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Abstract: We experimentally and numerically demonstrate the transverse electrical response
produced by circularly-polarized light with normal incidence observed as transverse photo-
induced voltage across the plasmonic metasurface made of triangle holes. The measured
transverse photo-induced voltage is consistent with the calculated acting force on electrons in
the metasurface by using the Maxwell’s stress tensor. The polarity of voltage reverses as the
incident spin (light helicity) switches from right-handed circular polarization to left-handed
circular polarization. The origin of the spin-dependent voltage sign is the broken symmetries
of the electric and magnetic fields in the triangle hole due to the opposite circular
polarizations. The demonstrated results open up many opportunities in further investigating
the second-order nonlinear optical effects of metamaterials and metasurfaces, and developing
applications in high-speed photodetectors, polarimeters, and optical sensors.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

By the interaction of a light source with conductive material such as a metal film,
electromagnetic fields of light beam will apply Lorentz force on the conduction electrons,
resulting in photo-induced voltage (PIV) across the film. In this case, manipulating the
amplitude and sign of the produced voltage by wavelength, polarization or incidence angle is
the main purpose, which is of interest for the development of fast response photodetectors and
sensors. Such force can be estimated by using momentum conservation, that is, the
momentum from photons transfers to the free carriers of the material and this effect manifests
itself as a pulsed voltage (or emf) signal [1]. PIV proportional to the light intensity can be
observed along and/or perpendicular to the incident plane, depending on the polarization
states. We refer the phenomena to be longitudinal photo-induced voltage (LPIV) or transverse
photo-induced voltage (TPIV) effects, respectively. This phenomenon has been explained as
photon drag effect in semiconductors, which was first experimentally observed with the CO,
laser excitation on holes and electrons in bulk germanium crystals [2,3]. Semiconductors such
as Ge, Si, GaAs and Te have already found applications in photon drag detectors [4].

The photo-induced dc electric currents caused by different mechanisms, including
photogalvanic effect, ratchet effect, and photon drag effect, have been previously investigated
in various material systems. Linear and circular photogalvanic effects have been reported for
semiconductor structures with periodic arrays of asymmetric triangular antidots [5] and
semidisks [6,7], wurtzite GaN/AlGaN heterojunctions [8], and 3D topological insulators such
as Bi,Ses, Sb,Tes, Bi,Te; and (Bi;_Sby),Te; [9—11]. Linear and circular electronic ratchet
effects have been observed in semiconductor quantum wells with lateral asymmetric grating
and graphene with lateral double-grating-gate structures [12,13]. Linear and helicity-driven
plasmonic ratchet effects have also been studied in field-effect transistor structures with
asymmetric grating gates [14,15]. In particular, the generation of circular photocurrents has
been reported due to different mechanisms, such as circular photon drag effects in
GaAs/AlGaAs quantum well structures [16], circular ac Hall effect in graphene [17], circular
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photogalvanic effects in topological insulators, quantum wells and graphene [9,18,19], and
circular electronic and plasmonic ratchet effects in low-dimensional semiconductor structures
with lateral asymmetric periodic potentials [12—15].

In principle, photon drag effect is also expected for surface of metals [20]. The photon
drag effect induced current in metals without surface plasmon resonance has been described
using the equation of motion for the electrons with a hydrodynamic model [21]. This effect is
significant in semiconductors [22] but very weak in bulk metals [23]. The surface plasmon
enhanced photon drag effect in a thin gold film has been reported, where the observed PIV
depends on the incidence angle and polarization of light [24]. Subwavelength structures in
photonic crystals and metamaterials with plasmonic resonances can further enhance the PIV
observed in semiconductors or metals [25-28], and usually TPIV is observed with obliquely
incident light for symmetric structures such as gratings and circular holes [28-33]. When the
laser beam is obliquely incident to the sample surface, the symmetry in the system is broken
and TPIV is generated for non-zero incident angles [27,28]. For the photonic crystal slab with
circular holes [27], the calculated electric field distribution shows symmetry breaking of the
fields with obliquely incident light, which can explain the TPIV generation and its sign
change by switching the incident spin (here spin is used for light helicity). For the plasmonic
crystal with nanovoids [33], the mechanism of TPIV is explained as a gradient force arising
from asymmetric field hotspots around nanovoids with obliquely incident light, which results
in reversed gradient forces or voltages for light with opposite circular polarizations. Recently,
gold-glass-gold three-layer metasurface has been numerically proposed to realize TPIV by
exciting magnetic resonance with normally incident light due to the asymmetric antenna
structures [34].

In this paper, the gold single-layer plasmonic metasurfaces made of periodic triangle holes
are designed to produce spin-dependent TPIV with normally incident light, by breaking the
symmetry of electromagnetic field in the asymmetric triangle structure for right-handed and
left-handed circular polarizations (RCP and LCP). The measured TPIV agrees well with the
calculated Lorentz force on electrons in the metasurface. It is also demonstrated that the
polarity of TPIV reverses as the incident circular polarization switches. It is shown that the
spin-dependent TPIV sign is due to the symmetry breaking of the electric and magnetic fields
in the asymmetric triangle hole. These results offer many possibilities in future studies of the
second-order nonlinear optical effects in metasurfaces and the applications in integrated
photodetectors, polarimeters, and optical sensors.

2. Design of plasmonic metasurface

Figure 1(a) shows the design of plasmonic metasurfaces to generate TPIV. A layer of gold
film of 50 nm thickness is deposited on glass substrate by electron beam evaporation process.
The metasurface is made of the square lattice of isosceles triangle nanoholes with base and
height of 250 nm and period of 370 nm. The permittivity of glass is a constant 2.25 and the
permittivity of gold is from the Drude model. The triangle base is along the y axis which
allows the symmetry breaking of electromagnetic field respect to the x axis within the square
unit cell; therefore TPIV is the voltage across the structure along the y axis. Figure 1(b) shows
the simulated distributions of electric and magnetic fields on the x-y plane inside the gold
layer for LCP and RCP incident light at the plasmonic resonance of 800 nm. Both electric and
magnetic fields display symmetry breaking respect to the x axis with the enhanced hotspots in
opposite locations in each triangle hole, which results in opposite Lorentz force on the
electrons in the gold metasurface film. The metasurface sample with size of 50 pm by 50 um
including 135 triangle holes is fabricated with focused ion beam (FIB) milling, and Fig. 2(a)
shows the SEM image of the metasurface. Figure 2(b) shows the measured and simulated
transmission, reflection, and absorption spectra of the metasurface for normally incident LCP
light. The absorption is large for wavelength between 750 and 850 nm due to the plasmonic
resonance so that the enhanced TPIV is expected.
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Fig. 1. (a) Schematic of the designed plasmonic metasurface with triangle holes. (b) Simulated
distributions of the electric and magnetic fields on the x-y plane at the middle plane.
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Fig. 2. (a) SEM image of the metasurface sample. (b) Measured and simulated transmission
(T), reflection (R), and absorption (A) spectra of the metasurface for normally incident LCP
light.
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Fig. 3. (a) Sample in the transverse configuration with connected electrodes. (b) Experimental
setup for measuring TPIV across the metasurface.

3. Observation of transverse photo-induced voltage

In order to measure TPIV across the metasurface sample, two electrodes in the gold film are
connected perpendicular to the x-z plane, which is called the transverse configuration, as
shown in Fig. 3(a). A schematic diagram of the experimental setup is shown in Fig. 3(b). A
tunable Ti:Sapphire laser is used as the light source. An optical chopper with 153 Hz is
utilized to modulate the laser signal. A linear polarizer and a quarter wave plate in the setup
control the circular polarization of the incident light. A 4x objective lens is employed to focus
the light on the sample with normal incidence. The electrical signal is sent to a lock-in
amplifier for measuring the TPIV as functions of optical power, wavelength and polarization.
Figure 4(a) plots the dependence of the measured TPIV on the power of the RCP and LCP
incident light at the fixed wavelength of 800 nm, showing that photon drag effect has a linear
relation with the laser excitation power, which is different from the second-harmonic
generation process with quadratic dependence on the pump power. Next, TPIV is measured
with a fixed power of 10 mW for 750-850 nm wavelength range. As shown in Fig. 4(b), TPIV
around 0.03 pV is obtained, giving the external responsivity of 3 nV/mW. The polarity of
TPIV reverses as the incident circular polarization is switched from RCP to LCP, showing the
spin-dependent TPIV with normally incident light.
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Fig. 4. (a) Dependence of the measured TPIV on the power of the RCP and LCP incident light
at the wavelength of 800 nm. The dashed line represents a linear fit to the experimental data.
(b) Measured TPIV for RCP and LCP light with a fixed power of 10 mW for 750-850 nm
wavelength range.
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In order to explain the observed TPIV signal, the Lorentz force applied on the free
electrons in the metasurface layer is further simulated according to the symmetry-broken
electric and magnetic fields in the triangle hole structure [34]. The PIV with V; (i = x and y, is
direction of the generated voltage) can be estimated in term of the force F; as
L(F)

i

—epQ

Here L is the length of sample along the i axis. (E) is total averaged force on the free

V,= (M

electrons, e is charge of free electron, p is the volume density of free electrons in the gold film
and Q is the total volume of gold in the sample. For TPIV (V) studied here,

V, = ﬂ Q)

And the force (E) is calculated by integrating the Maxwell’s stress tensor (T;,-) around the
gold film [35],

() :@<le>"de 3)

N

< F}> is calculated from the integration along the top and down surfaces around the gold film,

(F)= SE.f)<T.vz>"zdS = Sf (7. )n.ds~ SJ; (1,.)n.ds )

Su and Sd are top and down x-y planes in the air and glass, respectively. The elements of the
Maxwell’s stress tensor are related to the electric and magnetic field,

1 .1 .1
<T,~,~> = ER{ggo (E,Ej —?SUEQ} Lt (H,Hj —Eé‘U.HZH %)

¢ and u are relative permittivity and permeability of the dielectrics (air or glass), respectively.
According to Eq. (4), only the term of <T}Z> is necessary in order to estimate <Fy> ,

(r.) :%Re[eeo (E,E:)+ sy (H,H) | (6)

Figure 5 shows the calculated TPIV (V) with RCP and LCP normally incident light as a
function of wavelength, which is consistent with the measured TPIV from the sample in Fig.
4(b).
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Fig. 5. Calculated TPIV across the metasurface as a function of wavelength for RCP and LCP
normally incident light with the fixed power.

As seen in Fig. 1(b), the hotspots of electromagnetic fields around the corner of the
triangle hole are shifted as the circular polarization is switched. This shift indicates a change
in momentum exchange which is the effect of coupling between spin angular momentum of
incident light with orbital angular momentum of surface plasmons [33,36]. Compared to the
three-layer metasurface proposed to calculated TPIV across the bottom continuous metallic
film in [34], the single-layer metasurface structure studied here supports TPIV across the
metasurface layer with air holes embedded, which has simpler design and is easier to
fabricate. The symmetry-broken electric and magnetic fields in the triangle hole structure
enables the spin-dependent TPIV which is proven with both experimental and simulated
results.

The helicity-dependent photovoltages can be caused by different mechanisms such as
photogalvanic effect, photon drag effect, and ratchet effect. The ratchet photocurrent is
usually generated in low-dimensional semiconductor structures with lateral
noncentrosymmetric periodic potentials. The photogalvanic effect requires the lack of
inversion symmetry, and the photogalvanic current is determined by the in-plane orientation
of electric field and is insensitive to the light propagation direction [10,11]. On the contrary,
the photon drag effect does not require the lack of inversion symmetry and it is proportional
to the photon wave vector ¢ due to the light momentum transfer to charged carriers. As a
result, the photogalvanic current remains unchanged at ¢ — -¢ inversion for both front and
back illuminations at normal incidence, but the sign of the photon drag current will be flipped
with the reversed light propagation direction, which provides an approach to distinguish the
photogalvanic effect and the photon drag effect from each other [11]. At oblique incidence
with the incident angle less than + 30°, it has been observed that the photogalvanic current
just slightly decreases with the increased incident angle, however, the photon drag current
dramatically changes the amplitude related to the in-plane component of the photon wave
vector [11,16]. Figure 6 shows the dependence of the measured TPIV on the incident angle 8
from —15° to + 15° for RCP and LCP light with a fixed power of 10 mW at the wavelength of
800 nm. It shows that the measured TPIV signal decreases significantly with the increased
incident angle and reaches the maximum value at normal incidence, manifesting the feature of
photon drag effect rather than photogalvanic effect. The variation of incident angle affects the
in-plane component of the photon wave vector and thus changes the generated photon drag
current across the metasurface. It is known that in symmetric structures the TPIV has zero
value at normal incidence and the photovoltage is anti-symmetric as a function of the incident
angle [25]. However, here the TPIV has the maximum non-zero value at normal incidence
due to the large in-plane photon wave vector generated by the asymmetric triangle holes. In
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addition, the TPIV has an asymmetric profile as a function of the incident angle, indicating
the symmetry-breaking effects from the triangle hole unit cell on the in-plane photon wave
vector. The TPIV signals at positive incident angles are stronger than those at negative
incident angles due to the interplay between the asymmetric triangle structure and the
obliquely incident light. It is also noted that the sign of TPIV will keep unchanged as the
incident angle varies.
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Fig. 6. (a) The oblique incidence setup with the incident angle 6. (b) The dependence of the
measured TPIV on the incident angle 6 from —15° to + 15° for RCP and LCP light with a fixed
power of 10 mW at the wavelength of 800 nm. The dashed curve represents the averaged TPIV
between two circular polarizations.

The symmetry of the triangle hole unit cell can be further analyzed to reveal the TPIV
generation at normal incidence. For the equilateral triangle hole having C;, point group
symmetry, the circular photon drag current will vanish at normal incidence. However, the
isosceles triangle hole with C, symmetry used in the current work will allow the helicity-
dependent photon drag current at normal incidence. In addition, the entire square unit cell
embedded with the isosceles triangle hole also presents C, symmetry, which further enables
the circular photocurrent at normal incidence.

4. Conclusion

The plasmonic metasurfaces made of periodic triangle holes have been studied to generate
spin-dependent transverse photo-induced voltage with normally incident light, by breaking
the symmetry of electromagnetic field in the triangle hole structure for circularly polarized
light. The transverse photo-induced voltage is further estimated by the calculated Lorentz
force on electrons in the metasurface film. We have demonstrated that the sign of transverse
photo-induced voltage depends on the incident spin. It is explained that the spin-dependent
voltage polarity is due to the symmetry breaking of the electric and magnetic fields in the
triangle hole structure. Our results will advance many metasurface-based optoelectronic
applications in photodetectors, polarimeters, optical sensing, and optical imaging.
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