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Most polarization-sensitive photodetectors detect either lin-
early polarized (LP) or circularly polarized (CP) light. Here,
we experimentally demonstrate a multiple-polarization pho-
todetector based on a hybrid organic—inorganic perovskite
(HOIP) metasurface, which is sensitive to both LP and CP
light simultaneously. The perovskite metasurface is com-
posed of a HOIP antenna array on a single-crystal HOIP
film. Owing to the antenna anisotropy, the absorption of
linearly polarized light at the metasurface depends on the
polarization angle; also, due to the mirror asymmetry of
the antenna elements, the metasurface is also sensitive
to different circular polarizations. Polarization-dependent
photocurrent responses to both LP and CP light are detected.
Our results highlight the potential of perovskite metasur-
faces for integrated photoelectric applications. © 2022
Optical Society of America
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Light polarization has been adapted for use in many diverse
fields, including communications, optical switching, near-field
imaging, and biological sensors [1-6]. There are already some
electronic devices that can identify light polarization. One
strategy is to use polarization-sensitive materials as active
layers that can naturally detect linearly polarized (LP) or cir-
cularly polarized (CP) light. These materials can be anisotropic
two-dimensional (2D) materials [7—10] or chiral organic semi-
conductors [11,12]. Nevertheless, the types of materials with
these properties are limited. In contrast, electronic devices con-
taining polarization-responsive metasurfaces combined with 2D
materials have also been shown to be capable of detecting
polarized light, with the metasurfaces providing different reso-
nance absorption enhancements for different light polarizations
[13-18]. However, these devices inevitably suffer from metal
losses and are hampered by the complexity of the fabrication
processes.

Hybrid organic—inorganic perovskites (HOIPs) have emerged
as a class of promising semiconductors for advanced optoelec-
tronic devices [19-22]. Polarization-responsive photodetectors
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based on HOIPs have also been rapidly developed in the
last few years. Perovskite microcylinders and microwires with
anisotropic alignment are used for LP light detection [23-26],
and chiral perovskite with intrinsic CP-sensitive absorption
has been exploited to detect CP light [27-31]. However, these
photodetectors can only provide a single functionality, detect-
ing either LP or CP light. Very recently, Li ef al. reported a
plasmonic metasurface integrated graphene—silicon photodetec-
tor that can achieve circular- and linear-polarization-resolved
photoresponses [18]. However, the detection of LP and CP
light simultaneously in a single electronic device is still rarely
reported, even though it is important to achieve multiple func-
tionality to meet the increasing demand for miniaturization and
integration in optoelectronics. The advances made in perovskite
metasurfaces provide a feasible platform to solve this prob-
lem. The potential of HOIPs in all-dielectric metasurfaces has
recently been demonstrated. Their high refractive indices are
comparable to those of conventional transparent materials [32],
which offers new opportunities for fundamental physics research
and optoelectronic applications, including emission enhance-
ment [33-36], strong light-matter coupling [37], and light
trapping and photon-to-electron conversion [22]. Therefore, by
combining the high optical refractive index and excellent elec-
trical characteristics of HOIPs, it should be possible to develop
new devices based on HOIP metasurfaces that are capable of
multiple-polarization photodetection.

In this work, we experimentally demonstrate a multiple-
polarization-sensitive photodetector based on an all-dielectric
HOIP metasurface that can measure both LP and CP light. A
schematic of the proposed HOIP metasurface is presented in
Fig. 1(a). The metasurface is composed of a periodic array
of L-shaped HOIP nanoantennas on top of a HOIP thin film.
Because the antenna unit of the metasurface is anisotropic in the
x-axis and y-axis directions, the L.-shaped HOIP metasurface is
expected to respond differently to x-polarized and y-polarized
electromagnetic waves. Figure 1(b) depicts the reflection and
transmission spectra of the HOIP metasurface under LP light
irradiation, as simulated using the finite-difference time-domain
simulation software package from Lumerical Inc. The optical
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constants of the HOIP used in the simulation are from Ref. [32].
There are many peaks and dips in the reflection and transmis-
sion spectra, which may originate from the Mie resonance modes
and cavity modes excited in the metasurface [3,22]. Reflection
at the metasurface is effectively suppressed, and differs slightly
for the different types of LP light. However, from the trans-
mission spectra, it is apparent that the metasurface transmits
more x-polarized light than y-polarized light over the wavelength
range of 500-750 nm. Based on the reflection and transmission
data, the absorption A can be calculated using the relationship
A =1—-R-T, where R and T denote reflection and transmis-
sion, respectively. As depicted in Fig. 1(c), the absorption of
y-polarized light at the metasurface is significantly enhanced
compared to the absorption of x-polarized light in the range of
500-750nm. To better understand the mechanism underlying
the polarization sensitivity of the designed HOIP metasurface,
we simulated the electric field distributions at a wavelength of
700 nm in the x—y plane under LP light excitation, as illustrated
in Fig. 1(f). The electric field is distributed mainly at the edge
of the short bar of the L-shaped antenna under x-polarized light
irradiation, whereas the field distribution under y-polarized light
irradiation is more localized around the long bar, which leads to
a polarization-dependent difference in absorption.

Furthermore, our designed perovskite metasurface not only
responds sensitively to LP light but can also be used for the
detection of CP light due to the L-shaped chiral nanoantenna
units, which break the mirror symmetry. In the simulation results
shown in Fig. 1(d), we can see that the reflectivity/transmissivity
of the chiral metasurface is different when CP light illuminates
the structures. Consequently, the resulting absorption spec-
tra also show selective enhancement of optical absorption for
different CP light illuminations. As shown in Fig. 1(e), the meta-
surface can absorb more left circularly polarized (LCP) light
than right circularly polarized (RCP) light around a wavelength
of 650 nm. The electric field distributions in the x—y plane under
LCP and RCP excitation at 650 nm are shown in Fig. 1(g). The
electric field distributions of the excited resonances in the struc-
ture are clearly different, and the enhancement of the electric
field for LCP illumination is stronger than that for RCP illumi-
nation at approximately 650 nm, which leads to a CP-dependent
difference in the absorption spectra.

During the experiment, we first grew a single-crystal
CH;NH;Pbl; (MAPDL;) film on a freshly cleaved mica sub-
strate via a quasi-static solution growth process [38,21]. A brief
schematic of the growth process is provided in Fig. 2(a). MAPbI;
solution was dropped onto the freshly cleaved mica substrate
and covered with another mica slice to create a confined growth
space. Next, the mica—solution—mica sandwich was placed on
a heater to achieve quasi-static solution growth. Finally, we
obtained a uniform large-area (transverse size > 50 um) MAPbI;
film between the two pieces of mica. An optical image and an
atomic force microscopy (AFM) image of the as-grown MAPbI;
film are shown in Figs. 2(b) and 2(c), respectively. Figure 2(d)
depicts the absorption and photoluminescence (PL) spectra of
the MAPDI; film, which exhibits a bandgap of 1.6eV and a
strong PL peak at approximately 780 nm.

Then we fabricated the metasurface by etching a 170-nm-
thick single-crystal MAPDbI; film using a dual-beam focused ion
beam (FIB) milling system (Helios, Nanolab 600i). A scanning
electron microscopy (SEM) image of the MAPDI; metasur-
face is depicted in Fig. 3(a), where uniform L-shaped unit
cells are arranged in neat rows within an area of 400 um?.
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Fig. 1. The HOIP metasurface and its simulated optical response.
(a) Schematic of the designed HOIP metasurface; the geomet-
rical parameters of the unit cell are L; =380nm, L, =250nm,
W =100nm, and p=500nm. The lengths of each L antenna in
the x and y directions are L, and L,, respectively. W and p rep-
resent the width and the periodicity, respectively. The thicknesses
of each L antenna and the lower HOIP thin film are 160 nm and
10 nm, respectively. (b), (c) HOIP metasurface under incident x-
and y-polarized light: (b) simulated reflection (x-polarization, lower
dashed curve; y-polarization, upper dashed curve) and transmission
(x-polarization, upper solid curve; y-polarization, lower solid curve)
and (c) simulated absorption spectra (x-polarization, lower solid
curve; y-polarization, upper solid curve). (d), (¢) HOIP metasurface
under incident LCP and RCP light: (d) simulated reflection (LCP,
lower dashed curve; RCP, upper dashed curve) and transmission
(LCP, lower solid curve; RCP, upper solid curve) and (e) simulated
absorption spectra (LCP, upper solid curve; RCP, lower solid curve).
(f), (g) Simulated electric field distributions (f) under incident x-
and y-polarized light at a wavelength of 700 nm and (g) under inci-
dent LCP and RCP light at a wavelength of 650 nm; the scale bars
indicate 200 nm.
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Fig. 2. HOIP (MAPDL;) films. (a) Schematic of the quasi-static
solution growth process. (b) Optical microscopy image. (c) AFM
image. (d) Absorption (left curve) and PL (right curve) spectra. The
scale bars indicate 10 pm.
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Fig.3. Experimentally measured optical spectra. (a) SEM images
of the MAPbI; metasurface; the scale bar indicates 5 um. Inset:
SEM image tilted at 30°; the scale bar indicates 500 nm. (b), (e)
Reflection and transmission spectra under (b) incident LP light
[line description is the same as in Fig. 1(b)] and (e) CP light [line
description is the same as in Fig. 1(d)]. (c), (f) Absorption and
PLE spectra under (c) incident LP light (x-polarization, lower solid
curve; y-polarization, upper solid curve) and (f) CP light (LCP,
upper solid curve; RCP, lower solid curve). (d) The absorption of
LP light with different polarization angles (from top to bottom, 90°,
75°, 60°, 45°, 30°, 15°, 0°.

The inset in Fig. 3(a) is an SEM image of the metasurface
tilted at 30°; the etching depth was approximately 160 nm.
The unetched bottom film supports the carrier transport. As
shown in Figs. 3(b) and 3(e), we measured the reflection and
transmission spectra of the HOIP metasurface under LP and
CP light illumination using an ultraviolet—visible—near-infrared
microspectrophotometer (CRAIC, QDI2010). The absorption
spectra shown in Figs. 3(c) and 3(f) were obtained, and are rea-
sonably consistent with the simulated results shown in Fig. 1.
All the above data (R, T, A) were obtained from one sample.
The minor difference between the experimental and simula-
tion results may be due to the tolerances of the experimental
parameters during the fabrication processes. The absorption at
the metasurface under y-polarized light illumination is more
than that under x-polarized light illumination in the range of
550-750 nm, and increases as the polarization angle increases,
as shown in Fig. 3(d). In the wavelength range of 550-750 nm,
the absorption has a minimum when the polarization angle of
the incident light is 0° (8 = 0°), but the absorption changes with
the polarization angle, reaching its maximum at a polarization
angle of 90° (8 = 90°). @ is the angle between the direction
of LP light and the x-axis, as shown in Fig. 1(a). Furthermore,
we find that the absorption of LCP differs from the absorp-
tion of RCP light by the metasurface around a wavelength
of 610nm. In Figs. 3(c) and 3(f), we present photolumines-
cence excitation (PLE) spectra, which agree reasonably well
with the measured absorption data. Note that the absorption of
the HOIP metasurface could be further increased by improving
the metasurface design, such as by introducing a Fabry—Perot
cavity.

It was confirmed above that a perovskite metasurface can
produce different resonance modes that have different field local-
ized effects depending on the type of polarized light that excites
the metasurface. Logically, changing the type of polarized light
absorbed could change the number of photoinduced carriers gen-
erated, leading to different photocurrent responses for different
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Fig. 4. Electrical characteristics of the metasurface. (a) Measure-
ment setup used for the electrical measurements. (b), (¢) Measured
I-V curves under (b) LP light illumination (x-polarization, lower
dashed curve; y-polarization, upper dashed curve) and (e) CP light
illumination (LCP, upper dashed curve; RCP, lower dashed curve).
The data associated with the left axis are jjgn — Jgark values on a lin-
ear scale, and the data associated with the right axis are values of the
currents /jjgn; and /g, o0 a logarithmic scale. (c), (f) Time-resolved
photocurrents of the device under (c) periodic on/off LP light illu-
mination (x-polarization, lower curve; y-polarization, upper curve)
and (f) CP light illumination (LCP, upper curve; RCP, lower curve).
(d) Measured photocurrents of the metasurface with incident LP
light of different excitation wavelengths (x-polarization, lower solid
curve; y-polarization, upper solid curve).

types of polarized light. A schematic of the electrical measure-
ment setup is shown in Fig. 4(a). A pair of gold electrodes were
deposited on both sides of the metasurface using electron-beam
evaporation. Then we used a source meter (Keithley Instruments,
2636 B) to apply bias voltages and detect the current signals. A
continuous-wave laser with a spot size of about 100 um? and a
stable power of 10 uW was focused on the sample to generate
charge carriers. The photocurrent is expressed as I = Iygn — L garks
where [y and /4, represent the measured current values with
and without illumination, respectively.

We first consider the case of LP light excitation. Figure 4(b)
shows the measured /-V curves under x- and y-polarized 700 nm
laser illumination. As the voltage changed from 0 to 2 V, the pho-
tocurrents generated under y-polarized light illumination were
always higher than that generated under x-polarized light illumi-
nation. In addition, it should be noted that when the metasurface
was illuminated with different wavelengths ranging from 550
to 750 nm, the photocurrents obtained under y-polarized light
excitation were obviously higher than those obtained under
x-polarized light irradiation, which indicates the capacity of
the metasurface for broadband LP light detection, as shown in
Fig. 4(d). The photocurrent responses of the device under CP
light illumination at a wavelength of 610 nm were also measured.
The I-V curves measured under LCP and RCP light illumina-
tion are shown in Fig. 4(e). The photocurrents generated by LCP
light illumination are higher than those generated by RCP light
illumination, which is consistent with the absorption spectra
shown in Fig. 3(f). We find that the absorption of LCP light
is not significantly different from that of RCP light, possibly
because of the intrinsic absorption of HOIP; however, the differ-
ence in photocurrent response is still obvious. Interestingly, we
can distinguish the photocurrent responses for 45° LP light and
CP light by performing in-plane rotation of the metasurface. In
addition, based on the photocurrents and dark currents obtained
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under y-polarized light illumination in Fig. 4(b), we estimated
the responsivity and detectivity of the device to be up to S mA/W
and 1.1x 10® Jones, respectively. This responsivity is higher
than those of many plasmonic metasurface integrated photode-
tectors [13,15,16]. It should be noted that the responsivity and
detectivity of a detector with a shorter channel length (approxi-
mately 5 um) is greatly improved to 0.3 A/W and 3 x 10'° Jones,
respectively, due to the shorter transport distance of photoin-
duced carriers. Figures 4(c) and 4(f) show the time-resolved
photocurrent responses measured under 2 Hz modulated illumi-
nation by LP and CP light with a bias voltage of 2 V. During
these measurements, the incident light was periodically switched
on and off, and stable discrimination of the photocurrents was
observed when the laser was turned on. Rise and fall times of
about 40 ms and 42 ms, respectively, can be estimated from the
data under x-polarized light illumination in Fig. 4(c). However,
the actual response time of our device might be much faster than
this value. We measured rise and fall times of about 15 ps and
12 ps, respectively, under 8 kHz modulated illumination. These
results indicate that our device presents good performance in
terms of LP and CP selectivity in time-sensitive applications.
In conclusion, we designed and experimentally demonstrated
amultiple-polarization-sensitive photodetector based on a HOIP
metasurface that detects both LP and CP light simultaneously.
Our study reveals the potential of the HOIP metasurface to
achieve highly efficient polarized photoelectric detection. It
is expected to achieve applications in biosensing, polarization
imaging, and other integrated photoelectric nanodevices.
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