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ABSTRACT: Inorganic cesium lead halide CsPbI,Br,_, (x = 0—3) perovskites have recently gained
considerable attention as semiconductor materials for the fabrication of photodetectors due to their
high thermal and environmental stability. However, preparing high-quality CsPbI Br;_, perovskite
films using a simple spin-coating method is challenging. This study focused on enhancing the
performance of a solution-processed all-inorganic CsPbI,Br;_, (x = 1, CsPbIBr,) photodetector
using a silver iodide (Agl) additive. Introducing a small amount of Agl into the CsPbIBr, precursor
solution resulted in perovskite films that were more uniform and exhibited compact surface
morphology that improved crystallinity and electronic properties. To further explore the influence of
the Agl-modified CsPbIBr, perovskite film on the device performance, we fabricated a self-powered
photodetector with the geometry of fluorine-doped tin oxide (FTO)/compact TiO,/Csl-
(PbBr,)90(Agl)g01/2,2',7,7 -tetrakis[ N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-
OMeTAD)/Au. Photoresponse analysis revealed that the photoresponsivity, on/off ratio, and
response time of the CsI(PbBr,),49(Agl)o0; perovskite photodetector were improved. Notably, the
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CsI(PbBr;,)99(Agl)go; perovskite device showed a higher responsivity and an impressive detectivity of 0.43 A/W and 2.46 X 10"
Jones, respectively, in comparison to the pristine CsPbIBr, device. This work demonstrates the excellent potential of using inorganic

CsI(PbBr,)00(Agl) oo, perovskites in applications for high-performance photodetectors.

1. INTRODUCTION

Photodetectors (PDs) are essential for imaging, optical
communication applications and play crucial roles in various
electronic products, such as digital cameras, smartphones,
medical diagnostics instruments, biological sensing, remote
control, and environmental monitoring."”” Typically, PDs are
fabricated as a metal—-semiconductor—metal structure, a
Schottky junction, or a P—N junction in which the externally
applied bias voltage is vital for achieving high sensitivity, high
responsivity, and fast detection speed.’ However, the require-
ment for external bias adds to both the complexity and
operational cost of the PDs. In recent years, self-powered PDs
based on n—i—p or p—i—n structures (where n, i, and p refer to
the electron transporting layer (ETL), intrinsic layer, and hole
transporting layer (HTL), respectively) have gained significant
attention since external bias to achieve high-performance
photodetection is not required. For self-powered PDs, the
performance is strongly influenced by the quality of the
intrinsic layer and the ability to separate and transport the
photogenerated carriers, i.e., the electron—hole pairs excited by
light illumination.”

To achieve high-performance self-powered PDs, the intrinsic
layer should possess a high absorption extinction coefficient to
guarantee sufficient light absorption, high charge carrier
mobility, and low defect density for diminishing the dark

current density.5 It is even more attractive if the intrinsic layer
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can be fabricated using a less complicated method. Solution-
processed organic—inorganic perovskites (OIP) have demon-
strated excellent optoelectronic properties, which make them
promising semiconductor materials for the fabrication of PDs
with high sensitivity and fast response speed.’

In previous reports, we demonstrated a self-powered PD
based on methylammonium lead halide (MAPbL;) with an
impressive performance.” Recently, we reported on a more
robust self-powered triple cation lead halide perovskite
(Csp0s(FAgg3MAg17)00sPb(IyoBrg;);) using a vertical n—i—p
device structure, showing responsivity, detectivity, and on/off
ratio of 0.52 A/W, 8.8 X 10'* Jones, and 7.3 X 10°. Despite the
significant advances in electronic performance, the intrinsic
poor thermal and moisture stability issues of OIP hinder their
practical applications.®

As a promising alternative light-absorbing material, all-
inorganic cesium lead halide (CsPblBr;_,, x = 0-3)
perovskites have shown to be potential candidates for the
fabrication of PDs,””'" due to their superb moisture and
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thermal stability, as well as the high carrier mobility of all
CsPbIBr,_, perovskite.""'* Xue et al. developed PDs that
demonstrated high performance with the responsivity of 0.3 A/
W, detectivity of 1.15 X 10" Jones, and on/off ratio of 4.5 X
10% without bias."® Li et al. demonstrated a self-powered
perovskite PD based on ZnO nanoparticle-decorated CsPbBr;
films with enhanced photoresponse.” Cen et al. later showed a
high-performance CsPbBr; perovskite self-powered PD with an
ultralow dark current of 10" A and a high detectivity of 1.88
X 10" Jones."* The outstanding performance exhibited by the
latter report was attributed to the improved CsPbBr; film
quality and interfacial engineering. Also, self-powered PD
CsPbBr; perovskites based on the nanowire and microcrystal
structures have been reported with impressive perform-
15,16 . .
ances. However, compared to polycrystalline and single-
crystal OIP PDs, the performance parameters of solution-
processed CsPbI Br;_, perovskite PDs still lag behind. This is
primarily due to the high density of trap states and
compositional defects in the polycrystalline CsPbI Br;_,
perovskite film.'” Therefore, further efforts in the preparation
and optimization of CsPbI Br; , PDs are urgently needed.
Inorganic CsPbI Br;_, perovskite films can be prepared using
one-step spin-coating, two-step spin-coating, antisolvent-
assisted, and interface engineering strategies.1 Among these
methods, one-step spin coating is still the simplest and less
complicated method. However, the one-step spin-coating
method usually results in relatively low-quality CsPbI Br;_,
perovskite films with a large number of grain boundaries and
compositional defects that can easily cause charge recombina-
tion in grain boundaries of the resulting devices."” Li et al. have
proven that low-quality CsPbX; perovskite films can easily be
mixed with the upper HTL such as 2,2',7,7'-tetrakis[N,N-di(4-
96 methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-OMe97
TAD), which can further cause charge recombination in
another way.'®*

Among the all-inorganic CsPbI Br;_, perovskite system, the
CsPbLBr;_, (where x = 1, CsPbIBr,) is the most promising
candidate for optoelectronic device applications (e.g., solar
cells and PDs) due to its stable a-phase and suitable band gap
of about 2.05 eV."” Recently, Bao et al. found that through the
optimization of the film quality and device engineering,
CsPbIBr,-based perovskite PDs can achieve high sensitivity
and fast response speed.’ Although Bao et al. have shown a
novel approach to boost the figure of merit of CsPbIBr,
perovskite-based PDs and their potential for optical and
communication applications, a simple and attractive method to
improve the electronic quality of the solution-processed
polycrystalline CsPbIBr, perovskite films for high-performance
self-powered PDs is needed. Moreover, the incorporation of
the all-inorganic perovskite film that possesses high crystal-
linity, uniform surface coverage, and fewer defects into self-
powered PDs is a great advancement for the next generation of
photodetection.

In this work, we report on one-step spin coating and an
additive-assisted solution-processed CsPbIBr, perovskite film
for the fabrication of a self-powered PD. Herein, for the first
time, we incorporated a silver iodide (Agl) additive into the
CsPbIBr, perovskite precursor to form the CsI-
(PbBr,)g90(Agl)g; composition. The CsI(PbBr;)g00(Agl)oo;
perovskite clearly exhibits several advantages of uniform
coverage, phase pure, enlarge grain size, higher crystallinity,
fewer defects perovskite films. A self-powered PD based on
CsI(PbBr,)00(Agl)oo; perovskite was fabricated. The device

showed improvement in the performance parameters such as
higher photocurrent, lower dark current, higher on/off ratio,
better photoresponsivity, and faster response speed in
comparison to the pristine CsPbIBr, perovskite device.
Notably, the responsivity and response speed of the Csl-
(PbBr;)0.00(Agl)01 perovskite PD are much higher than most
previously reported self-powered all-inorganic CsPbI Br;_,
PDs. This work offers an effective strategy for improving the
film quality of CsPbIBr, perovskites for the fabrication of high-
performance perovskite-based PDs.

2. EXPERIMENTAL SECTION

2.1. Materials and Reagent. Lead bromide (PbBr,,
99.0%), cesium iodide (Csl, 99.0%), and silver iodide (Ag],
99.999%) were purchased from Sigma-Aldrich. Fluorine-doped
tin oxide (FTO) glass substrates (sheet resistance: 12—15 Q/
sq) were purchased from MSE supplies. Liquid detergent
(Hellmanex), acetone, isopropanol, ethanol, chlorobenzene,
and titanium(IV) chloride (TiCl,, Alfa Aesar), and dimethyl
sulfoxide (DMSO; 99.0%, Sigma-Aldrich). Spiro-OMeTAD
(99.0%, Sigma- Aldrich), lithium bis(trifluoromethane)-
sulfonimide (Li-TFSI, 99.0%, Sigma-Aldrich), and 4-tert-
butylpyridine (TBP, 99.0%, Sigma-Aldrich).

2.2. Device Fabrication. FTO-coated glass substrates
were patterned by etching with hydrochloric acid (HCI) and
zinc (Zn) powder and sequentially cleaned with Hellmanex,
nanopure water, acetone, and isopropanol. The substrates were
then treated with an oxygen plasma cleaner for 5 min. The
compact TiO, (c-TiO,) ETL was prepared as reported
elsewhere”' and spin-coated at 3000 rpm for 30 s and dried
at 125 °C for 10 min. The ¢-TiO, layer was further subjected
to chemical bath treatment using TiCl, (0.04 M) at 70 °C for
30 min. The films were subsequently annealed at 500 °C for 30
min.”"** The inorganic CsPbIBr, perovskite layer was
prepared using a one-step solution process method. First, the
CsPbIBr, precursor solutions were prepared in a nitrogen-filled
glovebox by mixing CsI (1 M) and PbBr, (1 M) in DMSO (1
mL). The precursor solution containing the Agl additive was
prepared by introducing 1% mass percentage of Agl with
respect to PbBr, into the solution. The precursor solutions
were stirred for 12 h at 70 °C. Next, the perovskite films were
prepared by drop casting the solution on top of the c-TiO,
layer and spin-coated at 1500 rpm for 45 s to obtain a
thickness of about 250 nm. Finally, the perovskite films were
thermally annealed at 70 °C for 2 min, followed by 280 °C for
10 min. The HTL was prepared by spin coating a solution of
Spiro-OMeTAD on top of the perovskite film at a spin speed
of 2000 rpm for 60 s. The obtained Spiro-OMeTAD thickness
was ~230 nm. The Spiro-OMeTAD solution was prepared by
mixing 17.5 uL of Li-TFSI solution (520 mg of Li-TSFI in 1
mL of acetonitrile), 28.8 yL of TBP with 90 mg of Spiro-
OMeTAD in 1 mL of chlorobenzene solution. The final
devices were completed by thermal evaporation of Au back
contacts with a thickness of 100 nm at 3.4 X 10™* Pa. The
active area of the devices was 0.06 cm?.

2.3. Materials and Device Characterization. The
crystalline structures of the perovskite films were characterized
by powder X-ray diffraction (XRD) (Scintag Pad-V XRD
powder diffractometer, graphite monochromated Cu Ka
radiation). The absorption spectra were collected using an
Agilent Cary 5000. External quantum efficiency (EQE)
measurements were performed using light from the 300 W
xenon lamp passed through a cornerstone 260 monochromator
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Figure 1. Processing procedures for the fabrication of the CsI(PbBr,)qge(Agl)oq, perovskite film. (b) XRD patterns of the CsPbIBr, and
CsI(PbBr,)00(Agl)oo;, perovskite films. (c) UV—vis absorption spectra of the CsPbIBr, and CsI(PbBr,)g0(Agl); perovskite films.

Figure 2. Comparison of the high- and low-magnification SEM of (a, b) CsPbIBr, and (c, d) CsI(PbBr,),09(Agl),; perovskite films and the AFM
images of the CsPbIBr, perovskite film (e), CsI(PbBr,)qge(Agl)oo; perovskite film (f). The scale bar for the SEM images is 2 ym.

(Newport, 74125) onto the cells and the light scanned from
300 to 700 nm in S nm intervals. Incident-light intensity and
photocurrent were measured using a power meter (Newport,
2936-C) and an Oriel 71580 silicon detector head (Newport).
Steady-state photoluminescence (PL) data were collected at
room temperature using an Edinburgh instruments FSS$
spectrometer. The samples were excited by a picosecond
pulsed light-emitting diode (EPLED-365 nm). The time-
resolved photoluminescence (TRPL) was measured using the
time-correlated single-photon counter, excited by a picosecond
pulsed diode laser (EPL-450 nm). Scanning electron
microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDS) were performed by a high-resolution
field emission scanning electron microscope (FESEM, JEOL
7401F). Atomic force microscopy (AFM) images were
obtained using a Bruker Icon scanning probe microscope
(SPM). The current density—voltage (J—V) measurements
were obtained by a Keithley 2400 integrated with LabView
under a white light light-emitting diode (LED) lamp with an

20645

intensity of 100 mW/cm” The photovoltage—time measure-
ments were obtained using a NI-6210 data acquisition device
(DAQ). The signal from the DAQ (NI-6210) to the computer
was boosted with the Hamamatsu C7319 on low bandwidth
setting and 10° gain and powered with an Agilent E3630A at 6
V. MATLAB was used to collect and process the data. The
light source was powered by a Gwlnstek GFG-8255A function
generator, creating a square wave with an amplitude of 2 V to
power a 470 nm LED. The electrochemical impedance spectra
(EIS) (Gamry Instruments, Interface 1000) were performed
scanning from 10° to 0.02 Hz.’** The measurements were
performed at open-circuit voltage under 1 sunlight illumina-
tion. The Nyquist plots were fit by using the Gamry Echem
Analyst software using the equivalent circuit, as shown in
Figure 8c.

3. RESULTS AND DISCUSSION

Figure la presents the fabrication method of the Csl-
(PbBr;)0.00(Agl)oo; perovskite film using a one-step spin-

https://dx.doi.org/10.1021/acs.jpcc.0c04144
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Figure 4. (a) Schematic diagram of the device structure. (b) Energy level diagram, (c) J—V curves of the devices in the dark and under white light
illumination (100 mW/cm?), and (d) EQE of the CsPbIBr, and CsI(PbBr,)gee(Agl)go; perovskite PDs under 0 V bias with corresponding error

bars.

coating process. The CsI(PbBr,)q00(Agl)oo; perovskite pre-
cursor solution was prepared by partial substitution of PbBr,
with 1% Agl (mass percent), which is in accordance with
previously reported work.”> Shahbazi et al. had previously
reported a simple synthetic approach to grow uniform
CH;NH,;Pbl; perovskite layers free of pin holes via a varied
portion of Agl added to the precursor solution. Their studies
confirmed that both 1% Agl was the optimum doping level for
device fabrication. Following their pioneering work, we
prepared a CsPbIBr, perovskite film with 1% Agl, which we
compared with the pristine CsPbIBr, perovskite film.>> The
precursor solution was one-step deposited on top of the FTO/
c-TiO, layer to form the CsI(PbBr,)geo(Agl)go, perovskite
film. Detailed preparation procedures can be found in Section
2. XRD measurements were conducted to investigate the
crystal structure of the CsI(PbBr,)g00(Agl)go; and CsPbIBr,
perovskite films. Figure 1b shows the XRD patterns of the
CsPbIBr, and CsI(PbBr;)00(Agl)oo; perovskite films. The
main diffraction peaks around 14.93 and 30.16° can be
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assigned to the lattice plane (100) and (200) of the a-phase
perovsl<ite,26’27 respectively. The perovskite thin films showed
no characteristics peaks for Ag because the amount in the bulk
of the CsI(PbBrZ)Oigg(A}gI)O.Ol perovskite was too small to show
their diffraction peaks.””*” By comparison, the diffraction peak
intensities of the (100) and (200) crystal planes were stronger
for the CsI(PbBr,)00(Agl)oo; perovskite film, indicating
better crystallinity with fewer grain defects. Figure lc shows
the UV—vis absorption spectra of the CsPbIBr, and Csl-
(PbBr;)g.00(Agl)go; perovskite films. The Csl-
(PbBr,)009(Agl)go; perovskite film showed improved absorp-
tion, which is probably related to its higher crystallinity and/or
improved surface morphology (as discussed hereafter). The
band gap of both perovskite films was estimated to be 2.06 and
2.07 €V for the CsPbIBr, and CsI(PbBr,)y99(Agl)o; perov-
skite films, respectively, using the Tauc plot (Figure S1), which
is consistent with the previously reported values.’’ Interest-
ingly, the band gap of the pristine CsPbIBr, appeared to be
unchanged when modified with the 1% Agl additive. Figure 2

https://dx.doi.org/10.1021/acs.jpcc.0c04144
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Figure 5. (a) Responsivity and (b) detectivity of the CsPbIBr, and CsI(PbBr;),0(Agl)g; perovskite PDs, respectively, under 0 V bias.

shows the low and high magnification of the SEM images of
the CsPbIBr, and CsI(PbBr,)g00(Agl)o0; perovskite films. As
shown in Figure 2a,b, the CsPbIBr, perovskite film exhibited a
nonuniform morphology with a void on its surface. Previously
reported work has suggested that the formation of such voids is
probably due to the extremely slow crystallization of CsPbIBr,,
where CsPbIBr, species will crystallize from the precursor film
containing plenty of DMSO molecules and then shrink to leave
isolated voids behind."” The CsI(PbBr,)gg9(Agl)oo; perovskite
film showed marked changes in the surface morphology
(Figure 2¢,d). A compact and uniform morphology with larger
grain sizes and fewer grain boundaries can be observed. These
features are expected to lower crystal defects and trap densities,
while also act to reduce charge recombination as well as
enhancing charge transport in the device.”"*>*'~** Figure S2
shows the possible underlying mechanism of the improved
surface coverage for the CsI(PbBr,)o0(Agl)go; perovskite film.
Upon spin coating of the precursor solution containing the Agl
additive, Ag islands were formed, which could act as the
nucleation promoter for the perovskite to grow and merge into
a continuous film with less grain boundaries and enhanced
crystallinity.>> ™7

We also compared the AFM images of the CsPbIBr, and
CsI(PbBr,)00(Agl)oo, perovskite films, as shown in Figure
2ef. The root-mean-square (RMS) roughness values were
estimated to be 98.7 and 67.2 nm for the CsPbIBr, and
CsI(PbBr,)00(Agl)o; perovskite films, respectively. The
lower RMS value for the CsI(PbBr;)g00(Agl)oor perovskite
film confirms the presence of additive Agl and that it can
passivate the surficial morphology of the perovskite film. Also,
the reduced surface roughness would produce fewer defects
and traps in the interface between CsI(PbBr,)q90(Agl)ge; and
Spir(;OMeTAD layers, resulting in efficient charge extrac-
tion.”

EDS elemental mapping was conducted to confirm that Ag
ions coexisted with the CsI(PbBr,)ggo(Agl) 0, perovskite film.
Figure 3 shows the elemental mapping images for the
CsI(PbBr;,)00(Agl)oo; perovskite film. The Ag element was
detected and evenly distributed in the perovskite film,
indicating the successful incorporation of Ag into the bulk of
the perovskite film. The uniform distribution of Ag inside the
CsI(PbBr,)00(Agl)go; perovskite film provides a strong
indication to show that Agl was dissolved inside the perovskite
lattice and did not form the Agl agglomerations or other Ag-
rich phases.”

Furthermore, we applied the CsI(PbBr,)q0(Agl)ge; perov-
skite to fabricate a self-powered PD with a geometry of FTO/
c-TiO,/CsI(PbBr,)(.9o(Agl) o1/ Spiro-OMeTAD/Au, as
shown in Figure 4a. The performance of the device based on
the CsI(PbBr,)00(Agl)oo; perovskite film was compared with
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the device constructed using the pristine CsPbIBr, perovskite
film. Figure 4b shows the energy diagram of the self-powered
PD, with its energy values extracted from the literature.*>*
Typically, when the perovskite absorbs photon energies larger
than its band gap, the layer can generate quasi-free carriers and
electron—hole pairs that swiftly dissociate at the TiO,/
perovskite and perovskite/Spiro-OMeTAD interfaces (see
Figure 4b). Subsequently, these electrons and holes were
collected by the anode and cathode, respectively, generating a
photocurrent in the device. A higher photocurrent and lower
dark current can be achieved in vertical structure PD at 0 V if
the perovskite layer is of high quality, i.e., with fewer crystal
defects, uniform, and pinhole-free morphology with smaller
grain boundaries and so on. Figure 4c shows the ]—V curves of
the CsPbIBr, and CsI(PbBr;),99(Agl)g0; PDs measured in the
dark and under LED white light illumination (100 mW/cm?).
The CsI(PbBr,)g00(Agl)g0; perovskite device exhibited a dark
current of 9.71 X 107® A/cm? under 0 V, which was lower than
the dark current of the CsPbIBr, device (4.44 X 107> A/cm?).
To further substantiate the lower dark current density
exhibited by the CsI(PbBr,),99(Agl)ge; perovskite PDs, the
dark current densities of 8 devices were tested under the same
conditions and statistically analyzed, as shown in Figure S3. In
comparison, it is apparent that the dark current densities of
CsI(PbBr,)00(Agl)go; are lower with a lesser scattering of the
statistical plot, suggesting that the CsI(PbBr,)qe9(Agl)go1
perovskite film possesses higher quality with lower trap density
and recombination rates. Furthermore, the light on/off ratios
were determined to be 1.68 X 10° and 1.21 X 10* for
CsI(PbBr,)00(Agl)oo; and CsPbIBr, perovskite PDs, respec-
tively. Notably, the on/off ratio of the CsI(PbBr,)g.00(Agl)o.01
perovskite device was higher than the pristine device by one
order of magnitude. The lower dark current and higher on/off
ratio exhibited by the CsI(PbBr;)09(Agl)g0; perovskite-based
PD can be attributed to the improved film quality. We further
assessed the performance of the self-powered PDs using the
EQE measurements. The EQE is a measure of the number of
photogenerated carriers that an incident photon at a given
wavelength produces per second and can be estimated using
the expression below.

]phh" _ (]ljght = Jaa v
Be Be (1)

EQE =

where ], is the photocurrent density, P, is the incident
intensity, e is the elementary charge, J4,, is the dark current
density, and Jyg, is the current density under illumination.
Figure 4d shows the EQE spectra of CsPblBr, and Csl-
(PbBr;)0.00(Agl)g0; perovskite-based PDs at 0 V bias with
corresponding error bars. The CSI(PbBrZ)O.Qg(AgI)O_Ol perov-
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Table 1. Summary of the Performance Parameters for the Self-Powered CsPbL Br;_, PD Devices

dark current@0 V bias responsivity detectivity
device structure (A/cm?) A/W) (Jones) Tl B ref
FTO/TiO,/CsI(PbBr,)y.49(Agl) 01/ Spiro-OMETAD/ 9.71 x 107¢ 043 246 x 10" 22.4/25.7 pus  this work
99\ Ag P
Au
FTO/TiO,/CsPbIBr,/Spiro-OMeTAD/Au 4.44 x 1075 0.38 1.00 x 10" 43.7/47.2 us  this work
FTO/TiO,/CsPbBr,/carbon 8.05 x 107 0.35 3.83 x 10" —/146 us 56
FTO/CsPbBr;:Zn0/Ag 0.240 0.0115 0.41/0.018s 4
FTO/ZnO/CsPbBr;/MoO;/Au 03 1.15 X 10" 200/500 ms 13
FTO/AL,0,/CsPbBr;/TiO,/Au 10 nA 0.44 1.88 x 10" 28/270 us 14
Au/CsPBr,/Pt 10 pA 0.028 1.7 x 10" 230/60 ms 57
Ag/CsPbBr,/Cul/Ag 0.0014 6.2 x 10" 0.04/2.96 ms S8
ITO/Sn0,/CsPbBr,/Spiro-OMeTAD/Au <10 nA 0.172 4.8 x 10" 0.14/0.12 ms 16
ITO/SnO,/CsPbBry/PTAA/Au 2.5 %107 0.206 723 X 10" 30/39 us 59
GaN/CsPbBr;/ZnO 1x107° 0.0895 1.03 x 10" 100/140 us 60
ITO/Sn0O,/PMMA/CsPbBr,/PTAA/Au 4.0 x 107° 03 1.0 x 108 0.4/043 ms 15
(a o0 | —=— CsPblBr,
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+ Function Generator - d
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Figure 6. (a) Illustration of the setup for response time measurement. The DAQ used was NI-6210 controlled by an in-house MATLAB program.
(b) On—off cycles of the CsPbIBr, and CsI(PbBr,)09(Agl)go; PD under a 470 nm pulse light from an LED at a frequency of S00 Hz, (c)
corresponding rise and decay time of the CsPbIBr, perovskite PD, and (d) corresponding rise and decay time of the CsI(PbBr,)q0o(Agl)o 01

perovskite PD.

skite PD showed higher EQE from 320 to 580 nm compared
to the CsPblBr,-based device, suggesting that the charge
carriers are efficiently extracted to their respective electrodes.
In contrast, from Figure 4d it is also apparent that the
CsI(PbBr,)00(Agl)oo; perovskite PD has lower variability of
errors in the device measurements, which further corroborates
the beneficial effect of the improved CsI(PbBr,)g00(Agl)o01
perovskite film quality.

The responsivity (R) spectra and detectivity (D*) curves of
CsPbIBr,- and CsI(PbBr,)g00(Agl)o0i-based perovskite PDs
were calculated and are provided in Figure Sab. R is the
measure of electrical output per watt of incident radiant power,
which can be expressed using the below equation2**

Jon  EQE X Ze

R=—
B, he 2)
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where A is the incident-light wavelength, h is the Planck
constant, and ¢ is the speed of light. The D* represents the
device’s capability of detecting low- level light signals and is
calculated using the below equation3*"

R

v Zq]dark (3)

Equation 3 provides an approximate expression of the
specific detectivity when shot noise is the dominant noise in
the system. Therefore, the calculation provides an upper
estimate of the actual specific detectivity. The R of 0.43 A/W
was apparently achieved, which is higher than the most
previously report as summarized in Table 1 below, and D* of
2.46 X 10" Jones for the CsI(PbBr,),99(Agl)oo; perovskite
PD is higher than the control device (see Figure Sab). The
higher R and D* values exhibited by the device are a further
indication that the CsI(PbBr,)g.00(Agl)o0; perovskite film was

D* =
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Figure 7. Response of the PDs based on (a) CsPbIBr,, (b) CsI(PbBr;)g90(Agl)g0; at 0 V bias under a 470 nm on/off modulated light from an LED
in a test period of about 120 s measured in ambient condition. The right panels for CsPbIBr, and CsI(PbBr,),00(Agl)oo; show the enlarged detail

of the response.
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Figure 8. (a) Steady-state PL spectra (the inset schematically represents the charge transfer at the perovskite/TiO, interface), (b) TRPL spectra of
the corresponding perovskite films on the FTO/c-TiO, substrates, (c) Nyquist plot of the CsPbIBr,- and CsI(PbBr,)s(Agl)y;-doped perovskite
solar cells (PSCs) recorded under 1 sun illumination. The inset is the simulated equivalent circuit, where R, Ry, R, CPE;, and CPE, are the series
resistance of the electrode, charge-transfer resistance, the recombination resistance, space charge capacitance or ionic capacitance, and chemical
capacitance, respectively. Dark I—V curves of electron only devices (FTO/c-TiO,/perovskite/phenyl-Cy;-butyric acid methyl ester (PCBM)/Ag)

for (d) CsPbIBr, and CsI(PbBr,)g40(Agl)

001 perovskite films.

of high crystalline quality with fewe

r defects, resulting in

efficient photon absorption, charge generation, and transport

to the electrode.
The response speed is another cru

cial parameter for PDs,

which reveals its capability to follow a fast-varying optical
signal. Fast and reproducible responses to light illumination are
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important for high-performance PDs for application in smart
systems, image sensing, structural health monitoring, and

. g 1,46—51
optical communication.’

Figure 6a presents the illus-
tration of the setup for response time measurement. The
response time of the CsI(PbBr,)g90(Agl)y; perovskite PD was
measured using a 470 nm pulse light source from an LED and
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driven by a function generator with square waves at a
frequency of 500 Hz under ambient condition. Both devices
clearly exhibited stable and reproducible transient responses
(Figure 6b), suggesting that both CsPbIBr, and Csl-
(PbBr,)g.00(Agl)g0; are excellent candidates for the fabrication
of PDs. We further analyzed the rise (z,) and fall (zy) time
of both devices, which were the time taken for the PD to reach
90% and drop to 10% of the steady-state values, respectively, as
shown in Figure 6¢,d. The CsPbIBr, device shows a 7, and
Tey of 43.7 and 47.2 pus, respectively, while the CsI-
(PbBr,)g00(Agl)g; perovskite PD showed a dramatic faster
Tyse and Tgy of 22.4 and 25.7 ps, respectively.

The response speed of the CsI(PbBr,)49(Agl) o, perovskite
self-powered PD was higher than most of the previously
reported work, as summarized in Table 1. We further studied
the repeatability of the transient response of the PDs at a pulse
frequency of S kHz for a period of 120 s. Figure 7a,b shows the
transient response of PDs based on the CsPbIBr, and
CsI(PbBr;,)g00(Agl)oo; perovskites under a 470 nm pulse
light from an LED at 5 kHz. Both PDs demonstrated
reproducible and repeatable transient responses, suggesting
that CsPbIBr, and CsI(PbBr,)g00(Agl)eo; perovskites are
reliable and superb materials for high-speed optical applica-
tions. Notably, the enlarged details of the transient response
for the CsPbIBr, and CsI(PbBr,)g00(Agl)eo perovskite PDs
revealed that the rise/fall of the transient signal of the
CsI(PbBr;)00(Agl)go; perovskite PD was faster and also
retained the square light pulse, as shown in Figure 6b—d. This
further substantiates that the CsI(PbBr,)00(Agl)oo; perovskite
PD had fewer defects and charge recombination.

To understand the mechanism of the photoelectrical
response enhancement observed for the CsI-
(PbBr,)000(Agl)go; PD, the steady-state PL measurements
were performed on the CsPbIBr, and CsI(PbBr,)y00(Agl)g01
perovskite films deposited on top of TiO, ETL (Figure 8a).
Both perovskite films showed a peak at ~600 nm, which is
consistent with the band gap of CsPblBr,. Notably, the
maximal PL intensity for the CsI(PbBr,)ge(Agl)g0,/TiO, film
was quenched by nearly 60% with respect to the PL intensity
of the pristine CsPbIBr, film. Such a dramatic quenching is
attributed to the high-quality perovskite layer, which induced
an efficient charge transfer at the interface and exciton
dissociation,”> ™" as schematically shown in the inset of Figure
8a. Furthermore, the emission dynamics of the CsPbIBr, and
CsI(PbBr;)00(Agl)g0; perovskite films was studied using the
TRPL (Figure 8b). The TRPL decay curves were fitted using
the biexponential decay function shown in the following
equation

—t —t
y=A exp{—] + A, exp[—] +
T )

(4)

where A; and A, are the time-independent coefhicients of the
amplitude fraction, 7, represents the fast decay component,
and 7, is the slow decay component. 7, can be ascribed to the
interface recombination and 7, is related to the recombination
process in the bulk of the perovskite layer.”" The results of the
TRPL also correspond to the steady-state PL, which reveals a
much faster PL decay for the CsI(PbBr,)qg0(Agl)ge; perov-
skite film with the values of 7; of 0.39 ns and 7, of 2.13 ns,
which was shorter than those of the pristine CsPbIBr,
perovskite film with 7; of 2.05 ns and 7, of 5.77 ns. The
smaller 7, suggests less trap charge recombination and faster

carrier extraction efficiency at the interface due to the
improvement of the perovskite film quality.

EIS measurements were employed to further investigate the
interfacial charge transport and recombination dynamics of the
CsPbIBr, and CsI(PbBr,)q00(Agl)oe; perovskite PDs. Figure
8c presents the EIS spectra of the CsPbIBr, and Csl-
(PbBr,)090(Agl)go; PDs. The measurements were performed
from 1 MHz to 0.02 Hz under 1 sunlight illumination (AM
1.5) at an applied open-circuit voltage. The inset is the adopted
equivalent circuit for the Nyquist plot fitting. In the equivalent
circuit, the R, R, R, CPE;, and CPE, represent the series
resistance of the electrode, charge-transfer resistance, the
recombination resistance, space charge capacitance or ionic
capacitance, and chemical capacitance, respectively. From the
Nyquist plots, the relatively small arc at a high frequency is
related to the hole-transport process at the Spiro-OMeTAD
(HTL)/perovskite interface, corresponding to a charge-trans-
fer resistance (R) in parallel with the hole-transport material
(HTM) capacitance (CPE,).”> The large arc at the low
frequency is due to recombination at the TiO, ETL/perovskite
interface, which can be expressed by R in parallel with the
CPE,. Table S1 presents the summary of the EIS spectra
parameters analyzed with fitting the Nyquist plots. The R,
decreased from 115.5 to 43.28 Q for the CsPbIBr, and
CsI(PbBr,)09(Agl)oo; perovskite PDs, respectively. The
decreased R suggests a more effective charge extraction and
collection process in the CsI(PbBr,)q45(Agl)o01 Gperovskite
device, leading to an enhanced photoresponsivity.””** The R
of the CsI(PbBr,)qg0(Agl)oo; perovskite device is 2613 €,
which is higher than that of the pristine CsPbIBr, perovskite
device (1740 Q), indicative of a decreased carrier recombina-
tion between the TiO, ETL/CsI(PbBr,)qe0(Agl)oo; perov-
skite."®*”%® The R, value for the CsI(PbBr,)g90(Agl)go;
perovskite device was lower than the pristine CsPbIBr,
perovskite device, further suggesting that the CsI-
(PbBr,)o99(Agl)go, perovskite device has decreased leakage
current and is beneficial to obtaining a lower dark current
density.

To determine the trap state density (ntrap), electron only
devices with a geometry of FTO/c-TiO,/perovskite/PCBM/
Ag were fabricated. Figure 8d shows the plots of I-V curves
under dark conditions. The trap state density can be
determined from the trap-filled limit voltage (Vip ), according
to the equation below.®”%°

2¢e¢g,
n = —
trap ¢ dz TFL ( 5)

where ¢ is the relative dielectric constant of CsPbIBr,, which is
approximately equal to 8,"%” &, is the constant of vacuum
permittivity in free space, d is the thickness of the perovskite
film, and e is the electron charge. Vig; is estimated from the I—
V curves. Table S2 shows the Vig and n,, values of the
CsPbIBr, and CsI(PbBr,)g00(Agl)eo; perovskite PDs. The
approximate Vyp values for the CsPbIBr, and Csl-
(PbBr,)g.00(Agl)g0; perovskite devices are 0.226 and 0.178 V,
respectively. The n,,, for the device CsPbIBr, and Csl-
(PbBr,)g.90(Agl)g0; perovskite films are calculated to be 3.20 X
10" and 2.52 X 10" cm ™, respectively. The defect density for
the CsI(PbBr,)g49(Agl)oo; perovskite device was reduced in
comparison to the CsPbIBr, perovskite device. The decrease in
defect density for the CSI(PbBr,),o(Agl)g0; perovskite device
can be attributed to the high-quality perovskite film with
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higher crystallinity, enlarging grains, and fewer grain
boundaries and defects.

4. CONCLUSIONS

In summary, we prepared all-inorganic CsI(PbBr;)g.00(Agl)o.01
perovskite polycrystalline films by a simple solution-processed
method for the fabrication of a self-powered PD. The novel
CsI(PbBr,)00(Agl)oo; perovskite film possessed uniform
surface morphology, a pure phase, microsized grains, higher
crystallinity, and fewer defects in contrast with the pristine
CsPbIBr, perovskite film. The resulting self-powered PD with
a simple architecture of FTO/c-TiO,/CsI(PbBr;)00(Agl) 01/
Spiro-OMeTAD/Au had a lower dark current density of 9.71
X 107 A/cm? at 0 V bias, a peak R of 0.43 A/W, a peak D* of
2.46 X 10" Jones, and a rapid response time of 22.4 us, which
are much higher than PD based on the CsPbIBr, perovskite.
The mechanism underlying the performance enhancement of
the self-powered CsI(PbBr;),00(Agl)go; perovskite PD was
explored and attributed to the improved surface morphology
and reduced recombination of the photogenerated carriers.
Our work provides a promising route for developing high-
performing self-powered PD for sensing applications in
structural health monitoring, biomedical imaging, and optical
communication.
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