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Dual-Band Perovskite Bulk Heterojunction Self-Powered
Photodetector for Encrypted Communication and Imaging

Fa Cao, Tingting Yan, Ziging Li, Limin Wu,* and Xiaosheng Fang*

Self-powered, dual-band photodetection of electromagnetic signals promises
wide photoelectric applications in imaging, communication, environmental
monitoring, and rescue. However, most reported dual-band photodetectors
(PDs) based on various heterojunctions are realized by complex fabrication
processes, which may introduce defects in the depletion layer. Here, first, a
self-powered dual-band PD based on lead-free perovskite bulk heterojunction
(Cs3Bi,Bry/Cs;3BiBrg) fabricated by a one-step spatial confinement method is
demonstrated. Its two peaks of self-powered responsivities are 59.4 mA W'

respond to different wavelengths of light.
Dual-band optical signal is modulated in
different forms which increases the dif-
ficulties of the signal decoding if the cor-
rect modulation wavelength is not known.
Furthermore, the third generation of
imaging technology also calls for low-cost,
high-resolution imaging with dual-band
imaging capability.). PDs with multi-
spectral detection capability can address

at 360 nm and 3.09 mA W~ at 450 nm. A high on/off ratio (18881), fast
response speed (rise time 200 ns; decay time 1.09 Ls), high detectivity

(1.2 X 102 Jones), and cycle stability are realized under UV band, which
exceeds most reported state-of-the-art lead-free halide perovskite PDs. The
dual-band PD is suitable for encrypted communication and image sensing.
This research represents a new frontier in the search for novel dual-band
high-performance PDs based on lead-free perovskite bulk heterojunction

fabricated by low-cost and simple fabrication methods.

1. Introduction

Photodetectors (PDs) with the ability to convert optical signals
into electrical signals which can realize the transmission of
information, exhibiting great possibilities for the development
of Internet of things devices.l However, traditional PDs, which
respond only to a single frequency band, may face the risk of
signal leakage if the wavelength of the propagating signal is
leaked and broadband PDs face signal interference since it can

F. Cao, T. T. Yan, L. M. Wu, X. S. Fang

Department of Materials Science

Fudan University

Shanghai 200433, P. R. China

E-mail: Imw@fudan.edu.cn; xshfang@fudan.edu.cn
F. Cao

Zhangjiang Fudan International Innovation Center
Shanghai 201210, P. R. China

Z.Q.Li, X.S. Fang

Institute of Optoelectronics

Fudan University

Shanghai 200433, P. R. China

L. M. Wu

College of Chemistry and Chemical Engineering
Inner Mongolia University

Hohhot 010021, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202200786.

DOI: 10.1002/adom.202200786

Adv. Optical Mater. 2022, 10, 2200786

2200786 (1 of 7)

these requirements to a certain extent.!
Over the past few decades, self-powered
multispectral photodetection has garnered
much attention due to its capability to
detect more than one band, leading itself to
potential application in imaging, remote-
sensing, missile warning, and encrypted
communications, etc.*®  Accordingly,
researchers have expanded the inherent
detection range from the absorption limit
of one single material by constructing of
heterojunctions with different absorption
ranges. A number of self-powered ultraviolet (UV)/UV,
UV)visible,”l and UV/infrared? dual-band PDs have been pro-
posed. However, these multi-band PDs rely on two different
materials, which could experience lattice and thermal mismatch
between the semiconductors during epitaxial growth.?!!l There-
fore, there is a growing demand for simpler and more cost-
effective approaches to fabricating dual-band photodetectors.
Recently, metal halide perovskites have attracted worldwide
research attention because of their diverse facile and easy
synthesis methods, tunable direct bandgap, high carrier
mobility, large optical absorption coefficient, and high sensi-
tivity and stability for photon detection.'”8] However, the
most-researched lead-based perovskites are limited for practical
applications because of the toxicity of lead.”?% Tin has been
considered as a promising alternative for lead-free perovskites
because of their similar atomic radius.?!l However, the oxida-
tion of Sn?" to Sn*" makes the tin-based perovskites unstable
in air. Alternatively, bismuth (Bi)-based perovskites have been
found possessing long-term stability and featuring excellent
photosensitivity, so they have obtained more research attention
and are regarded as promising lead-free perovskite materials.[??l
Among these materials, compounds of cesium bismuth
halides are particularly interesting because of their struc-
tural diversity.?3] Cesium bismuth bromide compounds with
different structures and stoichiometry have been reported:
Cs;3Bi,Brg, and Cs3;BiBrg.Researchers have investigated the
photodetection properties of Cs;Bi,Bry (direct bandgap =2.6 eV)
by combining it with various other semiconductors. However,
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there is no report regarding dual-band photodetection PDs
based on Cs;Bi,Bro.[2*24 Cs;BiBrg (direct bandgap 3.2-3.4 eV),
on the other hand, has been discovered only recently and there
is disagreement over its crystal structure. Because the energy
bandgaps of Cs;Bi,Bry and Cs;BiBrg are different and they
have the same constituent elements and preparation methods,
therefore, it is feasible to make Cs;Bi,Brg/Cs;BiBrg (CBB) bulk
heterojunction in one step to realize self-powered dual-band
PDs.

Here, we demonstrated the fabrication of a high-performance,
self-powered, and dual-band perovskite (CBB) bulk heterojunc-
tion by a one-step spatial confinement method. The Au-CBB-ITO
PD possesses a UV main band (360 nm) with a self-powered
peak responsivity of 594 mA W and a blue sub-band
(450 nm) with a self-powered peak responsivity of 4.09 mA W,
A high on/off ratio (18881), fast response speed (rise time
200 ns; decay time 1.09 ps), high detectivity (1.2 x 10" Jones),
high external quantum efficiency (EQE; 20.37%), and cycle
stability were realized under the UV band at 0 V bias. The dual-
band PD can be well applied in encrypted communications and

www.advopticalmat.de

image sensing systems. Our research represents a new frontier
in the search for novel dual-band high-performance PDs based
on lead-free perovskite bulk heterojunction materials with
structural diversity.

2. Results and Discussion

The fabrication process, PD structure, and device characteriza-
tion method are shown in the Supporting Information, experi-
mental section (Figure S1-S3, Supporting Information). The
morphology, size, and growth mechanism of CBB micron flakes
are also illustrated in the Supporting Information (Figure S4
and S5, Supporting Information). The CBB X-ray diffraction
pattern is displayed in Figure 1a. The diffraction peaks with
260 of 18.21°, 2731°, 32.44°, 39.15", 46.17°, 56.13°, 66.58°, and
78.07" are indexed to the (002), (003), (202), (104), (005), (006),
(007) and (008) crystal facets of the hexagonal-phase Cs3Bi,Bry
(JCPDS # 44-0714), demonstrating its [001] growth direction.
Three small peaks centered at 19.24°, 24.39°, and 28.51° are
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Figure 1. a) X-ray diffraction (XRD) pattern of Cs3Bi,Brg/Cs3BiBrg micron flakes and the calculated Cs3;BiBrg XRD pattern. b) Raman spectra of
Cs3Bi,Brg/Cs;BiBrg micron flakes; the inset shows the corresponding optical image (scale bar 200 um). c) Height profile along the line shown in the
inset. d) PL spectra of Cs;3Bi,Brg/Cs3BiBrg. €) TEM image of the interface of Cs3Bi,Brg andCs;BiBrg. f-h) EDS maps corresponding to (e). i) HRTEM
image of the interface of Cs3Bi,Brg/Cs;BiBrg. j,k) Enlarged view corresponding to the upper right and lower left zone of (i), respectively. I) Selected area
electron diffraction SAED patterns corresponding to (i).
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ascribed to the (202), (222), and (004) crystal facets of Cs;BiBrg
(space group: pl) as calculated by VESTA software. No other
miscellaneous phases and elements proved by XPS data
(Figure S6, Supporting Information) were found, indicating the
purity of the bulk heterojunction.

Raman spectroscopy was also used to confirm the bulk heter-
ojunction of Cs3Bi,Bry and Cs3;BiBrg. Three main peaks located
at 131.3, 161.2, and 190.4 cm™ are observed from 100 to 300 cm™,
and the peaks centered at 161.2 cm™ can be fitted by two
Gaussian peaks lies in 160.1 and 166.1 cm™.12>?4 Sharp peaks
at 190.4 and 166.1 cmagrees closely with the Raman spectrum
from the Cs;Bi,Bro, corresponding to the Ay, and E, normal
modes of Bi-Br vibrations in the corner-sharing [BiBrg]>~ octa-
hedral, respectively. Although Cs;BiBrg also contains [BiBrg]*~
complexes, the octahedral are isolated and do not share corners,
resulting in two peaks centered at 161.2 and 131.3 cm™; they
are quite different from those detected in Cs;Bi,Brg.The length
of the CBB micron flakes reached 600 um (inset of Figure 1b)
with a thickness of =5 um (Figure 1c). Figure 1d shows the PL
spectrum of the CBB micron flakes with a broad peak from
340-530 nm. The broad peak can be fitted by three peaks
centered at 387, 449, and 487 nm, which can be respectively
ascribed to the direct bandgap electrons and holes recombi-
nation of Cs;BiBrg and Cs;Bi,Bry and the indirect bandgap of
Cs;Bi,Bro, respectively.?>2¢l Two absorption peaks centered near
380 and 450 nm can be ascribed to the bandgap of Cs3;BiBrg and
Cs3Bi,Bry, respectively(Figure S7, Supporting Information).?2%]

Cross-sectional transmission electron microscopy (TEM)
images and the corresponding EDS mappings are shown in
Figure le-h. The upper Bi- and Br-rich layer can be indexed to
Cs;3Bi,Bry and the lower layer may be ascribed to Cs;BiBrg and
Cs;3Bi,Bry composites. High-resolution TEM (HRTEM) imaging
and selected area electron diffraction pattern (Figure 1i-l)
were performed to further prove the crystallization shown in
Figure le. Clear lattice fringes with an interplanar lattice spacing
0f0.29 and 0.31 nm (Figure 1j) correspond to the (103) planes of
Cs;3Bi,Bry and the (004) planes of Cs;BiBrg, respectively, indi-
cating that the lower layer is made up of polycrystalline Cs;BiBrg
and Cs;Bi,Bry. The lattice spacing of 0.98 nm (Figure 1k) corre-
sponds to the (001) planes of Cs3Bi,Bry, proving the upper layer
is made up of single crystalline Cs;Bi,Brg with [001] growth
direction. All these characterizations indicate the successful
fabrication of Cs3;BiBrg and Cs3Bi,Brg bulk heterojunction.

Two different structures photodetectors were named as PD1
(horizontal) and PD2 (portrait), as shown in Figure S2, Supporting
Information. The photoelectric properties of PD1 and PD2 were
investigated in ambient condition by using two-probe methods.
Figure S8a,b, Supporting Information shows the current-voltage
(I-V) curves of PD1 and PD2, respectively, in the dark and light
(360 and 450 nm) conditions. The results clearly show that both of
the PDs are sensitive to 360 and 450 nm light. PD2 demonstrates
obvious rectifying behavior (in dark) and enhanced photocurrent
which may be due to the asymmetric electrode. Figure S9a,b,
Supporting Information is the corresponding current-time (I—)
curves under 2-V bias, showing good stability and periodicity of
the two PDs, under both 360 and 450 nm light.

L—14

The spectral responsivity (R= , where [ is the

light current, I is the dark current, P is the power density,
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and A is the effective light area) indicates how efficiently a
detector responds to optical signals.l?’ The spectral detectivity

(D' = 2 A e =16 x 10 C) reflects the ability to detect
€lg

weak signals from a noisy environment.’¥ These parameters
were used to evaluate the performance of PD1 and PD2.
Figure S10 and S11, Supporting Information shows the spectral
response [t curves of PD1 and PD2, respectively. Figure 2a,b
shows the R (left axis) and D* (right axis) values for PD1 and
PD2, respectively, at 2 V bias. Both PDs exhibit dual-band
photodetection ability with peak R and D* values centered at
360 and 450 nm, respectively. PD2 exhibited an R of 225.5 mA W~!
(at 360 nm) and 10.7 mA W' (at 450 nm), which is 29.3 and
8.9 times of that of PD1 with an R of 77 mA W' (at 360 nm)
and 1.2 mA W! (at 450 nm). In the meantime, the D* values
of PD2 were 1.7 X 10'2 Jones (at 360 nm) and 8.7 x 10'° Jones
(at 450 nm) which is 5.8 and 1.9 times of that of PD1 with D*
of 2.9 x 10" Jones (at 360 nm) and 4.5 x 10 Jones (at 450 nm).

The It curves of PD1 and PD2 with respect to the increased
light intensities are shown in Figures S12 and S13, Supporting
Information, respectively. The photocurrent values of both PDs
increase as the light intensities increase, which matches well
with the fact that the photo-generation efficiency of charge
carriers is proportional to the absorbed photon flux. The
corresponding dependence of photocurrent on light intensity
(I = P?)BY is shown in Figure 2c. The value 8 (0.5 < 6 < 1)
determines the response of photocurrent to light intensity,
depending on the processes of electron-hole generation,
trapping, and recombination. The values of 6 were calculated as
0.86 and 0.69 for PD2 and PD1, respectively. The large 6 value
of PD2 means that the photo-generated carriers are less recom-
bined, which may be due to the reduced electrode distance and
asymmetric electrode. The shorter electrode distance reduces
the probability of carriers being trapped, and the potential
difference between asymmetric electrodes accelerates the
transport of electrons and holes. Figures S14 and SI15,
Supporting Information show the I-t curves of PD1 and
PD2 under different voltage conditions (with 360 nm light at
2.09 mW cm™2). It can be seen that the responsivity is enhanced
with the increase of applied voltage; however, the on/off ratio is
decreased.

The photodetection ability of PD2 under 0-V bias was further
characterized to evaluate its self-powered performance.
Figure 2c shows the I-t curves of PD2 performed at different
light intensities (360 nm; 0 V). The photocurrent increased with
the increasing UV light intensity while the dark current was
almost unchanged. The corresponding on/off ratio is increased
from 818 (0.03 mW cm™?) to 18881 (2.09 mW cm™2) and the
corresponding fitted 6 is 0.79, as illustrated in Figure S16,
Supporting Information.

Figure S17, Supporting Information shows the I-t curve of
the spectral response of PD2 under 0-V bias; the calculated R
(left axis) and D* (right axis) values are shown in Figure 2e.
High self-powered R values of 59.4 mA W' (at 360 nm) and
3.09 mA W (at 450 nm) and D* values of 1.2 x 10'? Jones
(at 360 nm) and 6 x 10'° Jones (at 450 nm) were attained. The

R124 100%; R is

external quantum efficiency (EQE; EQE =

in units of mA W, 1 is the wavelength of light)(3?! denotes the
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Figure 2. a,b) Responsivity and detectivity spectra for the PD1 and PD2, respectively, at 2 V; the inset shows the corresponding structure of PD1 and
PD2. c) Photocurrent of PD1 and PD2 as a function of light intensity. d) It curves of PD2 under varying UV light (360 nm) intensity at 0 V. e,f) Respon-
sivity, detectivity, and external quantum efficiency (EQE) spectra of PD2 (360 nm; 0 V). g) Transient photoresponse for the PD2 under excitation of a
355 nm pulsed laser. h) First and last three cycles of 700 cycles of /-t curves of PD2 under a 365 nm UV lamp. i) I-t curves of PD2 measured after 30 days.

number of electrons and holes produced by an incident photon.
A high EQE of 20.37% was achieved at 360 nm UV light (0 V),
as shown in Figure 2f.

Fast response speed to light signals is crucial to high-
performance PDs. Figure 2g shows the pulse response of
PD2, and Figure S18, Supporting Information shows the
photoresponse measurement system. The PD exhibits state-
of-the-art response speed with a rise time of 200 ns and decay
time of 1.09 us. The decay time can be fitted by the equation:
I=1I+Age™/™ + Aje”/™3 The fitting 7, and 7, values are
both 370 ns, demonstrating the fast recombination speed of
electrons and holes when the light is off. The performance of
our PD is better than that of other literature reports, as shown
in Table S1, Supporting Information.

In practical applications, stability is another significant para-
meter for perovskite PDs. Continuous illumination and environ-
mental stability hinder long-term operation of the PDs.?¥ To
determine the performance stability of the as-prepared CBB
photodetectors, we first investigated the stability under con-
tinuous ultraviolet illumination with a 365 nm UV lamp. The
PD2 maintained 96.8% photodetection ability after 700 cycles

Adv. Optical Mater. 2022, 10, 2200786
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(=16 000 s) of continuous measurement, as shown in Figure 2h
and Figure S19, Supporting Information. In addition, steady
performance with only a small amplitude decay was achieved
even after 30 days (Figure 2i). Furthermore, a flexible PD1-type
dual-band PD with a certain degree of flexibility was fabricated
on a PET substrate and exhibited good photodetection ability
(Figure S20, Supporting Information), meeting the demands
for flexible devices. The high performance and stability of
CBB-based PDs shed light on their application in light commu-
nication and imaging prospects.

PD2 showed excellent self-powered photoresponse to UV
(360 nm) and visible light (450 nm). The photocurrent signals
could be regulated by the wavelength and intensity of incident
light. The PD as the receiving terminal of the optical signal
could output different photocurrent states under both pulsed
light. When the PD was illuminated by 360 nm light, the
output electrical signals were defined as “sm” and the electrical
signals was defined as “«” when it was illuminated by 450 nm
light (Figure 3a). A series of changing light signals was illumi-
nated on the PD, resulting in the electrical signals shown in
Figure 3b, in which the current of approximately 400 pA is

© 2022 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of the PD2 under monochromatic light, respectively. b) /- curve of PD2 under a specific period of light and the
corresponding light signal. ¢) The Morse Code. d) Result analyzed from the light signal of (b). e) Schematic diagram of the PD2 under dark, 360, 450,
and mixed light (360 and 450 nm). f) It curves corresponding to the condition of (e).

denoted “mm” and the current of =50 pA is denoted “<”. When
decoding the current signals by Morse code (Figure 3c), the

(2

a 360nm ©

450 nm
Photocurrent: pA Photocurrent: pA
o

Figure 4. a,b) Schematic diagram and optical photographs of the imaging
device. ¢,d) Imaging results of PD2 under 360 nm (2.09 mW cm~2) and
450 nm (2.05 mW cm™2) light, respectively.
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message “FDU 1905” was obtained (Figure 3d). Furthermore,
the output current under dark, monochromatic UV, or visible
light and the mixed light (schematics shown in Figure 3e) is
shown in Figure 3f; the photocurrent under the mixed light
was the linear superposition of the photocurrent under mono-
chromatic UV or visible light. Thus, the signals “00”, “01”, “10”,
and “11” can be controlled by turning on and off specific inci-
dent light, as shown in the inset of Figure 3f, demonstrating
a great application prospect of our PD in modern communica-
tion technology.

In order to explore the possibility of the CBB heterostruc-
ture-based PD for device integration applications, the PD’s light
imaging capabilities were explored. As schematically shown in
Figure 4a, gold electrode arrays were fabricated on the surface
CBB surface (unit electrode size 50 x 50 pum; the transmit-
tance is shown in Figure S21, Supporting Information). While
keeping the testing system still, the current of each device unit
was recorded one-by-one by traveling one probes connecting
with the top Au electrode. We tested the CBB photoresponse
current under UV (360 nm) and visible (450 nm) light in the
shape of the letters “FDU”, as shown in Figure 4b. Careful
analysis found that all device units had dark current with an
average value of =107* A, and an average photocurrent values of
=107% A (360 nm) and =107 A (450 nm), at a bias of 0 V and the
data is given in Figure S22 and Tables S2, Supporting Informa-
tion. After measurement of all units, the results were described
by a 2D current contrast map. Significantly, as observed in
Figure 4c,d, the shape of “FDU” could be clearly identified
when the device was illuminated by 360 or 450 nm light, which

© 2022 Wiley-VCH GmbH
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Figure 5. Proposed mechanism of photo-generated carriers transfer between Cs;Bi,Brg and Cs3BiBrg heterostructure under a) 450 nm, b) 360 nm, and

c) mixed light (450 and 360 nm) irradiation.

implies that the preliminary dual-band light imaging function
of the CBB-based PDs may meet the demands of the third-
generation imaging technology. The narrow fluctuations of
the photocurrent further suggested a uniform photo-response
performance. Such a good uniformity of the device perfor-
mance can be attributed to the small variation of the CBB bulk
heterostructure, which also suggests a great potential for inte-
grated device applications.

The crystal structures of Cs;Bi,Bryg and Cs;BiBrg are illus-
trated in Figure S25a, Supporting Information and the
corresponding Brillouin zone and high-symmetry points
are shown in Figures S23 and S24, Supporting Information,
respectively. Band structures and the partial and total density
of states (PDOS/TDOS) for Cs;Bi,Brgand Cs3;BiBrgwere simu-
lated using the density functional theory method as shown in
Figure S25b—e.>>-38 The direct band gap value was calculated as
approximately 2.59 eV for Cs;Bi,Brg and 3.42 eV for Cs;BiBr.
The simulated band gap values differed little from those of
the experimental results (2.69 eV for Cs3Bi,Bry and 3.26 for
Cs3BiBrg), which may be resulted from the well-known limita-
tion of GGA.B3% A flatter energy band is associated with stronger
localization of the charge carriers. Thus, the mobility of both
electrons and holes in Cs;BiBrgis lower than that of Cs;Bi,Bry.
Furthermore, the valence band maximum (VBM) of Cs;Bi,Brg
originated mainly from Bi 6s and Br 4p, and the conduction
band minimum (CBM) is attributed mainly to Bi 6p and Br 4p.
The VBM of Cs;BiBry is composed mainly of Bi 6s and Br 4p,
and the CBM is composed mainly of Bi 6p, Br 4p, and Cs 6s.

The flat-band potentials of semiconductors are calculated
by applying the Mulliken electronegativity theory for atoms

(x= % ; where y is electronegativity of atoms, I and A repre-
sents first ionization energy and electron affinity, respectively)
as follows:®>) Ecp = y, — E° — 1/2E, and Eyg = Ecp + E,. Here
Ecg and Eyyp are position VBM and CBM, respectively; y, repre-
sents the electronegativity and can be estimated by the geometric
mean of the electronegativity of the constituent atoms; E° is the
energy of free electrons on the hydrogen scale (=4.5 eV) and E,
is the energy bandgap. The calculated results for Cs;Bi,Brg and
Cs3BiBrg are summarized in Tables S3 and S4, Supporting Infor-
mation. The flat-band position for Cs;Bi,Bry/Cs;BiBrgis schemed
in Figure S25f, Supporting Information, and a staggered type II
band alignment is formed. The CBB Fermi level was calculated
by Scanning Kelvin probe force microscopy with an values of
approximately 4.94 eV (Figure S26, Supporting Information).
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The schematic of the new structure bulk-heterojunction is
illustrated in Figure S27, Supporting Information. When the
PD was illuminated by monochromatic visible light (450 nm,
Figure 5a), only the electrons at the valence band (VB) of
Cs;3Bi,Bry were excited to the conduction band (CB), and the
holes generated at the VB will were transmitted to the VB of
Cs3BiBrg. Electrons were generated in both of Cs3;Bi,Bry and
Cs3BiBrg, when illuminated by monochromatic UV light is on
(360 nm, Figure 5b). Furthermore, the electrons were transmitted
to the CB of Cs;Bi,Brg from Cs;BiBr,, while the holes in the VB
were transmitted in the opposite direction. This phenomenon
contributes to the dual-band photodetection of the PD. When
mixed light (360 and 450 nm) is used, there will be more carriers
are generated in the PD, as shown in Figure 5c, enhancing the
photocurrent of the PD when it is illuminated by mixed light.

3. Conclusion

Ultra-high performance, self-powered, and dual-band photo-
detectors based on lead-free Cs;Bi,Bry/Cs;BiBr; perovskite bulk
heterojunction were successfully fabricated by a simple one-step
spatial confinement method. The PD possesses a UV main band
with a self-powered peak responsivity of 59.4 mA W' at 360 nm
and a visible sub-band with a peak responsivity of 3.09 mA W-!
at 450 nm. A high on/off ratio (18881), fast response speed
(rise time 200 ns; decay time 1.09 ps), high detectivity
(1.2 x 10' Jones), and cycle stability were realized under the
UV band at 0 V bias. Furthermore, the proposed dual-band PD
can be well applied in the encrypted communication and image
sensing fields. Our results open a new frontier in the search
for novel dual-band high-performance PDs based on lead-free
perovskite bulk heterojunction featuring structural diversity.
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Supporting Information is available from the Wiley Online Library or
from the author.
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