
Photoimaging with Color-Sensing Abilities by Tuning the Band Gap
of a Single-Crystal Lead-Free Perovskite
Fa Cao, Xiaolei Deng, Xinya Liu, Li Su, Enliu Hong, Limin Wu,* and Xiaosheng Fang*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 28158−28165 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Photodetectors (PDs) composed of lead-free metal halide perovskites
have been a shining topic in optoelectronics. However, it is debatable whether
perovskites are an n-type or p-type semiconductor with a direct or indirect band gap.
Furthermore, to date, little research has been conducted on lead-free metal halide
perovskites with color-sensing abilities. Herein, for the first time, single-crystal
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites were systematically studied, and the
results showed that MA3Bi2I9 is a p-type direct-band-gap semiconductor, whereas
MA3Bi2Br9 is an n-type indirect-band-gap semiconductor. Furthermore, the band gap
of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites can be systematically tuned from
2.06 to 2.55 eV, affording it with color-sensing abilities from 450 to 580 nm,
respectively. The representative Au-MA3Bi2I9-ITO (ITO = indium tin oxide) PD
exhibits a superior self-powered photodetecting performance with a high responsivity
(15.8 mA W−1; 580 nm, 1.0 mW cm−2), detectivity (8.1 × 1011 Jones), an on/off ratio
(4231), LDR (72.5 dB) and a fast response speed (rise time of 2 μs and decay time of
29 μs). This study not only facilitates the theoretical understanding of the band gap of perovskite materials but also sheds light on
the application of lead-free perovskites in object interaction and color perception.
KEYWORDS: photoimaging, color-sensing, band-gap-tunable, lead-free perovskite, MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3)

1. INTRODUCTION
With the development of modern society, automatic driving
and object interaction play an increasingly important role in
today’s scientific and technological life.1,2 Therefore, it is
necessary to develop sensors with multiple functionalities to
satisfy our daily demands. Photodetectors (PDs), as one of the
most important sensors that can convert light signals to electric
signals, have aroused great interest due to their applications in
fields such as information exchange, space exploration,
imaging, and so forth.3−5 PDs with different functionalities
have been well developed; for example, dual-band PDs have
been fabricated for light communication, and ultraviolet (UV)
PDs have been fabricated for imaging, issuing UV warnings,
and wide-angle field-of-view cameras.6−8 Yet, little research has
been conducted on PDs with color-recognition abilities.
Commercial Si PDs realized color-sensing abilities but require
expensive filters or complex algorithms. Integration of various
PDs with different light-sensitive materials and detecting
capacities is a feasible way to realize color recognition.9

Fortunately, metal halide perovskites can realize continuous
adjustment of the band gap by adjusting the proportion of
halogen atoms, demonstrating huge application prospects in
color sensing.2,10 For example, Sun et al. fabricated color-
sensitive PDs by adjusting the proportion of halogen atoms in
polycrystalline MAPbIyX3−y (X = Cl and Br) perovskite thin
films.9 Mai et al. fabricated an interesting perovskite-based

color camera, finding a pathway for the development of
cameras and imitation of the natural eye.11 However, the
toxicity of Pb impedes the development of Pb-based
perovskites. Therefore, environmentally friendly band-gap-
tunable perovskites with color-sensing abilities are urgently
needed.12

Among the possible elements that can be substituted for Pb
in perovskites, Bi3+ exhibits the same electronic configuration
as Pb2+. Some emerging Bi-based perovskites and derivatives
have been experimentally characterized and exhibit out-
standing optoelectronic properties.13 Our previous study
reported that the Cs3Bi2Br9/Cs3BiBr6 perovskite-based bulk
heterojunction demonstrates a self-powered photodetecting
ability with an ultrahigh on/off ratio (18881) and a fast
response speed (200 ns/1.09 μs).7 Weak light (10 pW cm−2)
detection and imaging sensing applications were realized using
self-powered SnO2/Cs3BiI10.

14 While Bi-based perovskites
have been developed for a long time, Bi-based perovskites
still two controversial questions that need to be resolved:15 (1)
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Is a Bi-based perovskite an n-type semiconductor or a p-type
semiconductor? (2) Does a Bi-based perovskite have a direct
or an indirect band gap? Solving these two controversial
questions can further guide the future development of high-
performance perovskite PDs. Moreover, A3Bi2X9 (A = Cs, MA,
etc.; X = Cl, Br, and I) perovskites exhibit a series of
outstanding photoelectrical properties and a band gap that can
be tuned by changing the elements at the X site; therefore,
A3Bi2X9 (A = Cs, MA, etc.; X = Cl, Br, and I) perovskites
satisfy our demand for color-sensing abilities.13,16

Herein, for the first time, single-crystal MA3Bi2I3xBr9−3x (x =
0, 1, 2, and 3) perovskites with color-sensing abilities (450−
580 nm) were fabricated via a spatial confinement method.
The results showed that MA3Bi2I9 is a p-type direct-band-gap
semiconductor, whereas MA3Bi2Br9 is an n-type indirect-band-
gap semiconductor. The energy band gap of MA3Bi2I3xBr9−3x
(x = 0, 1, 2, and 3) perovskites can be systematically tuned
from 2.06 to 2.55 eV by increasing the I content, allowing
them to exhibit color-sensing abilities from 450 to 580 nm,
respectively. The Au-MA3Bi2I9-ITO (ITO = indium tin oxide)
PD exhibits a high self-powered responsivity (15.8 mA W−1;
580 nm; 1 mW cm−2), detectivity (8.1 × 1011 Jones), an on/off
ratio (4231), LDR (72.5 dB), and a fast response speed (rise
time = 2 μs and decay time = 29 μs). This study not only
solves some controversial questions about Bi-based perovskites

but also shows the great application prospects of
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites in object
interaction and color perception.

2. EXPERIMENTAL SECTION
2.1. Fabrication of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) on the

Substrates. 1.5 × 1.5 cm glass/ITO substrates were sequentially
cleaned with water and ethanol in an ultrasonic bath and dried with
nitrogen. Before the growth process, 0.12 g of MAI (AlfaAesar Co.,
Ltd.; 99.7%) and 0.29 g of BiI3 (AlfaAesar Co., Ltd.; 99%), 0.08 g of
MABr (AlfaAesar Co., Ltd.; 99.7%) and 0.22 g of BiBr3 (AlfaAesar
Co., Ltd.; 99%), 0.12 g of MAI (AlfaAesar Co., Ltd.; 99.7%) and 0.22
g of BiBr3 (AlfaAesar Co., Ltd.; 99%), and 0.08 g of MABr (AlfaAesar
Co., Ltd.; 99.7%) and 0.29 g of BiI3 (AlfaAesar Co., Ltd.; 99%) were
mixed and dissolved in 1 mL of N,N-dimethylformamide (DMF,
99.8%) solvent, respectively, at room temperature to prepare the
solutions. The solutions are shown in Figure 1a, with the color
changing from dark red to light yellow (from MA3Bi2I9 to
MA3Bi2Br9). A total of 1 μL of the solution was transferred to the
center of the glass, which was covered by the target substrate. The
growth temperature was maintained at 70 °C for 24 h. The detailed
fabrication process is given in Figure 1b and our previous report.6

2.2. Characterization of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3).
The crystal phase, size, and morphology of MA3Bi2I3xBr9−3x (x = 0, 1,
2, and 3) were determined via X-ray diffraction (XRD; Cu Kα
radiation source, λ = 0.15418 nm), optical microscopy (Olympus),
field-emission scanning electron microscopy (SEM; FEI Nova

Figure 1. (a) Precursors and (b) fabrication process. (c1−f1) Bright- and dark-field optical microscopy images of MA3Bi2I9, MA3Bi2I6Br3,
MA3Bi2I3Br6, and MA3Bi2Br9, respectively. The insets are height profiles of the corresponding microplates (scale bar = 200 μm). (c2−f2)
Corresponding SEM images. The insets are the atomic ratios of Bi, Br, and I.
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NanoSEM 430), and transmission electron microscopy (TEM; JEOL
JEM-2100F). The thickness of MA3Bi2I3xBr9−3x was measured using a
Step Profiler. The elemental information on MA3Bi2I3xBr9−3x was
collected via X-ray photoelectron spectroscopy (XPS; Thermo Fisher
ESCALAB 250; Al Kα X-ray radiation) and energy-dispersive X-ray
spectroscopy (EDS). Raman measurement and photoluminescent
tests were performed using Raman microspectroscopy (excitation
wavelength = 325 and 532 nm). Focused-ion-beam measurements
were performed using an FEI Strata 400S.

2.3. Fabrication of PDs. Commercially perchased Cu grids (300
mesh, with the square voids of 50-μm side length) were placed on top
of the MA3Bi2I3xBr9−3x microplates. Next, Au electrodes (∼50 nm)
were thermally evaporated onto the sample. After removal of the Cu
grids, square-shaped electrodes that were ∼20-μm apart were
successfully formed on the MA3Bi2I3xBr9−3x microplates. Here, four
kinds of PDs were fabricated, namely, Au-MA3Bi2I9-Au (PD1), Au-
MA3Bi2I6Br3-Au (PD2), Au-MA3Bi2I3Br6-Au (PD3), and Au-
MA3Bi2Br9-Au (PD4).

2.4. Photoelectric Measurements of MA3Bi2I3xBr9−3x (x = 0,
1, 2, and 3). All of the PD measurements were performed using a
standard four-probe station with a Keithley 4200S semiconductor
analyzer coupled with a 450 W Xe lamp equipped with a
monochromator as the light source. Moreover, a 355 nm Q-switch
Nd:YAG laser and an oscilloscope (Tektronix MSO/DPO5000) were
used to record the transient photoresponse.

Responsivity (R) and detectivity (D*) were used to evaluate the
performance ( =R I I

PA
l d , where Il is the light current, Id is the dark

current, P is the power density, and A is the effective light area, and
* =D R

eI A(2 / )d
1/2 , where e = 1.6 × 10−19 C). R denotes how efficiently

a PD responds to an optical signal, and D* means the ability to detect
weak signals from a noisy environment. The LDR is the range of
incident light power in which a PD responds linearly to external
illumination.17 Moreover, LDR can be calculated using

= ( )LDR (dB) 20 log I
I

l

d
, where Il is the light current obtained at a

light intensity of 1.0 mW cm−2.4 The rise and decay times are defined
as the time for the current to increase to 90% of its maximum after
exposure to incident light and the time for the current to decrease to
10% of its maximum after removal of the incident light.

2.5. Electronic Structure Calculation. All theoretical calcu-
lations were performed using the density functional theory (DFT)
method, as implemented in the Vienna Ab Initio Simulation Package.
The electron−ion interaction was described using the projector-
augmented-wave method, and the electron exchange and correlation
energies were solved within the generalized gradient approximation
using the Perdew−Burke−Ernzerhof exchange-correlation function-
al.18−20 The kinetic energy cutoff of the plane wave was 500 eV, and
the convergence criterion for the residual forces and total energies
were 0.03 eV Å−1 and 10−5 eV, respectively. A 3 × 3 × 1 Monkhorst−
Pack k-point grid was used to sample the Brillouin zone.

3. RESULTS AND DISCUSSION
All of the precursors and their detailed fabrication processes
are shown in Figure 1a,b. Parts c−f of Figure 1 display the
bright-field optical microscopy images of MA3Bi2I9,
MA3Bi2I6Br3, MA3Bi2I3Br6, and MA3Bi2Br9, respectively, and
their insets are the corresponding height profiles of the
corresponding microplates. The average diameter of MA3Bi2I9
is about ∼600 μm, which is larger than that of MA3Bi2I6Br3,
MA3Bi2I3Br6, and MA3Bi2Br9 (∼450 μm). Meanwhile, all
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) microplates show almost
the same thickness of approximately 5.4−6.2 μm, while the
dark-field optical microscopy images (Figure 1c1−f1) show
that the color of the microplates changes from dark red to light
yellow when the components changed from I to Br. The color
difference in dark-field optical microscopy image is caused by a
change of the semiconductor band gap. SEM was further
employed to study the surface micromorphology of the
microplates, as shown in Figures 1c2−f2. The results show
that MA3Bi2I9 and MA3Bi2Br9 are smoother than MA3Bi2I6Br3
and MA3Bi2I3Br6 probably because the doping of I in
MA3Bi2Br9 or Br in MA3Bi2I9 introduces defects in the
microplates. The EDS mappings of MA3Bi2I3xBr9−3x (x = 0, 1,
2, and 3; Figure S1) further demonstrate the uniform
distribution of C, N, Bi, Br, and I. The atom ratios of Bi, Br,
and I are about 10.9:0:42, 10.2:10.3:30.4, 9.4:27.6:10.7, and
9.2:0:39.4 for MA3Bi2I9, MA3Bi2I6Br3, MA3Bi2I3Br6, and
MA3Bi2Br9, respectively. So, we can confirm that the

Figure 2. (a) XRD patterns of perovskite MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) microplates. (b) Enlarged view of the corresponding (003) planes
showing a continuous shift to higher Bragg angles with an increase in the Br proportion. (c and d) Raman spectra of the MA3Bi2I3xBr9−3x (x = 0, 1,
2, and 3) microplates. (e) Absorption spectra of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3). (f) PL emissions of the MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3)
microplates. (g and h) HRTEM images and corresponding SAED patterns of MA3Bi2I9.
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microplates are formed according to the ratio of MAI, MABr,
BiI3, and BiBr3 raw materials; that is, a Bi-based perovskite with
any proportion of I and Br can be obtained by adjusting the
ratio of the raw materials.
The change in the XRD peak positions of MA3Bi2I3xBr9−3x

(x = 0, 1, 2, and 3) microplates with halide substitution was
also studied, as shown in Figure 2a. All MA3Bi2I3xBr9−3x
microplates exhibit high growth in the (001) direction, and
the XRD profiles of MA3Bi2I3xBr9−3x microplates also exhibit
clear (002), (003), (005), and (006) peaks.21,22 The enlarged
views of the (003) peaks (Figure 2b) show that, as the Br
content in MA3Bi2I3xBr9−3x increases, the characteristic (003)
diffraction peaks gradually shift to higher 2θ values (from
24.58° to 26.68°). According to the Bragg diffraction equation
2d sin θ = nλ, the atomic radius of Br was smaller than that of I,
which caused a shift to higher 2θ values with an increase in the
Br content. Raman microanalysis was further employed to
obtain local structure information (Figure 2c). The two Raman
peaks centered at 190.4 and 161 cm−1 are assigned to the Bi−
Br stretching modes of MA3Bi2Br9.

22 As the I content
increases, they gradually disappeared, and new peaks at 145.4
and 102.2 cm−1 can be assigned to the Bi−I stretching modes
of MA3Bi2I9. The peaks at 1473 cm−1 in the Raman spectra can
be assigned to CH3 stretching modes, whereas those at 1494.3
and 1591.2 cm−1 can be assigned to the NH3 stretching modes,
as shown in Figure 2d.23 The chemical composition of
MA3Bi2I3Br6 was further investigated by XPS, as shown in

Figure S2. The chemicals of C, N, Bi, I, and Br can clearly be
seen, and no other impurities can be found in the microplates.
Figure S2a shows the C 1s XPS spectrum fitted by two peaks at
284.5 eV (absorbed C) and 285.6 eV (CH3 bonding),
respectively. The N 1s XPS peak is centered at 401.7 eV
(Figure S2b), which can be attributed to N−H bonding. The
Bi 4f7/2 (159.0 eV) and Bi 4f5/2 (164.3 eV), Br 3d5/2 (68.1 eV)
and Br 3d3/2 (69.2 eV), and I 3d5/2 (618.9 eV) and I 3d3/2
(630.4 eV) peaks, indicating that the valences of Bi, Br, and I
are 3+, 1−, and 1−, respectively, as shown in Figure S2c−e, are
consistent with the formula.24 The optical properties of the as-
synthesized MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) microplates
were studied by UV−visible absorption and photolumines-
cence (PL) emission spectroscopy. As shown in Figure 2e, the
absorption peaks of MA3Bi2I9, MA3Bi2I6Br3, MA3Bi2I3Br6, and
MA3Bi2Br9 are observed at 580, 550, 530, and 450 nm,
respectively, obviously red shifting with an increase in the I
content, suggesting a decrease in the band gap, which can be
further proven by a color change in the dark-field optical
microscopy images. Figure 2f shows the PL emission of the
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) microplates. The near-
band-edge (NBE) PL emission of MA3Bi2I9 is observed at
614.8 nm,22 and with Br doping, the NBE PL emissions of
MA3Bi2I6Br3 and MA3Bi2I3Br6 shift to 592 nm. Interestingly,
the PL emission of MA3Bi2Br9 can be fitted by two peaks
centered at 541.2 and 596.8 nm, which can be ascribed to the
NBE PL emission and defect-related emission of MA3Bi2Br9,

Figure 3. (a) Crystal-structure model of MA3Bi2I9. (b−d) Band structures and (e−g) corresponding DOSs of MA3Bi2I9, MA3Bi2I3Br6, and
MA3Bi2Br9. (h and i) VB spectra and energy band gaps of the MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) microplates. (j) KPFM spectra of MA3Bi2I9 and
MA3Bi2Br9. (k) Energy band alignments of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3).
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respectively.21 The high-resolution TEM (HRTEM) image of
MA3Bi2I9 exhibits clearly visible lattice stripes, and the
interlayer spacing of 0.36 nm is attributed to the d spacing
of the (003) crystal planes. The selected-area electron
diffraction (SAED) pattern of MA3Bi2I9 exhibits obvious and
periodic diffraction spots, indicating the high single crystallinity
of MA3Bi2I9.
To determine the energy band information on

MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites, DFT
calculations were further performed. The crystal structures of
MA3Bi2I9, MA3Bi2I3Br6, and MA3Bi2Br9 are shown in Figures
3a and S3, respectively. Based on the band structures (Figure
3b−d) and densities of states (DOSs) (Figure 3e−g), the band
gaps of MA3Bi2I9, MA3Bi2I3Br6, and MA3Bi2Br9 increase with
an increase in the Br atom ratio. Besides, parts b−d of Figure 3
show that MA3Bi2I9 and MA3Bi2I3Br6 exhibit direct band gaps,
whereas MA3Bi2Br9 exhibits an indirect band gap. The direct
band gap of MA3Bi2I9 (7.2 mA W−1; 580 nm; 2 V) affords it
with a better optical detection performance than that of
MA3Bi2Br9 (1.5 mA W−1; 450 nm; 2 V), as shown in Figure
S4. Additionally, the projected DOS exhibits that the valence
band (VB) and conduction band (CB) are dominated by I and
Bi bands in MA3Bi2I9, I, Br, and Bi bands in MA3Bi2I3Br6, and
Br and Bi bands in MA3Bi2Br9. To further disclose the Fermi
level (Ef), the CB and VB positions of the microplates were

used. The VB spectrum (the energy band position relative to
the Fermi level; Figure 3h), energy band spectrum (Figure 3i),
and Kelvin probe force microscopy (KPFM; Figure 3j) spectra
were further studied. The VB bands of MA3Bi2I9, MA3Bi2I6Br3,
MA3Bi2I3Br6, and MA3Bi2Br9 are 0.97, 1.24, 1.50, and 1.71 eV,
respectively, showing an obvious increase with an increase of
the Br contents. The optical band gaps of the microplates were
determined using the equation25−27 (αhν)2 = A(hν − Eg),
where α is the absorption coefficient, hν is the photon energy,
A is the constant, n = 2 for the direct-band-gap materials, and n
= 0.5 for the indirect-band-gap materials. The calculated band
gaps of MA3Bi2I9, MA3Bi2I6Br3, MA3Bi2I3Br6, and MA3Bi2Br9
are 2.06, 2.12, 2.25, and 2.55 eV, respectively. KPFM shows
that Ef of MA3Bi2I9 is 5.14 eV and that of MA3Bi2Br9 is 4.93
eV. According to the above results, the CB and VB (the energy
band position relative to vacuum) of MA3Bi2I9 are 4.05 and
6.11 eV and those of MA3Bi2Br9 are 4.09 and 6.64 eV,
respectively, as shown in Figure 3k. Furthermore, it can be
found that Ef of MA3Bi2I9 is close to the VB, whereas that of
MA3Bi2Br9 is close to the CB; therefore, MA3Bi2I9 is a p-type
semiconductor, and MA3Bi2Br9 is an n-type semiconductor.
The band structure of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3)
perovskites will guide the future development of more efficient
optoelectronic devices.

Figure 4. (a) Schematic and (b) corresponding normalized responsivity spectra of four types of PDs, namely, Au-MA3Bi2I9-Au (PD1), Au-
MA3Bi2I6Br3-Au (PD2), Au-MA3Bi2I3Br6-Au (PD3), and Au-MA3Bi2Br9-Au (PD4). (c) Schematic of the imaging system employing the PDs as
image pixels. (d−f) Imaging results obtained using different PDs under different lights. (g) Schematic of the light-sensing array. (h) Photocurrent
mapping results under illumination of a specific light.
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The tuned band gap of MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3)
perovskites can be well applied in the photoimaging area with
color-sensing abilities (450−580 nm). The optical image of the
representative PD4 is shown in Figure S5. The linear behavior
of the I−V curves of all PDs (Figure S6) tested under dark and
light conditions indicates the ohmic contact between Au and
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites. As shown in
Figure 4a, when the four PDs based on MA3Bi2I9, MA3Bi2I6Br3,
MA3Bi2I3Br6, and MA3Bi2Br9 perovskites are illuminated by a
wavelength of 400−650 nm, MA3Bi2I9-, MA3Bi2I3Br6-, and
MA3Bi2Br9-based PDs exhibit obvious color-sensing abilities
with response peaks centered at 580 (0.56 mW cm−2), 530
(0.50 mW cm−2), and 450 nm (0.53 mW cm−2), respectively,
as shown in Figure 4b. If only PD1 responds to the incident
light, the wavelength is ∼580 nm. If both PD1 and PD2
respond to the incident light, the wavelength is 550−580 nm.
If only PD2 responds to the incident light, the wavelength is
∼550 nm. If both PD2 and PD3 respond to the incident light,
the wavelength is 530−550 nm. If only PD3 responds to the
incident light, the wavelength is ∼530 nm. If both PD3 and
PD4 respond to the incident light, the wavelength is 450−530
nm. If only PD4 responds to the incident light, the wavelength
is ∼450 nm. An imaging system was constructed after the color
of the incident light was determined using the above PDs
(Figure 4c). A hollow template with H graphics (2.5 × 3 cm)
was placed between the light and PDs. A Keithley 4200
semiconductor was used to analyze the optical signal while the
template was continuously moved in X and Y directions, as
shown in Figure 4c. The image “H” can be realized using
different PDs, as shown in Figures 4d−f and S7d1−f1 (the

corresponding IT curves along the x1, x2, and x3 lines).28

Furthermore, light with shape and color as shown in Figure 4g
are illuminated on PD1, PD3, and PD4, respectively. Different
MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3) perovskites respond to
light with different wavelengths (450, 530, and 580 nm), which
can realize photoimaging with color-sensing abilities, as shown
in Figure 4h.
The MA3Bi2I9 (MBI) sample was further selected to study

the photodetecting abilities of MBI with horizontal (Au-MBI-
Au; electronic transport channel = 25 μm) and vertical (Au-
MBI-ITO; electronic transport channel = 5.8 μm) electrode
structures, as shown in Figure 5a. The I−V curves (Figure 5b)
show that the two PDs are sensitive to 580 nm light. Au-MBI-
ITO exhibits higher dark current than and considerably
increased photocurrent compared to Au-MBI-Au because of
the asymmetric electrodes and reduced electron-transport
channels, which can accelerate electron−hole separation and
reduce their consumption. R and D* of both PDs are
compared in Figure 5c,d. Both PDs show a peak R and D*
at ∼580 nm, and the R and D* of Au-MBI-ITO are 189.8 mA
W−1 and 6.2 × 1011 Jones, which is 26.4 (7.2 mA W−1) and 4.8
(1.3 × 1011) times those of Au-MBI-Au, respectively. Figure 5e
shows the I−T curves of the Au-MBI-ITO PD at different light
intensities. The light current increases with an increase in the
light intensities. When the light intensity increases to 1.1 mW
cm−2, an on/off ratio of 1.02 × 103 is obtained. Figure 5f shows
the dependence of the photocurrent on the light intensity (Il =
pθ, where 0 < θ < 1; a large θ means less defects in the PD).
The value of θ is 0.74 for Au-MBI-ITO PD, indicating the
presence of less defects in the MBI crystal. Parts g and h of

Figure 5. (a) Schematic of Au-MA3Bi2I9-Au and ITO-MA3Bi2I9-Au devices. (b−d) Corresponding I−V curves, responsivity, and detectivity of the
device in part a. (e) I−T curves of ITO-MA3Bi2I9-Au under different light intensities at 580 nm and (f) corresponding fitting curves. (g) I−T curves
of ITO-MA3Bi2I9-Au under different voltages at 580 nm and (h) responsivity versus voltage. (i) Pulsed light response of the ITO-MA3Bi2I9-Au PD.
(j) I−T curves of ITO-MA3Bi2I9-Au measured at 0 V under different light intensities. (k) Schematic of the band alignment of ITO-MA3Bi2I9-Au.
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Figure 5 show that the photocurrent and R increase with an
increase in the photointensities, and the highest R of 310.4 mA
W−1 is obtained at a 3 V bias (580 nm; 0.56 mW cm−2). The
fast response speed is an important figure of merit for
evaluating a PD. Figure 5i shows that the PD exhibits a fast rise
and decay time, which are 2 and 29 μs, respectively. The decay
process of the PD was fitted by I = I0 + A1e−t/τ1 + A2e−t/τ2,
where I0 is the steady-state photocurrent, t is the time, A1 and
A2 are constants, and τ1 and τ2 are relaxation time constants.
The fitted τ1 = 1.3 μs and τ2 = 7.6 μs, as shown in Figure S8.
Usually, the fast-response component is due to a rapid change
in the carrier concentration when light is turned off; the slow-
response component is due to a carrier being released from
defects. Self-powered PDs may have extensive application
values. The photodetection ability of Au-MBI-ITO PD under a
0 V bias at different light intensities was studied (Figure 5j).
The on/off ratio and photocurrent increase with an increase in
the light intensity, and the highest on/off ratio is 4231 at a light
intensity of 1.0 mW cm−2. Moreover, the corresponding self-
powered R and LDR are 15.8 mA W−1 and 72.5 dB,
respectively. The performance of our PD is comparable or
superior to that of most of the reported lead-free perovskite
PDs, as shown in Table S1. The PD maintains 80.3% and 63%
of its original photodetecting ability after 1000 cycles and 15
days under environmental conditions, respectively, as shown in
Figure S9a (∼1000 cycles, I−t test) and Figure S9b (I−T
curves after 15 days). The potential difference between the Au
and ITO electrodes affords the PD with a better self-powered
performance. When the PD is illuminated by light, the
photogenerated electrons and holes move to Au and ITO,
respectively, under an electrode potential difference.29,30

4. CONCLUSIONS
In summary, single-crystal MA3Bi2I3xBr9−3x (x = 0, 1, 2, and 3)
perovskites with color-sensing abilities (450−580 nm) were
systematically studied for the first time. The band structure
exploration shows that MA3Bi2I9 is a p-type direct-band-gap
semiconductor, whereas MA3Bi2Br9 is an n-type indirect-band-
gap semiconductor. The energy band gap of MA3Bi2I3xBr9−3x
(x = 0, 1, 2, and 3) perovskites can be tuned from 2.06 to 2.55
eV, which affords it color-sensing abilities from 450 to 580 nm
with an increase in the I proportion. The Au-MA3Bi2I9-ITO
PD exhibits a superior self-powered photodetecting perform-
ance with a high responsivity (15.8 mA W−1; 580 nm; 1 mW
cm−2), detectivity (8.1 × 1011 Jones), an on/off ratio (4231),
LDR (72.5 dB), and a fast response speed (rise time = 2 μs;
decay time = 29 μs). This study not only is conducive to an in-
depth understanding of perovskite materials but also provides
great application prospects in object interaction and color
perception.
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