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ABSTRACT: Conventional photodetectors (PDs) sense either a UV light

broad waveband light or a selective narrow waveband light, which 4 828 nm %\/
is plagued by indistinguishable diverse wavebands and is not 403 nm

competent for the dual task of information transfer and encryption
in optical communication with an open light transmitting channel.
Dual-band PDs with the ability to sense two discrete waveband
lights have the potential to remedy the drawbacks of single-band v
PDs and realize secure optical communication with a straightfor- NIR light

ward optical encryption strategy. However, previous reports of _

dual-band PDs usually relied on multistacked photosensitive layers, Wavelength

which suffer from lattice mismatched interfaces contacting between

diverse semiconductor layers and complex device fabrication processes. Herein, we propose a novel lattice-matched single-crystal
perovskite heterojunction (SCPH) through a facile and low-cost liquid-phase epitaxy process. The fabricated dual-band PD with a
structure of Au/MAPbCl,/Bi-MAPbBr;/Bi-MAPbI, Br,s/MAPbL;/Au senses to a broad range of ultraviolet (UV) light and a
narrow range of near-infrared (NIR) light while blinding to visible lights in between. At last, a chaos-based double-encrypted secure
optical communication system is built using the fabricated UV/NIR dual band SCPH PD as an efficient receiver terminal, where
valid information is conveyed by UV and NIR light, respectively, and further superimposed by visible light for separately encrypted
transmission. This work provides a facile method to fabricate visible-eliminating UV/NIR dual-band PDs and offers new insights into
security optical communication without relying on complicated algorithms.

Visible light ¢

EQE
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B INTRODUCTION due to their response to a wide range of wavelengths of light
outside of the desired detection band, using NPD responding
only to a single waveband may face the risk of signal leakage if
the wavelength of the propagating signal is leaked.'® Compared
to the above single broadband or narrowband PDs, dual-band
PDs are more attractive due to the capability of obtaining two
discrete waveband photon information simultaneously, which
could upgrade the capacity of photodetection in a complex

As a class of equipment with the ability to convert optical
signals into electrical signals, photodetectors (PDs) are crucial
components in modern optical-electrical interconnect systems,
such as optical communication, digital imaging, remote
sensing, medical and biological analysis, etc. The present
commercially available PDs based on mature semiconductors

as sensitive layers, such as silicon and some compounds

(InGaAs, HgCdTe, ZnO..), belong to broadband photo- environment and expand the applications in various scenar-
) 2] )y . 17 . . . . .
detectors (BPDs), which are sensitive to a wide range of ios.”” Especially in chaos-based optical communication, to

wavebands corresponding to their absorption spectra. '~ Some enhance data security during light wave transmission in open
PDs have the ability to selectively detect a specific range of chan.nels, only using a P .ec1ﬁc du.al-b.and PD as the recetver
wavebands and belong to narrowband photodetectors (NPDs) terminal can decode valid information in a dual-channel optical

by adopting various strategies, including adding dedicated

bandpass filters,” using narrowband absorbing photoactive Received: December §, 2023 (Phétonics
materials,” microcavity structure design,7’8 charge collection Revised: ~ February 11, 2024
i 9,10 iniecti i 1,12 Accepted: February 12, 2024
narrowing concept, charge injection narrowing concept, P ry 14
and heterostructure PD design.m_15 However, traditional Published: February 26, 2024
BPDs and NPDs still hardly satisfy the needs of application

scenarios. Because BPDs may face severe signal interference
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signal encrypted and modulated in different forms.''*™*" It

increases the difficulty of signal decoding if the correct
modulation wavelengths are not known.

Integrating spectral selectivity into a single pixel without
using an external sophisticated filter or optical components is
the current trend in making advanced miniaturization dual-
band PDs.**** To realize specific dual-band spectral detection,
a series of ultraviolet (UV)/UV, UV /visible, UV/infrared (IR),
visible/IR, and IR/IR dual-band PDs have been pro-
posed.'”**”*” However, these dual-band PDs are generally
fabricated by two or more different photosensitive materials
with alloy, superlattice, and multiple quantum well structures,
requiring sophisticated instruments during the construction
process such as molecular beam epitaxy, metal organic
chemical vapor deposition, atomic layer deposition, and so
on,”*>** which inevitably suffer from shortcomings such as
lattice and thermal mismatch between the semiconductor
layers, high fabrication complexity, low production yield, and
high costs.””*” Therefore, it is desirable to explore novel PDs
with dual-band sensing capability through a simpler device
structure and a more cost-effective fabricating process.

In recent years, due to their relatively low processing costs
and prominent properties, including a large light absorption
coefficient, a long carrier recombination lifetime, long and
balanced exciton diffusion lengths, and high carrier mobility,
perovskites have been considered promising light-harvesting
materials to promote the progress of optical-electrical
detection.’”*" Especially for the metal hybrid halide perov-
skites (ABXs, where A = MA*, FA*, Cs*, B = Pb**, Sn** and X
Cl7, BrT, and I7), they present great potential in
spectroscopic detection with a range from UV to IR due to
their tunable directed bandgap through adjusting halide
composition.”> These achievements of perovskite-based PDs
reported by research, however, are mainly focused on the
improvement of detection performance in either a broad range
or a specific narrow waveband. Though a few progresses have
been made in perovskite to obtain a dual-band response signal,
including presenting distinct spectral responses under bidirec-
tional light illuminations,"®** building electrically modulated
back-to-back rectifying junction diode configuration,””****
adopting tandem vertically stacked device structure,* fabricat-
ing bulk heterojunction,'® using two-photon absorption
effect,®® etc. Overall, investigations of dual-band PDs based
on perovskite materials are still in their infancy. One of the
important issues to realize dual-band detection using perov-
skite as a photosensitive layer is how to eliminate photoelectric
response out of the target detection waveband. The
incorporation of bismuth ions into perovskites will change
their optical and electrical properties due to the introduction of
defects,””~>* which has been proven to be an efficient way to
adjust the photoelectric response of perovskite based PDs.'>*’

Herein, we developed a novel perovskite single crystal
heterojunction (SCPH), which tandem vertically combined
four different bandgap single-crystalline perovskite layers
(pristine MAPbCl;, Bi** doped MAPbBr;, Bi** doped
MAPbI, (Brys, and pristine MAPbI,) without serious lattice
mismatch between different perovskite layers, through a facile
and low-cost liquid-phase epitaxial (LPE) method proposed in
our previous works.'”*'™* Attributed to the well-designed
energy band engineering and discontinuous electric field
distribution in the SCPH, we successfully obtained broad
UV and narrow NIR dual-band spectral response detectors
with visible waveband response elimination. The as-fabricated
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dual-band PD based on the SCPH can obtain a broadband
response to the UV region with a cutoff wavelength of 403 nm
with a responsivity of around 15 mA W', and a narrowband
response to the NIR region from 750 to 880 nm with a peak
responsivity of 18 mA W' at 828 nm under an external
voltage bias. Furthermore, the as-fabricated UV/NIR dual-
band SCPH PD shows competitive detection performance,
such as measured specific detectivity (D*) greater than 10'°
Jones and a response speed of hundreds of microseconds.
According to the chaos-based security optical communication
principle,”* we successfully established a double-encrypted
optical communication system by hiding the UV light signals
and NIR light signals in random visible light signals for
transmitting separately and using the specific dual-band SCPH-
based PD as the receiver terminal. Only using a specific visible
elimination, UV/NIR dual band PD, as a receiver to obtain
twice-correct signals from double encrypted light transmissions
can the final valid information be further decoded. The well-
designed SCPH-based dual-band PD with such broadband UV
and narrowband NIR detection abilities without visible light
interference is expected to provide new opportunities and
platforms for optical communication encryption techniques
and bring this secure and reliable communication technology
into real-life applications.

B EXPERIMENTAL SECTION

Preparation of Chemicals and Reagents. N,N-Dime-
thylformamide (DMF), dimethyl sulfoxide (DMSO), and y-
butyrolactone (GBL) were obtained from Aladdin. Methyl-
amine hydrochloride (CH;NH,;Cl, 98%), methylammonium
bromide (CH3;NH;Br, 99.5%), and methylammonium iodide
(CH;NH,], 99.5%) were purchased from Macklin reagents.
Lead chloride (PbCl,, 99.99%), lead bromide (PbBr,, 99.99%),
lead iodide (Pbl, 99.99%), bismuth(III) chloride (BiCl;,
>98%), bismuth(III) bromide (BiBr;, >98%), and bismuth-
(111) iodide (Bil;, >98%) were purchased from Sigma-Aldrich.
All commercial products were used as received without any
further purification.

Fabrication of the SCPH. To prepare the precursor
solution of MAPbCl,, the equimolar ratio of CH;NH;Cl and
PbCl, was dissolved in a mixed solvent of DMF and DMSO
(the volume ratio was 1:1) at room temperature with a
concentration of 1 mol L™, To prepare the precursor solution,
10% Bi** ions doped with MAPbBr;, CH,NH;Br, PbBr,, and
BiBr; in a 1:1:0.1 molar ratio were dissolved in DMF at room
temperature with a concentration of 1 mol L™". To prepare the
precursor solution of 10% Bi** ions doped MAPbI, (Br:,
CH,;NH,], PbBr,, Pbl,, and Bil; in a 1:0.25:0.75:0.1 molar
ratio were dissolved in a mixed solvent of DMF and GBL (the
volume ratio was 1:1) at a temperature of 70 °C with a
concentration of 1.2 mol L™'. To prepare the precursor
solution of MAPbI;, CH;NH;], and Pbl, in a 1:1 molar ratio,
they were dissolved in GBL solvent at a temperature of 60 °C
with a concentration of 1.5 mol L7'. All fully dissolved
perovskite precursor solutions were filtered through a PTFE
filter with a 2.2 um pore size for further process.

MAPBHCl; (MA* = CH;NH;") single crystals with a size of
several millimeters were grown by heating the 20 mL
MAPDBCI; precursor solution in a flat-bottom crystallizing
dish from 30 to 60 °C in dozens of hours. The grown
MAPbBCI; bulk crystals were finally ground and polished into
thin wafers hundreds of micrometers thick using different mesh
sandpapers in sequence (mesh 800, mesh 4000, mesh 10,000,
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Figure 1. (a) Schematic cross-sectional configuration of the well-designed SCPH for UV/NIR dual-band detection. (b) Photographs of the
heterojunction bulk after each LPE processing. (c—f) Normalized Vis-NIR absorption spectra of the MAPbCl,, Bi-MAPbBr;, Bi-MAPbI, (Br;, and
MAPDbI; layers, respectively. Inset: corresponding Tauc plots were used to extract the bandgap.

mesh 15,000). The thin MAPbCl; wafers were immersed in a
concentrated MAPDCI; precursor solution for 60 s after
polishing to alleviate the mechanical damage on the surface.
Finally, the residue on the surface of the polished thin
perovskite wafers was rinsed in toluene to remove any possible
surface contamination, and lens papers were usedto wipe dry.

The thin MAPbCI; perovskite single crystal wafers were
dipped into the prepared 10 mL Bi-doped MAPbBr; perovskite
precursor solutions to epitaxially grow for 2 h at 80 °C. After
the first epitaxy, the heterojunction wafers were dipped into
the prepared 10 mL Bi-doped MAPbI, Br,s perovskite
precursor solutions to epitaxially grow for 1 h at 110 °C.
After the second epitaxy, the heterojunction wafers were
dipped into the prepared 10 mL MAPbI; perovskite precursor
solutions to epitaxially grow for 0.5 h at 90 °C. The finally
obtained MAPbCI,/Bi-MAPbBr,/Bi-MAPbI, Br, ;/MAPbI,
SCPHs wafer is core—shell wrapped, and its surrounding
redundant parts are cut away using a fine diamond-
impregnated wire sawing machine. The thickness of epitaxial
perovskite layers can be controlled by adjustments to the
epitaxy duration in a precursor solution.

Characterization of Materials. X-ray photoelectron
spectra (XPS) were obtained using a PHI 5000 VersaProbe
(Japan). Optical absorption spectra were collected by
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LabTech’s Bluestar-Series UV—vis spectrophotometers. X-ray
diffraction (XRD) data were collected by a Switzerland X’TRA
system with a Cu Ka target radiation source. The scanning
electron microscopy (SEM) images were captured by a Quanta
200F environmental scanning electron microscope. Energy
dispersive X-ray spectroscopy (EDX) analysis was carried out
using an X-act Oxford Instrument system coupled with the
SEM. Hall effect measurements were performed using a Hall
measurement system (PM-50 MR Platform, EMT-2400 Data
Acquisition System) with the van der Pauw protocol. The
steady-state photoluminescence (PL) spectra were collected
with an FSS spectrofluorometer (Edinburgh Instruments, UK)
at room temperature using a xenon lamp as the excitation
source. The time-resolved PL (TRPL) measurements were
performed using a picosecond pulsed diode laser as excitation
and a time-correlated single-photon counting detector for
signal collection.

Measurement of the PDs. Semitransparent gold films of
about 30 nm were deposited on the two opposite surfaces of
MAPbCl,/Bi-MAPbBr,/Bi-MAPbI, ;Br, ./MAPbI, SCPH wa-
fers as electrodes through thermal evaporation in vacuum to
finally fabricate the SCPH-based devices. The measured I-V
(current—voltage) and I-T (current—time) curves of the
SCPH-based devices were obtained by a Keithley 2400

https://doi.org/10.1021/acsphotonics.3c01768
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Figure 2. (a) Cross-sectional SEM image of epitaxially fabricated MAPbCl,/Bi-MAPbBr;/Bi-MAPbI, ;Br, ;/MAPbI; SCPH. (b) EDX line scanning
results in plots of the halogen atom content intensity ratio across the whole cross-section of the SCPH. (c) XRD pattern of the independent
MAPbCl;, Bi-MAPbBr;, Bi-MAPbI, (Br, s, and MAPbI, layers. (d) Mismatch rate between adjacent perovskite layers in the SCPH as a function of

the lattice constant.

sourcemeter. The wavelength-dependent photocurrent was
obtained by directly connecting SCPH based PDs to a Keithley
2400 sourcemeter and illuminating under different mono-
chromatic light. The monochromatic light is prepared by an Xe
lamp (CEL-HXF 300) attached with a monochromator (Zolix
Instruments, Omni-1200i) and is out from an optical fiber
port. The power intensity of all light sources utilized in this
paper was accurately calibrated by a power meter (Thorlabs
GmbH., PM 100D). The noise current of the SCPH-based
PDs was extracted from the Fourier transform of the dark
current, which was monitored by an Agilent oscilloscope
(7.5G, USA). For transient photocurrent measurement, the
detector was biased using a Keithley 2400 sourcemeter, two
monochromatic LEDs with a central wavelength of 365 and
805 nm were modulated by a function generator (square waves
with a frequency of 10 Hz) as the excitation source, and a 100
k€ resistance was connected in series with the detector to
extract the signal by an Agilent oscilloscope (7.5 GHz, USA).

B RESULTS AND DISCUSSIONS

The configuration of the well-designed SCPH for visible
elimination and UV and NIR dual band detection is presented
in Figure la. It is a compound single-crystalline bulk made by
vertically epitaxially stacking four kinds of perovskite materials.
Initially, transparent MAPDbCI, single crystals were grown from
precursor solution by inverse temperature crystallization and
ground to hundreds of micrometers’ thick wafers, which then
acted as a substrate for further epitaxy processes. The single-
crystalline layers of Bi**-doped MAPbBr;, Bi**-doped
MAPbL, ;Brys, and pristine (undoped) MAPDI; perovskite
were step-by-step epitaxially grown on the surface of a
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MAPbCI, single-crystal substrate. All the Bi**-doped perovskite
precursor solutions in this paper are uniformly added with a
10% mole concentration of Bi*" salt because 10% Bi doping
can cause a sufficient change in carrier properties without
causing serious lattice distortion.””* In fact, the real Bi**
content in the grown perovskite crystal is lower than the
nominal Bi** content (10%) in the feed solution, according to
the X-ray photoelectron spectroscopy analysis results in Figure
S1. The color of the as-grown epilayer after undergoing
different steps of perovskite epitaxy changes from crimson to
black, as seen in Figure 1b. The measured absorption spectra
of each layer for the SCPH are shown in Figure 1c—f, and the
estimated values of optical bandgaps (E,) from the absorption
edge using the Tauc-plot method are put inset. The
arrangement of well-designed SCPH aims to construct a
gradient bandgap structure with an energy funneling effect*
that could filter different energy photons into the correspond-
ing layer. Notably, the direction of epitaxy cannot be reversed
(such as from I~ rich to Cl™ rich), which could be attributed to
the huge differences in solubility behavior for hybrid halide
perovskites in the solvents (DMSO, DMF, and GBL)."’

A cross-sectional color change corresponding to the
narrowing bandgaps of the fabricated MAPbCI,/Bi-
MAPbDBr;/Bi-MAPbI, ;Br, /MAPbI; SCPH is indicated by
optical microscope photographs shown in Figure S2. By SEM,
we more precisely observe that the as-fabricated MAPbCl,/Bi-
MAPbBr,/Bi-MAPbI, (Br, ;/MAPbI, SCPH with a total thick-
ness of around 1.35 mm is a combination of four perovskite
layers with different thickness, as shown in Figure 2a. The local
enlarged SEM images at the interface of different materials
prove a tight connection without any pin holes or gaps

https://doi.org/10.1021/acsphotonics.3c01768
ACS Photonics 2024, 11, 1252—-1263


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01768/suppl_file/ph3c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01768/suppl_file/ph3c01768_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01768/suppl_file/ph3c01768_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01768?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01768?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c01768?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(a) Intensity (a.u.)
—~ N 1
E MAPbI, ) 0.9
T -

o

8] 0.8
(7]

2 Bi-MAPblI, ;Br, s 0.6
£

< ~ 0.5
% —

3 Bi-MAPDbBr, 2 0.4
© S

& 03
3 =

= [

° > 01
S 5

0
400 500 600 700 800 900
Wavelength (nm)

(c)

1074 f 10"
- @I -
£ &)
C . n > ~
~ 10° 4 c
: F10°2
8104 ©
5 5
% | F10 ©
e 8
= 1021 k1013 5
w10 -¥ ‘ ¥_ 102 (&)

4 ; .‘ |

MAPbCl;  Bi-MAPbBr, Bi-MAPbI, ;Br,s MAPbI,

e

©

— @10V —— @20V
@30V ——@ 40V

=
o
1

Responsivity (mA W)
o >
1 1

— Bi®*
—>
rows
—+ Source meter -
04

T T 7/ T T T T T T
400 450 650 700 750 800 850 900 950
Wavelength (nm)

(b) € Intensity (a.u.)
3 - 363
T 5]

ES MAPDbI, > 31.8
2] —
2 272
< Bi-MAPbI, .Br, 5 227
9
s
g o 18.1
S Bi-MAPbBr, o 136
(o] ©
()] -
© 9.07
< ~
O —
k] MAPDCI, o 454
) 8
5 0= 0.00
o 400 500 600 700 800 900
Wavelength (nm)
(d) >
Strong ! Weak ! Strong "E
z PY Au
I ®
15
<y L2
v 8
v 0
Au PG
+ O O  MAPbI,
Bi-MAPbI, ;Br, 5
Bi-MAPbBr;
MAPbCI,
®) ,
Qf\ 7/
2.5+ 3 o] o
210" 4\ \
2.0- IV s [
— © 10° 4 \ & Uikt 1
o | 57 Rk e TR
% 15 O 101 4Shot noise limit ﬂ
- |
o 3102 . . \
Sy Z 01 100] |
; 1.0 Frequency (Hz) ‘
[a] |
05 k
0.0+ T7/ |” kl—

T T
400 500 700 800

Wavelength (nm)

Figure 3. (a) Simulated two-dimensional cross-sectional optical field intensity distribution of the designed SCPH. Layers 1, 2, 3, and 4 represent
the light passing through MAPbCl;, Bi-MAPbBr;, Bi-MAPbI, (Br, s, and MAPbI; perovskite single-crystalline films, respectively. (b) Simulated
charge-carrier generation profile in the designed SCPH based on optical field distribution in (a). (c) Charge concentration (n) and sheet resistance
(R) changes of the four perovskite layers in the SCPH. (d) Schematic diagrams illustrating the working principles of the dual-band SCPH PD
operated at an external bias. (e) Response spectra of the fabricated SCPH based device under various external voltage bias. Inset: schematic of the
response spectra measurement for the SCPH device. (f) Specific detectivity spectra (D*) under an applied voltage of 30 V. Inset: noise current was

extracted from the Fourier transform of dark current.

between two kinds of perovskite, which contributes to
reducing the trap density and carrier recombination at the
interface. Furthermore, EDX line scanning results of the
halogen elements for the whole SCPH cross-section are
displayed in Figure 2b, and the measured intensity ratio of Cl,
Br, and I elements to all halogen reveals that four different
perovskite layers of pure Cl, pure Br, mixed I with Br, and pure
I were combined together successfully. Significantly, the
halogen content will go through a gradient change until stable
to expected halide content of perovskites epilayer, which is
attributed to occurring inevitable halogen ions exchange during
the LPE process.”” The gradient halide region at each
heterojunction interface all remains tens of micrometers
thick without further obvious enlargement for the as-fabricated
SCPH storing in room temperature after about 3 months, as
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proved in Figure S3. To investigate the crystallographic
relationships between the four layers of the as-fabricated
SCPH, XRD patterns of MAPbCl;, Bi-MAPbBr;, Bi-
MAPDI, ;Brys, and MAPbI; are shown in Figure 2c¢ in their
freestanding form. For MAPbCI; and Bi-MAPbBr;, it shows an
apparent diffraction pattern from a cubic phase with a Pm3m
space group, while Bi-MAPbI, ;Br, s and MAPbI; appear to be
tetragonal phase with a I4/m space group. A phase transition
occurs at the interface between Bi-MAPbBr; and Bi-
MAPDI, Br, s perovskite layers in the SCPH. Though analysis
of diffraction peaks position, it indicates that the in-plane
configuration of as-fabricated SCPH keeps an epitaxial
relationship as MAPbCl; (100)I/Bi-MAPbBr; (100)IIBi-MAP-
bl, sBrys (100)IIMAPbI; (100). The tetragonal phase can be
treated as a pseudocubic phase for the lattice parameter
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calculation, because tetragonal phase can transition from the
cubic phase by slightly rotating the Pbl4 octahedra along the c-
axis <001> on the (001) 4plane while maintaining their corner-
sharing connectivity."”* According to Bragg’s law, we
obtained the lattice constants of MAPbCl;, Bi-MAPbBr;, Bi-
MAPDI, (Br, s and MAPDbI; as around 5.67, 5.89, 6.13, and 6.26
A, respectively. In addition, the lattice mismatch factors (f)
between the epilayer and substrate, calculated by the equation

f=

a

e — 4

e

where a, and a, are the lattice constants of epilayer and
substrate, respectively. Lattice mismatch factors between
adjacent perovskite layers are all estimated to be no more
than 4%, as seen in Figure 2d, which confirms the feasibility of
epitaxy in constructing the lattice-matched MAPbCI,/Bi-
MAPDbBr;/Bi-MAPDbI, (Br, ;/MAPbl; SCPH. However,
MAPbI; films cannot immediately grow on the MAPbLCI,
crystal substrate by the LPE method due to a large lattice
mismatch (~10%) between the two kinds of perovskites. The
charge transport properties of each perovskite single crystal
layer for the SCPH could be evaluated by PL spectra and
TRPL decay measurements, as shown in Figure S4a,b,
respectively. The PL intensity of Bi-doped MAPbBr; and Bi-
doped MAPDI, ;Br s layers reduce substantially contrast with
pristine perovskite MAPbCl; and MAPDI; layers, indicating
greatly increased nonradiative recombination centers in Bi-
doped perovskite crystals. The faster PL decay for the Bi-
doped perovskite layer indicates a shorter charge carrier
lifetime due to increased defect states. All our findings are
consistent with previous works.*°

To further understand the absorption and charge carrier
generation in the SCPH device, a simplified and ideal
MAPbCl,/Bi-MAPbBr,/Bi-MAPbI, Br, ;/MAPbI, SCPH
with a thickness of each perovskite layer as 10 ym was built
for simulation. Suppose the optical field intensity distribution
in the SCPH follows the Beer—Lambert law

I(x) =I,e™

where I, is the incident light intensity through the incident
face, I(x) is the light intensity at coordinate position x, and «a is
the light absorption coefficient.” Based on the obtained
absorption data of the four kinds perovskite layers, when
light is incident from MAPDCI, side, the simulated normalized
optical field intensity distributions (wavelength range from 350
to 950 nm) in the SCPH with four different bandgaps
perovskite photosensitive layers are shown in Figure 3a. For
UV light with wavelength of about 420 nm, it was almost
absorbed in the first layer of MAPbCI; perovskite. For visible
light penetrated through the first layer, a part of it was
absorbed by the second layer of Bi-MAPbBr; perovskite, and
the remaining part was absorbed by the third layer of Bi-
MAPDI, sBrys perovskite. Only some near-infrared photons
penetrated through the first three layers could be absorbed by
the fourth layer of MAPDbI;, while the photons with
wavelengths larger than 850 nm will penetrate whole SCPH
without attenuation. Assuming the carrier generation efficiency
is 100%, the ratio (G(x)) of the carrier generated at position x
to the incident photon number can be derived as’

Ak

Gx) = —% —qge™
0
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The photogenerated carrier distribution can be calculated in
the active layer according to the optical field intensity
distribution, as plotted in Figure 3b. It confirms that charge
carriers excited by photons with wavelength less than 420 nm,
from 420 to 600 nm, from 600 to 755 nm and from 755 to 830
nm were focused on the several micrometers’ depth surface of
MAPDCI;, Bi-MAPbBr;, Bi-MAPDL, ;Br,s, and MAPDI; layer,
respectively, due to a large absorption coefficient (10* ~ 10°
em™').>" We measured the resistivity and Hall effect of each
kind of the perovskite layer for the SCPH using the van der
Pauw method, and the corresponding test model is shown in
the inset of Figure 3c. The measured major carrier
concentration of Bi**-doped MAPbBr; and Bi**-doped
MAPDI, sBry 5 is approximately S orders of magnitude larger
than pristine MAPbCl; and MAPDI;, while the sheet resistance
of Bi**-doped MAPbBr; and Bi**-doped MAPbI, Br,; is
approximately 7 orders of magnitude smaller than pristine
MAPDBCI; and MAPbI;. Additionally, carrier mobility of each
perovskite single crystal layer was also obtained from the
results of hall effect measurement as shown in Figure SS5. The
carrier mobility between pristine perovskite layers and 10%
Bi**-doped perovskite layers have not much difference, which
is consistent with earlier reports.”> According to voltage
division law of series circuit, it can deduce that the applied
electric field on the MAPbCl;/Bi-MAPbBr;/Bi-MAPbL, (Br, s/
MAPbDI; SCPH is mainly distributed in pristine MAPbCIl; and
MAPDI; region, which also could be qualitatively estimated
according to voltage drops across the cross-sectional of the
SCPH shown in Figure S6. The schematic diagrams illustrating
the visible elimination, UV and NIR dual-band light detection
using the SCPH based device with semitransparent gold films
serving as the electrode are depicted in Figure 3d. Only charge
carriers excited in the pristine MAPbCl; layer and MAPbI;
layer can be drifted and collected under a relatively strong
electric field, while the charge carriers excited by visible
photons will be recombined due to absence of electric field in
Bi**-doped MAPbBr; and Bi**-doped MAPbI, (Br, regions.
The measured response spectra as shown in Figure 3e confirms
a well dual band detection ability in broad UV region and
narrow NIR region and band elimination ability in visible
region for as-fabricated SCPH-based PD. The responsivity (R)
refers to the ratio of photocurrent to the incident light
intensity, which can be calculated as

R= L = EQE-—
hv

light

where I, is the photocurrent, Py, is the incident light
intensity, e is the elementary charge, h is Planck’s constant, and
v is the frequency of the incident light. The value of
responsivity at UV and NIR region increases due to larger
collection efficiency under applying larger electric field, while
remains nearly zero in the visible region no matter how the
applied bias for the SCPH device. Furthermore, the external
quantum efficiency (EQE) spectra of the SCPH based PD at
various external bias are shown in Figure S7. By using Fast
Fourier transform of the time dominated dark current, we
achieved the noise power density of the fabricated SCPH dual-
band PD at a bias of 30 V (inset of Figure 3f). The frequency-
independent white noise instead of 1/f noise dominates the
noise behavior indicating relatively few traps in the epitaxy
fabricated SCPH.”>* The shot noise limit (i,) was estimated
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Figure 4. Response spectra of the MAPbCl,/Bi-MAPbBr;/Bi-MAPbI, ;Br, s/MAPbI; SCPH device with a thick pristine perovskite layer (a) and
thin pristine perovskite layer (b) at an external bias of 20 V. Response spectra of the MAPbCl,/Bi-MAPbBr;/MAPbI; three-layers SCPH device
with a thick Bi** doped perovskite layer (c) and thin Bi** doped perovskite layer (d) at an external bias of 20 V. Inset: schematic of the response
spectra measurement for the SCPH device with different structures and thickness.

[.DR=189 dB

365 nm LED illumination

>

805 nm LED illumination

F102
fl DR=75 dB

(a) (b)
365 nm LED illumination 805 nm LED illumination o
10° 4
. < 107
< = 2
g E 107 4
§ § 10'31
. . S 104
107 4 11mWT TGOmW =10 < 5] .
3
10% +— dark (dark —+F 10 10 darrrrm
50 40 30 20 10 00 10 20 30 40 50

—~~
)
~

Voltage (V)

Current (UA)

Current (UA)

T
0 5

T
15
Time (s)

Ty i il ™ fin Bins Bt B B Bl |
10° 10" 10% 10% 10* 105 10710°10"10%10%10%10°

Voltage (V) Light intensity (uW) Light intensity (W)

(d) (e)
;_\ IIII - ’5 IIII - - -
8104 +365 nm LED illumination S 104 805 nm LED illumination
g g
208 £08-
3 g
o) o)
E 0.6 E 0.6 4
S o

0.4 1 0.4+ -
E tra=462 pis E £ =890 ps
2021 ,.36—275 us 2021 12:=695 pis
2 00‘ 2 00 | T IIIII T
0. OOO 0. 051 0.000 0.002 0.004
Time (s) Time (s)
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of ~4.1 X 107> A Hz™"/? at a modulation frequency of 1 Hz by
using the following equation

I, = J2¢,B

where I; is the dark current and B is the bandwidth.
Furthermore, the specific detectivity (D*) can be calculated by

RJAB

Iy

D* =

based on the responsivity (R), effective area of the detector
(A), and dark noise current (i,). The D* value is above 10"
jones (cm Hz'"? W7!) in both UV and NIR bands,
demonstrating the potential application of the device in weak
light dual-color detection. Significantly, the dual band
detection range does not show obvious changes when the
thickness of pristine perovskite layers is different. By
comparing the response spectra of devices with different
pristine perovskite layer thicknesses in Figure 4a,b, we found
the reduced thickness of the MAPbCl, layer from about 2 to
0.4 mm for the SCPH devices still keeps the same response
range in the UV and NIR dual bands. Although the applied
voltage bias is unchanged, the peak responsivity of the SCPH
device in the UV and NIR ranges would rise with the reduced
thickness of the MAPbCI; layer, which could be attributed to
increased charge collection efficiency due to the larger electric
field intensity on the thinner pristine perovskite layer.
Moreover, a simpler three-layer SCPH device with a structure
of MAPbCl;/Bi-MAPbBr;/MAPDI;, as shown in Figure 4c, is
also fabricated to compare the response spectra with the four-
layer SCPH device with a structure of MAPbCl;/Bi-MAPbBr;/
Bi-MAPbI, ;Br,;/MAPbI;. The three-layer SCPH device also
reveals dual-band photodetection capability; however, its
responsivity in the red light waveband rises markedly in
comparison with the four-layer SCPH device due to the
absence of the Bi-MAPbI, Brys layer to block red light
photons. It indicates that the Bi**-doped perovskite layers only
absorb photons with energy above their bandgap but do not
contribute photocurrent. We further fabricated a three-layer
SCPH device by controlling the thickness of the Bi-MAPbBr;
layer to only around 100 pm. The response spectrum
presented in Figure 4d shows that the device with a thinner
Bi-MAPbBr; layer has additional capacity to sense short-
wavelength (around 550 nm) visible photons. The increased
responsivity of short-wavelength visible photons could be due
to the fact that some carriers generated in the thinner Bi-
MAPDBr; layer diffuse to adjacent pristine perovskite layers
and are collected under an electric field.

In addition, more photoelectric detection properties of the
fabricated visible elimination, UV and NIR dual band SCPH
based PD were estimated as following. Figure Sa shows the
current—voltage (I—V) curves of the fabricated dual band
SCPH device under UV monochromatic LED (~365 nm)
illumination with the power density changing from 0 to 11
mW and NIR monochromatic LED (~805 nm) illumination
with the power density changing from 0 to 60 mW. A relatively
low dark current density and a high on/off ratio large than 100
under external bias are attributed to few traps in the lattice-
matched single-crystalline heterojunction. Furthermore, the
carrier mobility-lifetime product of the MAPbCI;/Bi-
MAPDBr;/Bi-MAPbI, (Br,s/MAPbI; SCPH is evaluated as
~107* cm® V7!, as shown in Figure S8 through the voltage
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dependence of the photocurrent fitted using a simplified Hecht
equation

U —d*
I= Io;rr?(l — e~ 4/mU)

where I is the saturated photocurrent, U is the applied voltage,
d is the device thickness, and pr is the mobility-lifetime
product. The variation of photocurrent with the incident
power measured by 365 and 805 nm LEDs for the fabricated
dual band SCPH device is plotted in Figure Sb. The linear
dynamic range (LDR) is commonly expressed on a logarithmic
scale using the following equation

P
LDR = 20 log—2"

low

where Py, and Py, represent the highest and lowest light
intensity within the fitted solid line, respectively. The values of
LDR are measured as about 89 dB for 365 nm light
illumination and 75 dB for 365 nm light illumination at an
applied bias of 30 V. It is worth noting that the measured LDR
might be under-valued due to the limited output power of the
commercial LED. Figure Sc shows on—off curves of the
fabricated dual-band SCPH PD under modulated 10 Hz square
wave light illumination by 365 and 805 nm LED. The dark
current and light current remain almost unchanged, indicating
good response repeatability. Additionally, we also investigate
the response’s long-term stability after about 20 days with the
SCPH device stored in ambient air conditions without any
encapsulation, as shown in Figure S9. After the SCPH device
was stored for a long time, its detection performance for UV
light merely had a slight degeneration, but for NIR light, it
degraded significantly, which could be due to the migration of
mobile ions in MAPDbIL; and low tolerance to environmental
factors such as moisture, oxygen, and illumination for
MAPbL,.>* The transient photoresponses of the fabricated
dual-band SCPH PD under 365 nm LED and 805 nm LED
illuminating are shown in Figure Sd,e, respectively. Its response
speed is evaluated by rise time and fall time, defined as the
time for photocurrent to change from 10 to 90% of its
maximum and vice versa. The rise time and fall time are
measured in hundreds of micrometers and have the potential
to be faster by increasing applied bias or further reducing the
thickness of pristine layers in the SCPH, as shown in Figure
S10.

As a promising and widely concerned communication
technology, optical communication still suffers from severe
data leakage due to inevitably scattering and refracting in all
directions during open transmission.'”’ For instance, if only
through a single visible light band to convey information in
open channels, the data signals will be easily filched just using a
common low-band gap silicon-based PDs sensitive to visible
photons as a receiver. Inspired by some previous works about
encrypted optical communication technology,'”*”*>*® we built
a UV and NIR dual channel double encrypted optical
communication code system based on the fabricated specific
dual-band SCPH PD as receiver terminal, while three
commercial monochromatic LEDs with different central
wavelengths of 365 nm (UV), 520 nm (visible), and 805 nm
(NIR) as the cyphertext signal emitter, noise signal emitter,
and key signal emitter, respectively. In our double encrypted
optical communication, cyphertext signals carried by UV light
and noise signals carried by visible light are superposed
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Figure 6. (a) Protype of the chaos light-based optical communication system for the fabricated dual-band SCPH PD and commercial Si PD. (b)
Photocurrent intensity received by the fabricated dual-band SCPH PD and commercial Si PD, respectively, for 365, 520, and 805 nm
monochromatic LED emitted light on—off signals. (c) Mixed light for encrypted cyphertext signal transmitting with corresponding code for driving
365 and 520 nm LED, respectively. (d) Contrast of photoresponse characteristics received by the dual-band SCPH PD and Si PD for mixed 365
and 520 nm light signal in (c). (e) Mixed light for encrypted key signal transmitting with corresponding code for driving 365 and 520 nm LED,
respectively. (f) Contrast of photoresponse characteristics received by the dual-band SCPH PD and Si PD for mixed 805 and 520 nm light signal in

C).

together for the first encryption transmission, and then key
signals carried by NIR light and noise signals carried by visible
light are superposed together for the second encryption
transmission. The double encrypted transmission process
increases the difficulties of signal decoding; it is workable
using a specific visible-elimination UV/NIR dual-band PD as
the receiver terminal, while the eavesdropper hardly decodes
valid signals by using common PDs as receivers under the
condition of unknown correct modulation wavelengths. As
shown in Figure 6a, to confirm the effectiveness of confidential
signal transmission, a common commercial silicon (Si)
photodiode is added beside our SCPH PD as a signal receiver.
As shown in Figure 6b, when the three monochromatic LEDs
are turned on and off step by step, the fabricated SCPH PD
only receives the light signal emitted by the 365 nm LED and
the 805 nm LED, while a commercial silicon PD responds to
all three monochromatic LEDs due to the broad spectra
photosensitivity shown in Figure S11. Theoretically, the as-
fabricated specific dual-band SCPH PDs can receive the valid
information carried by 365 nm UV light and 805 nm NIR light
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without 520 nm visible light interference, while the common
commercial Si PDs will receive chaotic data that is useless.
Furthermore, we verified the proposed double-encrypted
optical communication with all the data processing procedures
based on the binary system. For the received current signals by
PDs, the dark current level signal and photocurrent level signal
are defined as “0” and “1”, respectively. First, in the encrypted
cyphertext signal transmitting process, driver signals for 365
and 520 nm LEDs are presented in Figure 6¢ to output mixed
light signals including cyphertext signals (ASCII codes means
“CN”) and random noise signals. Our fabricated specific dual-
band PD received correct current signals as same as cyphertext
signals emitted by 365 nm LEDs, while the commercial Si PD
received coherent current signals from 36S and 520 nm lights
that cannot be correctly decoded using ASCII codes, as seen in
Figure 6d. Then similarly, in the encrypted key signal
transmitting process, mixed light signals, including key signals,
and random noise signals are output for transmitting encrypted
key signals, and the driving signals for 805 and 520 nm LEDs
are presented in Figure 6e. The correct key signals can be
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recorded and successfully decoded as “+U” using ASCII codes
by our specific dual-band SCPH PD, while the correct key
signals cannot be received by the commercial Si PD due to the
interference of 520 nm light, as shown in Figure 6f. Only
correct cyphertext data and correct key data are received
together; the final valid original plaintext can be further
decoded according to the preagreed algorithm between
cyphertext and key. Predictably, using NPDs with a single
waveband response as receivers also hardly obtains a valid
original plaintext in double-encrypted optical communication if
the correct modulation wavelength is not known, as shown in
Figure S12. It is clear that visible elimination, UV, and NIR
dual-band SCPH PD can decode encrypted information
accurately from chaotic light signals based on its own specific
photodetection characteristics and contribute to achieving
secure optical communication without relying on complicated
algorithms.

B CONCLUSIONS

In summary, in this work, we report a novel dual-band PD
based on MAPbLCl;/Bi-MAPbBr;/Bi-MAPbL, (Br, ;/MAPbI,
SCPH, which senses to both a broad range (cutoff wavelengths
of 425 nm) corresponding to UV lights and a narrow range
(wavelengths from 750 to 880 nm) corresponding to NIR
lights, while blinding to visible light in-between the two
wavebands. The special ability of visible elimination, UV/NIR
dual band detection, is attributed to forming a discontinuous
electric field distributed in the SCPH by controlling the doping
position of bismuth. The lattice-matched dual-band SCPH
could be fabricated facially by a low-cost LPE process without
any complex technology and shows considerable photo-
detection performance, such as R of tens of mA W', LDR
of around 80 dB, D* greater than 10" Jones, and response
speed of hundreds of microseconds. Benefiting from the high
photosensitivity in the UV and NIR wavelength regions and
the rejected response in the visible wavelength regions for the
dual-band SCPH PD, we built a double encryption system for
security optical communication by hiding the cyphertext
signals and key signals in the chaos signals of the transmitter
light. For encrypted light signal transmitting, mixed UV /visible
light, including encrypted cyphertext signals, and mixed NIR/
visible light, including key signals, are sent separately. The as-
fabricated specific visible-elimination UV/NIR dual-band
SCPH PD presents the accurate and confidential identification
ability of signal decoding from chaos lights and realizes secure
optical communication that is more superior than common
single broad and narrow band PDs.
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