently. The above results show highly free ma-
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nipulation of spin photons and realize multidimensional spin-
dependent splitting. It provides a flexible way to design spin-
dependent multifunctional devices for a variety of potential
applications, including optical sensing, microscopy imaging,
and spin-controlled nanophotonics.

RCP

O

LCP

O

Fig. 4. Fabricated a-silicon metasurface and transmitted light results with
different spin states illumination at 1550 nm. (a) Tilt SEM images of the
metasurface for abnormal refraction, and the insets are the corresponding
top-down SEM images. (b) Simulated electric field maps for RCP and LCP
illuminations, respectively. (c) Measured light intensity profiles of m = —1,
m =0, and m = +1 orders with incident polarization states of RCP and LCP,
respectively. Scale bar: 1 pm.

4. Conclusion

We have demonstrated a multi-dimensional polarization
manipulation device based on a single-layer dielectric meta-
surface. The incident circularly polarized light of two different
polarizations can be arbitrarily and independently modulated
due to the combination of the PB phase and the propagation
phase. Compared with the previous works which control the
polarization of the light only by the PB phase, the metasurface
we proposed enables to control the polarization more flexi-
ble due to the collaborative work mode of the PB phase and
propagation phase. The conjugated characteristic of the mod-
ulated PB phase for different spin photons can be successfully
broken due to the interplay of the propagation phase and the
PB phase, by which the spin-dependent splitting in the trans-
verse direction can be completely controlled. Our approach
has potentials in spin-controlled nanophotonics, ranging from
microscopy imaging to optical communication and informa-
tion encryption.
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