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ABSTRACT: The miniaturization and integration of optoelectronic devices
require progressive size reduction of active layers, resulting in less optical
absorption and lower quantum efficiency. In this work, we demonstrate that
introducing a metasurface made of hybrid organic—inorganic perovskite
(HOIP) can significantly enhance broadband absorption and improve photon-
to-electron conversion, which roots from exciting Mie resonances together with
suppressing optical transmission. On the basis of the HOIP metasurface, a
broadband photodetector has been fabricated where photocurrent boosts more
than 10 times in the frequency ranging from ultraviolet to visible. The device
response time is less than 5.1 us at wavelengths 380, 532, and 710 nm, and the
relevant 3 dB bandwidth is over 0.26 MHz. Moreover, this photodetector has
been applied as a signal receiver for transmitting 2D color images in broadband
optical communication. These results accentuate the practical applications of
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HOIP metasurfaces in novel optoelectronic devices for broadband optical communication.

KEYWORDS: Hybrid organic—inorganic perovskites, perovskite metasurfaces, broadband photodetector, light communication

ybrid organic—inorganic perovskites (HOIPs) have

emerged as promising materials for advanced optoelec-
tronic devices due to their ultralong carrier diffusion lengths,
low incidence of trapping of defects and impurities, and high
carrier mobility.'~ In the past few years, a series of perovskite-
based optoelectronic devices have been proposed and
experimentally demonstrated, such as photodetectors*™’ and
light-emitting diodes (LEDs).*® The integration and minia-
turization of advanced optoelectronic devices require a
reduction of the thickness of the photoactive material, resulting
in decreased absorption efficiency and lower external quantum
efficiency.'”"" To optimize the performance of perovskite-
based devices, various schemes have been proposed to enhance
the absorption of the active layers. Plasmonic nanoparticles or
metasurfaces have been widely adopted because of their
excited localized surface plasmon resonances,'”~"* despite
suffering from metal losses. In addition, silicon or titanium
dioxide dielectric resonators that can support Mie resonances
have been introduced to produce near-field enhancement and
promote light harvesting.'®'” However, these methods
increase the complexity and thickness of devices. More
recently, HOIPs have also shown potential in all-dielectric
metasurfaces owing to their high refractive index.'® HOIP-
based metasurfaces have been used to explore novel optical
properties and realize various optoelectronic applications, such
as resonantly enhanced absorption and fluorescence,'” >
light-matter interaction,” %’ high-resolution color,”®*® and
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dynamic nanoprinting.’® A few studies have also focused on
photoelectric conversion and polarized light detection using
perovskite metasurfaces.’”*> Photoelectric devices based on
perovskite metasurfaces are expected to improve the
absorption of the active layers and the optoelectronic
performance of devices. Such advances have rarely been
reported, especially in practical optoelectronic applications
such as light communication.

Here, we design and experimentally realize a broadband
photodetector based on a perovskite metasurface. By
introducing a perovskite metasurface and a bottom reflective
mirror, the absorption of our HOIP metasurface is broad-
bandly enhanced in the wavelength range of 300—800 nm
compared to that of the pure perovskite film. Subsequently, we
fabricate a broadband photodetector based on this HOIP
metasurface and characterize its photoelectrical performance.
The photocurrent is enhanced under illumination with
wavelengths ranging from ultraviolet to visible spectrum.
Along with the rise/fall time measured as 4.1/3.6, 5.1/4.4, and
4.5/4.0 ps at wavelengths of 380, 532, and 710 nm,
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Figure 1. HOIP metasurface and its simulated optical response. (a) Schematic of absorption enhancement mechanisms and the designed HOIP
metasurface sample; the diameter and the period of the nanodisks in the HOIP metasurface are 280 and 400 nm, respectively. (b—d) Simulated
reflection (b), transmission (c), and absorption spectra (d) of pure film, metasurface, and metasurface with mirror, respectively. (e—h) Simulated
electric field distributions in the x-y plane (e) and magnetic field distributions in the x-z plane (f) at the wavelength of 560 nm; Simulated electric
field distributions in the x-y plane (g) and magnetic field distributions in the y-z plane (h) at the wavelength of 700 nm. The scale bars indicate 100

nm.

respectively, the proposed metasurface-based photodetector
features a 3 dB bandwidth more than 0.26 MHz. Finally, we
construct a broadband light communication system in which
the proposed device functions as a light signal receiver. The
experimental results demonstrate the transmission of ultra-
violet and visible light signals, which suggests that HOIP
metasurfaces possess the potential for promising future
applications in light communication.

First, let us focus on the design of the HOIP metasurface. A
schematic of the designed structure is illustrated in Figure la.
In the configuration without a metasurface (Case 1), when
light is incident on the flat perovskite film, some of the incident
light is reflected vertically at the interface between air and the
perovskite film. The perovskite film partially absorbs the rest of
the incident light, and the unabsorbed light is transmitted
through the sample. This leads to a low absorption efficiency of
the perovskite film. To solve this problem, we introduce a
metasurface on the perovskite film (Case 2). The metasurface
composes of an array of HOIP nanodisks with identical periods
in two orthogonal directions (x and y). The building block of
the metasurface is a perovskite nanodisk located on top of the
HOIP film on a mica substrate. We use the finite-difference
time-domain simulation to optimize parameters of the height,
diameter, and period of the disks, and then select the structure
with the maximum light absorption (Supporting Information
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S1). Eventually the diameter and height of the nanodisks are
chosen to be 280 and 100 nm, respectively. The period of the
array is 400 nm. We simulate the reflection and transmission of
the metasurface, as shown in Figure 1b,c, respectively. The
optical constants of the HOIP (CH;NH,Pbl;) used in the
simulation are obtained from the existing literature.'®
Compared with the pure flat film, the reflection of the
metasurface is significantly suppressed owing to the
introduction of the nanodisks, whereas the transmission does
not change greatly. The absorption can be obtained from the
reflection and transmission data using the relationship A = 1 —
R — T, where A, R, and T denote absorbance, reflectance, and
transmittance, respectively. As shown in Figure 1d, the
absorption of the metasurface is enhanced in the wavelength
range of 300—800 nm compared to that of the pure film. There
are two resonance absorption peaks around 560 and 700 nm in
the absorption spectra of the perovskite metasurface. To
explore the origin of these two resonance absorption peaks, we
calculate the corresponding electric and magnetic field
distributions at these two resonance positions, as shown in
Figure le—h. The resonance mode appearing at a wavelength
of 560 nm is identified as an electric dipole mode, while the
mode around 700 nm is derived from a magnetic dipole mode.
By introducing the perovskite metasurface, absorption has
been enhanced owing to reflection inhibition at the surface of
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Figure 2. Experimentally measured optical spectra. (a) SEM images of the MAPbI; metasurface; the scale bar indicates S ym. The inset graph
shows the magnified view of the metasurface; the scale bar indicates 500 nm. (b—d) Measured reflection (b), transmission (c), and absorption (d)
spectra of pure film, metasurface, and metasurface with mirror, respectively.
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Figure 3. Photoelectrical performance of different samples. (a) Schematic of the photoelectrical measurement setup. (b) The I-V curves of pure
film, metasurface, and metasurface with mirror, respectively, illuminated by a 700 nm laser. (c) The on/off switching performance of the pure film,
metasurface, and metasurface with mirror, respectively. (d) The photocurrent of pure film, metasurface, and metasurface with mirror, respectively,
under illumination at different wavelengths under a voltage of 1 V. (e) The polarization independence of photocurrents of pure film, metasurface,
and metasurface with mirror, respectively, at a voltage of 1 V and illuminated by a 700 nm laser. In all cases, the power density of laser illumination

is 3.3 X 10> W/cm?

the perovskite flat film and resonances excited in the
metasurface. Similar reflection suppression effects have also
been achieved in other perovskite metasurfaces. For example,
Baryshnikova et al.'"® proposed to employ the Kerker
conditions for halide perovskite metasurfaces to achieve
broadband suppression of reflection. Furthermore, the
absorption can be further enhanced because a considerable
portion of the transmitted light is not absorbed in Case 2,
resulting in a reduced energy conversion efficiency of the
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incident light. Therefore, we design a sample that includes a
bottom mirror as a reflective layer in addition to the
metasurface by depositing 35 nm of silver on the back of the
mica structure, which is depicted as Case 3 in Figure 1a. In this
case, the existence of the back-reflective layer reflects the
unabsorbed transmitted light. This structure allows the
perovskite layer to reabsorb the light to improve absorption
further. From the reflection and transmission spectra, we can
observe that compared with a pure flat film and metasurface,
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Figure 4. Broadband photodetection performance of HOIP metasurface. (a) Measured I—V curves under 380, 532, and 710 nm laser illumination
with a power density of 6.0 X 10* W/cm? and dark conditions. (b) Responsivity at different wavelengths versus incident power density at a voltage
of 1 V. (c) The detectivity of the photodetector at three different wavelengths. (d) Time-resolved photocurrent response under 20 kHz modulated
380 nm (upper panel), 532 nm (middle panel), and 710 nm (lower panel) illumination at a voltage of S V. (e) Normalized response as a function
of input signal frequency under 380 nm (upper panel), 532 nm (middle panel), and 710 nm (lower panel) illumination, showing the 3 dB

bandwidth of the device.

the transmittance is sharply reduced by introducing a back-
reflected silver film, whereas the reflectance is only enhanced
slightly, which results in a substantial increase in absorption
associated with this structure.

Experimentally, we first grow a single-crystal CH;NH;Pbl;
(MAPbI,) film on a freshly cleaved mica substrate via a quasi-
static solution growth process.”””* The designed HOIP
metasurface is fabricated by etching a 200 nm thick MAPbI;
film using focused ion beam (FIB) milling with an etching
depth of approximately 100 nm. The scanning electron
microscopy (SEM) images of the HOIP metasurface are
depicted in Figure 2a. The square area of the metasurface is
about 20 X 20 ym?. The measured reflection, transmission, and
absorption spectra are shown in Figure 2b—d, respectively.
These experimental results are similar to the simulated spectra
in Figure 1, indicating that absorption was broadband-
enhanced in the wavelength range of 300—800 nm compared
to the pure perovskite film by introducing a perovskite
metasurface and bottom reflective mirror. Besides, we also
characterized the electrical properties of the perovskite
material before and after FIB processing, showing no
significant change in the electrical properties of the samples
(Supporting Information S2).

Because absorption in perovskite film has been greatly
enhanced by introducing a metasurface and bottom reflective
mirror layer, we expect that the photoelectric performance of
the HOIP metasurface might be subsequently improved. To
measure the photoelectrical response of different samples, we
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fabricate a pair of gold electrodes by evaporating 40 nm of Au
on both sides of the perovskite metasurface, as schematically
shown in Figure 3a. The distance between the Au electrodes is
approximately 60 ym. The photoelectrical performance of the
samples under 700 nm laser illumination is characterized by a
source meter. The size of the illumination spot is
approximately 3 pm” The power density is kept as 3.3 X
10> W/cm?® The measured I-V curves of the three samples
(pure perovskite film, perovskite metasurface, and metasurface
with mirror) are depicted in Figure 3b. The photoresponse of
the sample is increased by introducing a metasurface.
Photocurrent of the metasurface with a mirror is further
promoted over 10-fold compared with that in pure perovskite
film at the voltage of 1 V, benefiting from exciting resonance
modes in the perovskite metasurface and suppressing the
reflection and transmission. In addition, we measure the
switching response of the device at a voltage of 1 V, as shown
in Figure 3c. The on—off ratio of the pure film, metasurface,
and metasurface with mirror are about 24, 42, and 173,
respectively. Subsequently, we measure the photocurrent at
different wavelengths under a voltage of 1 V, as shown in
Figure 3d. It is observed that the photoelectrical performance
of the metasurface with a mirror is considerably better than
that of the pure film. The photoresponse is enhanced at the
wavelengths from 380 to 750 nm, indicating that our
metasurface offers broadband photocurrent enhancement.
The dependence on the incident light polarization is also
examined. Figure 3e shows the polarization independence of

https://doi.org/10.1021/acs.nanolett.2c01979
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Table 1. Comparison of the Performance of the Proposed Metasurface Photodetector with That of Previously Reported

Planar-Type Photodetectors

thickness of active  spectral range

material material structure layer [nm]
Se/Si micrometer-sized crystal 350—690
GaSe flake 26 nm ~200-700
MoS, microspheres 405—808
MoS, heterostructure ~3.5 ym 280—-850
/GaN
SnSe, quantum dots on ~49 nm ~250—800
/Sn0O, nanoflakes
CsPbBr, microcrystals ~350-505
MAPDBr; nanosheet ~20 nm ~400—-520
MAPbDI, porous films ~1 pm 410-710
MAPDI; nanoribbon arrays ~70 nm 300—-800
MAPbDI, nanorods 350—-950
MAPDI, metasurface integrated 200 nm 380-750
with film

responsivity rise/fall time

illuminating conditions A/W] [s] ref
0.704 mW/cm’@610 nm@-2 V 3.74 x 1072 0‘24/1.7;; X 38
10~
0.07 mW/cm’@380 nm@5 V 2.6 0.7/1.2 39
1.77 mW/cm’@405 nm@1 V 0.963 9.33/12.67 40
2 mW/cm’@365 nm@1 V 12.61 x 10° ~0.1/0.6 41
2 mW/cm’@565 nm@1 V 3.98 x 10°
2 mW/cm’@850 nm@1 V 80
14.6 W/cm*@365 nm@2 V 479 X 1072 0.5 42
23.8 yW/cm’@554 nm@2 V 1.68 X 1072 0.5
27.63 yW/cm’@780 nm@2 V 6.51 X 1073 0.93
0.1 mW/cm’*@505 nm@5 V 2300 13/22 X 37
10~
0.08 mW/cm’@514 nm@1 V ~5600 32/92 x 5
10~
0.001 mW/cm? @white light@2 V 2.73 <5 x 1073 43
38.5 pW/cm*@300 nm@2 V 3.89 X 1072 2.7/2.62>< 44
10~
0.18 mW/cm’@405 nm@4 V 12 X 1072 1.8/2.52>< 45
10~
0.3 W/ecm’@710 nm@1 V 0.17 4.5/4.0 X this
1076 work
1.3 W/em’*@532 nm@1 V 0.03 5.1/4.46><
10~
6 W/cm’>@380 nm@1 V 4%x1073 4.1/3.66><
10~

photocurrents in pure film, metasurface, and metasurface with
a mirror, respectively (Here 0° indicates linear polarization
along the x-direction). We conclude that the photocurrent
enhancement can be achieved under various linearly polarized
light illumination. The reason is that our metasurface is
composed of nanodisks with the same periodicity in both x and
y directions, and the absorption enhancement is insensitive to
the incident polarization.

The photoelectrical performance of the device made of the
HOIP metasurface has been improved across a broadband
wavelength range. Then we apply the device as a broadband
photodetector. The I-V curves under illumination at different
wavelengths are depicted in Figure 4a. The photocurrent
reaches 38 nA at a voltage of 1 V when a 710 nm laser
illuminates the sample with a power density of 6.0 X 10* W/
cm®. The dark current is 0.55 nA, and the corresponding on—
off ratio is approximately 70. Under the same conditions, the
photocurrents are 7 and 17 nA at the illumination with the
wavelength of 380 and 532 nm, respectively. The responsivity
is an essential parameter describing the efficiency of photo-
Tohoto = Taark

Bae
I are the photocurrent and dark current of the device,
respectively, and P, is the power of the incident light detected
by the photodetector. The responsivity of the proposed device
reaches 170 mA/W under 710 nm laser illumination (0.3 W/
cm?), as shown in Figure 4b. Meanwhile the responsivities are
30 mA/W at 532 nm with a power density of 1.3 W/cm? and 4
mA/W at 380 nm with a power density of 6 W/cm>
Furthermore, as shown in Figure 4c, we also characterize the

detectivity D* =

detectors, and it is defined as R = , where I, and

I where R is the responsivity, e is the
aark

elementary charge, and Jg,, is dark current density of the
device.
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The response speed of a photodetector is also crucial for
potential applications such as light communication. To
determine the response time of our device, we use an
acousto-optic modulator to modify the incident light. As
shown in Figure 4d, the photocurrents increase and decay with
modulated light. The rise (fall) time of our device is defined as
the response time for the photocurrent to change from 10%
(90%) to 90% (10%). The rise (fall) time is 4.5 (4.0) ps under
20 kHz modulated 710 nm illumination. The results for 380
and 532 nm incident light are 4.1 (3.6) us and 5.1 (4.4) ps,
respectively, demonstrating the short response time of our
device for broadband light detection. We also examine the 3
dB bandwidth of our device (as shown in Figure 4e), defined
as the frequency range of the modulated incident light across
which the photocurrent of the device reaches at least half of its
maximum value. The 3 dB bandwidths of our device are
estimated as 0.26, 0.29, and 0.30 MHz for 380, 532, and 710
nm light, respectively, implying a rapid response to the
modulated light signal from the ultraviolet to the visible
spectrum.

We compare our photodetector with recently reported
planar-type photodetectors operating in the ultraviolet and
visible regions (summarized in Table 1). Our photodetector
based on the perovskite metasurface exhibits the following
characteristics: (i) The thickness of the active layer is down to
200 nm, which meets the requirement of the integration and
compactification of elements in circuits. (ii) The spectral range
of our photodetector covers the visible and ultraviolet regions,
which is comparable to most of the detectors in Table 1. (iii)
The corresponding responsivity is higher than those of the
plasmonic metasurface photodetectors,”*® although lower
than those of highly sensitive single-crystal bromide-based
perovskite photodetectors. Moreover, compared with these
photodetectors with high responsivity based on perovskite thin
films,” the photodetector based on perovskite metasurface in
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Figure S. Light communication system based on HOIP metasurface photodetector. (a) Schematic of light communication setup. (b) 16 X 16 pixel
images of letters “T” “I” “G” “E” and “R” that we input. (c) Waveforms of output current signals correspond to five images, here time to transmit
each pixel is 60 ps. (d) 2D color images of letters reproduced from current waveforms generated by HOIP metasurface based photodetector.

our work has a long distance between the gold electrodes due
to the existence of metasurface, which affects the transmission
of photoinduced carriers, resulting in reduced responsivity.
This effect has also been reported previously in polarization
detectors based on perovskite metasurfaces.”” (iv) The
response time is shorter than 5.1 wus at three different
wavelengths, which corresponds to a 3 dB bandwidth higher
than 0.26 MHz. Such response time is shorter than those of the
detectors®”~* in Table 1. The rapid response of the device at
different wavelengths demonstrates its potential for high-speed
detection in the ultraviolet and visible spectra and broadband
optical communications. In addition, the stability of our device
(Supporting Information S3) is comparable to those of hybrid
perovskite thin-film devices. Yet our organic—inorganic hybrid
materials are less stable than inorganic perovskite materials**>’
and silicon-based”® devices.

It is known that optical communication systems rely on light
with wavelengths ranging from the ultraviolet domain to the
infrared to convey information. Because the proposed device
can collect both ultraviolet and visible light and generate
photoinduced carriers, we design a broadband light commu-
nication system in which this device can function as a
broadband light signal receiver. A schematic of the proposed
light-communication system is shown in Figure Sa. We attempt
to transmit five 16 X 16 pixel color images of five letters:
ultraviolet “T” and “I”, green “G”, red “E” and “R”. First, two
states (“ON” and “OFF”) of each pixel in a two-dimensional
image are represented by high and low voltage levels. Then five
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16 X 16 arrays of voltage levels are converted into five 256-
element sequences that represent five letters. These sequences
are used to switch the voltage level temporally. The acoustic
optical modulator is subsequently controlled by the voltage-
level sequence and transfers continuous illumination into a
temporally modulated light signal, where the sequence in the
time domain is identical to the temporal sequence of the
voltage level. Next, the HOIP metasurface-based photo-
detector captures the light signal and generates photocurrent
with a specified waveform. Finally, the current waveform is
monitored using an oscilloscope with the load resistance. The
waveform is processed into a 256-element sequence and
reshaped into a 16 X 16 array by a computer to obtain the
input image. The input images with 16 X 16 pixels
representing the letters “T” “I” “G” “E” and “R” are illustrated
in Figure Sb. The information in these images is transmitted
using our light communication system. The current waveforms
generated by the photodetector after collecting the light signals
are shown in Figure Sc. The time required to transmit each
pixel of the images is 60 us; therefore, the corresponding
transmission rate is 16.67 kHz. The corresponding 2D color
images reproduced from the current waveform are shown in
Figure Sd. The letters in different colors are transmitted by
three different lights with wavelengths ranging from ultraviolet
to visible spectrum. This result demonstrates that our device
can be used as a broadband light signal receiver and shows
promise for future applications in light communications.
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In conclusion, we design a HOIP metasurface and fabricate
the sample using focused ion beam milling. The broadband
absorption enhancement is proved experimentally, and the
photocurrent is increased more than 10-fold. The proposed
device demonstrates exemplary performance and rapid
response across the visible and ultraviolet spectra. Finally, we
use this device as a signal receiver and verify a broadband light
communication system. Our results demonstrate the practical
applicability of HOIP metasurfaces in photon-to-electron
conversion devices and their promising potential for enhanced
light communication.

B METHODS

Simulation. In the simulation, periodic boundary con-
ditions in the x- and y-directions and perfectly matched layer
(PML) boundary conditions in the z-direction are applied.
Plane-wave sources with wavelengths in the range 300—800
nm are placed 1 pm from the structure. As the diameter and
period are symmetric on the x-axis and y-axis, the metasurface
is equivalent for both transverse magnetic (TM-) and
transverse electric (TE-) polarized electromagnetic waves for
normal incident light. The incident light is incident normally
with polarization along the x-direction.

Metasurface Fabrication. Single crystal MAPDI; films
with a thickness of 200 nm are grown on a cleaned mica
substrate using a method reported previously. The metasurface
is fabricated by etching the grown perovskite film for S min
with the dual-beam FIB system (Helios, Nanolab 600i) under
an operating current of 7.7 pA and an operating voltage of 30
kV. In addition, a reflective mirror is deposited on the back of
the mica substrate using electron-beam evaporation.

Optical Properties. Steady-state reflection and trans-
mission spectra are obtained using a microspectrophotometer
(CRAIC Technologies, 20/30PV). Spectra are collected with a
40X objective lens over an area of 25 yum?.

Photoelectric Measurements. The photoelectric per-
formance is measured using a program-controlled source-meter
system (Keithley 2636 B). A wavelength-tunable Ti:sapphire
laser (Mai Tai, HP) and a supercontinuum white light laser
(NKT Photonics, SuperK Fianium FIU-1S5) are used as the
light sources. In addition, the time-dependent responses are
recorded using a digital oscilloscope (Tektronix, TDS2022C)
with an input impedance of 50 MQ. The waveform and
frequency of the input light are manipulated using a computer-
controlled signal generator and acoustic-optical modulator.
Additional resistors are used to monitor the currents in the
circuit.
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