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Solution-processed lead-free double perovskite microplatelets with
enhanced photoresponse and thermal stability
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ABSTRACT Due to the better stability and environment-
friendly nature, lead-free halide double perovskites are widely
explored as promising materials for next-generation photo-
voltaics and optoelectronics; however, to date, their photo-
electric device performance is still not satisfactory. Herein, we
report a facile solution-process method to synthesize the re-
cently most popular lead-free halide double perovskite,
MA,AgBiBr, and its all-inorganic counterpart, Cs;AgBiBrs.
The obtained MA,AgBiBrs; and Cs,AgBiBrs films exhibit the
microplatelet morphology with excellent crystallinity, dis-
tinctly contrasting the ones fabricated by the conventional
spin-coating method. Once fabricated into simple photo-
detectors, the Cs,AgBiBrs microplatelet devices yield a re-
spectable responsivity of 245 mA W' that is two orders of
magnitude larger than that of the spin-coated films. More
importantly, the response speed of the Cs,AgBiBrs; micro-
platelets device is as fast as 145 us, which is higher than most
of the values reported in the community of halide double
perovskites. When subjected to the thermal stability testing,
the Cs,AgBiBr; microplatelet device can maintain its initial
performance after heating to 160°C and cooling down to room
temperature in the ambient environment. All these results
suggest that the facile solution-process method is capable of
fabricating high-quality lead-free double perovskites, enabling
their advanced device applications.

Keywords: lead-free double perovskite, Cs,AgBiBrg,
MA,AgBiBrs, thermal stability, photodetector

INTRODUCTION

In recent years, lead halide perovskites have been in the fervent
study worldwide due to their fascinating properties for high-
performance solar cells, photodetectors and light-emitting
diodes [1,2]. For instance, the power conversion efficiency of
organic-inorganic lead halide perovskites (OIHPs)-based solar
cells have been approaching that of single-crystalline silicon
solar cells [3,4]. Despite of the fruitful achievement of OIHPs-
based optoelectronic devices, their practical utilization still
seems to be at an unreachable distance. One of the main reasons

is that the lead halide perovskites with excellent photoelectric
properties are typically toxic, which will induce significant
environmental pollution in future large-scale applications. In
this regard, non-toxic lead-free halide perovskites are in urgent
need.

Technically, the structure of OIHPs can be referred as ABX;,
where A represents the organic cations of methylamine (MA™)
or formamidine (FA*), B is usually occupied by Pb*, and X
represents the halide ions of I, Br~ or CI™. This way, Sn**- and
Ge**-based perovskites, which are in the same periodic group as
Pb*, are then expected to be a good alternative for the con-
stituent of Pb. However, the Sn**- and Ge**-based perovskites
are easily oxidized in ambient, which makes them with very poor
stability for applications [5,6]. Apart from Sn®* and Ge®*, the
non-toxic Bi** has also been proposed to replace Pb**. Unfor-
tunately, Bi** cannot support the conventional structure of
OIHPs (i.e., ABX;). In order to cope with this issue, a new type
of perovskite, known as double perovskites, with the formula of
A,B'BX; was introduced, as shown in Fig. 1a. In this structure, B
represents a trivalent cation of Bi**, Sb**, or others, B’ is a
monovalent cation of Ag* or Na®, etc., and A and X are the same
as the conventional perovskites [7-9].

In particular, (MA),AgBiBrs is one kind of promising double
perovskite, which has been studied in theoretical work [10]. Yin
et al. [11] found that the incorporation of MA* cations into
Cs,;AgBiBrs can effectively modulate its band gap, facilitating
more advanced applications. However, to the best of our
knowledge, there is only one experimental study of
(MA),AgBiBr; till now, but its application in photoelectronic
devices are still vacant [10]. Different from (MA),AgBiBrs,
Cs,AgBiBrs has attracted much more attention, which is another
kind of potential double perovskite [7,9,12-15]. Since the
organic MA* cation in (MA),AgBiBrs is replaced by Cs’,
Cs,AgBiBrs is supposed to be more stable in harsh environ-
ments, such as high-temperature or high-humidity conditions
[16,17]. To date, most of the Cs,AgBiBr; films are fabricated by
spin coating methods, in which the crystal quality of the
obtained films is shown to be poor, leading to the unsatisfactory
photoelectric device performance [18,19]. It is therefore
important to further explore these high-quality non-toxic double
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Figure 1

perovskite films with enhanced performance and stability.

In this work, we design and develop a facile space-confined
synthesis technique to fabricate high-quality double perovskite
microplatelets of both Cs,AgBiBrs and (MA),AgBiBrs. The
Cs,AgBiBrs microplatelets are then configured into simple
photodetector devices with detailed characterization of their
photodetection properties, followed by the careful comparison
against corresponding polycrystalline films (PCFs) synthesized
by the conventional spin coating method. It is impressive that
both the crystal quality and device performance of the micro-
platelets are revealed to be much higher than that of PCF. The
responsivity of the Cs,AgBiBrs microplatelet photodetector is
100 times larger than that of the PCF photodetector while its
response speed can be as fast as 145 ps. Importantly, the
microplatelet devices are witnessed with their robust thermal
stability. All these results can evidently break down the barriers
that hinder the utilization of non-toxic double perovskites,
which can also contribute to further development of halide
perovskites.

EXPERIMENTAL SECTION

Synthesis of perovskite precursors

CsBr (or MABr), AgBr and BiBr; at a molar ratio of 2:1:1 were
dissolved in dimethylsulfoxide to form a saturated solution. The
solution was then stirred at room temperature overnight.

Device fabrication

The perovskite films and microplatelets were fabricated by a
one-step spin-coating method in a nitrogen-filled glovebox,
where the oxygen and moisture concentrations were controlled
at ppm level. For the fabrication of the microplatelets, the silicon
and glass substrates were first ultrasonically washed with acet-
one, ethanol, and deionized (DI) water. Then, the silicon sub-
strates were treated with mild oxygen plasma to make their
surface hydrophilic. After that, one silicon substrate was clipped
with another hydrophobic glass substrate. The saturated
Cs,AgBiBre or (MA),AgBiBrg solution was then dripped on the
edges of these two substrates. After the solution got diffused into
the gap between the substrates, the clipped substrate stacks were
next heated at 90°C on a hot plate. During the thermal treat-
ment, the solvent of the solution would evaporate slowly. The
microplatelets could be obtained after 48 h. For the Cs,AgBiBrg
films, 40 pL of the precursor solution was spin-coated on the
silicon substrate at 3000 r min~! for 30 s, followed by annealing
at 250°C for 10 min on a hot plate. After that, Au electrodes were
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Schematic of the solution-processed space-confined synthesis technique.

thermally evaporated onto the samples with the assistance of a
shadow mask to complete the device fabrication, where the
channel length and width were 15 and 70 pm, respectively.

Film and device characterization

X-ray diffraction (XRD) patterns were acquired by the Bruker
D2 Phaser X-ray diffractometer with Cu Ka radiation. The
thickness and surface morphologies of the Cs,AgBiBrs micro-
platelets and films were characterized by atomic force micro-
scopy (AFM, Bruker Dimension Icon) and scanning electron
microscopy (SEM, FEI Quanta 450 FEG SEM). High-resolution
transmission electron microscopy (HRTEM) image was acquired
through an FEI Tecnai G2 F30 transmission electron microscope
to study the lattice structure of the microplatelets. Ultraviolet-
visible (UV-vis) absorption spectra were recorded using a
Hitachi UH4150 UV-vis near-infrared (NIR) spectro-
photometer. The photoelectrical performance of the photo-
detectors was studied by a standard electrical probe station and
an Agilent 4155C semiconductor analyzer (Agilent Technolo-
gies, California, USA). The laser with the wavelength of 450 nm
was used as a light source. The light intensity of the incident
irradiation was measured by a power meter (PM400, Thorlabs).
For the measurement of the response speed of the photodetector,
a low-noise current amplifier (SR570, Stanford Research Sys-
tems, USA) along with a digital oscillator (TBS 1102B EDU,
Tektronix, USA) was used to obtain the high-resolution current-
time (I-f) curve. Unless otherwise noted, the operating voltage
used was fixed at 1.5 V in this work.

RESULTS AND DISCUSSION

As depicted in the illustrative schematics in Fig. 1b, this space-
confined synthesis technique involves an important cleaning
step of ultrasonically washing the silicon substrate with acetone,
ethanol, and DI water successively, followed by the mild oxygen
plasma treatment to improve the hydrophilicity of silicon. Then,
the processed silicon substrate is clipped with another hydro-
phobic glass substrate. Next, the Cs;AgBiBrs or (MA),AgBiBrs
solution is dripped onto the edges of these two substrates. After
the solution gets diffused into the gap between the substrates, the
clipped substrate stacks are heated on a hot plate, where the
solvent of the solution would evaporate slowly to yield the
microplatelets subsequently. Unlike the spin-coating method,
where a high annealing temperature (over 250°C) is needed to
improve the crystallinity of the film, the heating temperature in
the space-confined method is as low as 90°C to make the solvent
evaporate slowly, which is preferred in the fabrication of elec-
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tronic devices.

The XRD pattern of the Cs,AgBiBr¢ microplatelets was mea-
sured and shown in Fig. 2a. The peaks of the Cs,AgBiBrs
microplatelets can be indexed to the simulated XRD pattern (red
line), which suggests the pure-phase Cs,AgBiBrs is acquired. The
UV-vis absorption spectrum of the Cs,AgBiBrs microplatelets
was also assessed and presented in Fig. 2b. One can see that its
absorption edge is located at 453 nm, suggesting its band gap
value of 2.74 eV. Moreover, Fig. 2d demonstrates the SEM image
of the Cs,AgBiBrs microplatelets, in which the lateral dimension
of microplatelets is close to submillimeter. The HRTEM image
of the microplatelets is also shown in Fig. 2¢, which confirms its
high crystallinity with the clear lattice spacing fringe of
0.285 nm, corresponding to the (004) plane of the Cs,AgBiBrg
crystal lattice. The large-area AFM was as well performed on the
edge region of the microplatelet. The corresponding image in
Fig. 2e reveals that the microplatelet has a typical thickness of
1.2 um. Combined with the AFM topography image in Fig. 2f,
the microplatelet has a relatively smooth surface morphology
with a root mean square (RMS) roughness as low as 0.31 nm. At
the same time, the XRD pattern and absorption spectrum of the
Cs;AgBiBrs PCF fabricated by spin-coating are depicted in

Cs,AgBiBr, microplatelet
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Figs S1 and S2. The XRD peaks are consistent with the simulated
ones, but the intensity is obviously much weaker than those of
the Cs,AgBiBrg microplatelets. The absorption edge of the
Cs,AgBiBrs PCF is found to locate at 451 nm; therefore, the
band gap of 2.75 eV is determined. Besides, it is witnessed that
the Cs,AgBiBrg PCF exhibits obvious crystal grains in the SEM
image in Fig. S3. The corresponding RMS surface roughness is
measured to be 13.7 nm based on the AFM image acquired in
Fig. S4. This surface roughness value is much larger than that of
the microplatelets (0.31 nm). These results can evidently illus-
trate that the quality of the Cs,AgBiBrs microplatelets fabricated
by the space-confined technique is much better than that
attained by the conventional spin coating method.

To characterize and compare the photodetection properties of
the Cs,AgBiBrs microplatelets and PCF, their photodetectors
were configured and studied. The SEM image of the device
structure is shown in the inset of Fig. 3b, where the square shape
Au electrodes are deposited by thermal evaporation with the
assistance of a shadow mask and the channel width and length
are 70 and 15 um, respectively. The photocurrent-voltage (I-V)
curves of the Cs,AgBiBrs microplatelets under different light
intensities are shown in Fig. S5, where the wavelength of the
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Figure 2 (a) XRD pattern and the simulated spectrum, (b) absorption spectrum, (c) HRTEM image, (d) SEM image, (e) large-area AFM image, and (f) close-

up AFM image of the obtained Cs,AgBiBrs microplatelets.
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Figure 3 (a) I-t curves under chopped laser, (b) photocurrent as a function of the light intensity, where the inset shows the SEM image of the as-prepared
device, and the scale bar is 100 um, (c) responsivity as a function of the light intensity of the Cs,AgBiBrs microplatelets- and film-based photodetectors.
(d) High-resolution I-t curve of the Cs;AgBiBrs microplatelets-based photodetector.

laser used is 450 nm. All these I-V curves are linear, suggesting
the nearly ohmic contact properties, which is benefitial for
collecting the photogenerated carriers effectively. The on/off
current ratio of the microplatelets-based photodetector can then
be determined to be 2.8 x 10°. Fig. 3a displays the I-t curves of
the microplatelets- and PCF-based photodetectors under
1000 mW cm™ chopped illumination. It is obvious that the
switching on-off cycles of the photodetectors are stable, while
the photocurrent of the microplatelet device is about 20 times
larger than that of the PCF. Besides, the dark current of the
microplatelet device is still smaller than that of the PCF.
Accordingly, the enhanced photocurrent and reduced dark
current together would lead to a high on/off current ratio of the
Cs,AgBiBrs microplatelets-based photodetector, which is pre-
ferred for high-performance optoelectronic devices. The
photocurrents under different light intensities are shown in
Fig. 3b. The photocurrents of both the microplatelet and PCF
devices show almost the linear relationship with the light
intensities, which is favorable for the broadband photodetector
applications [20]. In addition, the responsivity (R) of the pho-
todetector is a crucial parameter that can be calculated through

I . .
P, where I, is the photocurrent, @ is the

[

light intensity, and S is the active area of the photodetector [21].
As shown in Fig. 3c, the largest R of the microplatelet device is as
large as 245 mA W™, which is about two orders of magnitude
larger than that of PCF (2.5 mA W™'). The superior responsivity
of the Cs,AgBiBrs microplatelet device must benefit from its
high quality of the obtained film. Furthermore, the detectivity
(D*) and external quantum efficiency (EQE) are also important
parameters of photodetectors, which can be defined as D* =

the equation: R =
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RS'*/(2el4an)"? and EQE = hcR/eA (e, Igart b, ¢, and A represent
the electronic charge, dark current, Planck’s constant, velocity of
the incident light, and wavelength of the incident light, respec-
tively) [22]. In this case, the D* and EQE of the photodetectors
were calculated and depicted in Fig. S6. As predicted, the D* and
EQE of the Cs;AgBiBrs microplatelet device are much larger
than those of the PCF device, where the largest D* and EQE are
1.3 x 10" Jones and 67.6%, respectively. More importantly, the
response speed is also an essential parameter for the perfor-
mance evaluation of photodetectors, especially for high-fre-
quency devices. As presented in Fig. 3d, the high-resolution I-¢
curves of the microplatelets and films were measured to char-
acterize the response speed, where the rise time and decay time
were defined as the times required for current to increase from
10% to 90% and decrease from 90% to 10%, respectively. The
rise and decay times of the Cs,AgBiBrs microplatelets-based
photodetectors are determined to be as fast as 145 and 136 s,
respectively, which is superior to those of the films. As compared
with other double perovskite-based photodetectors summarized
in Table 1, it is clear that the responsivity and especially the
response speed of our pure Cs,AgBiBrs-based photodetectors are
superior to most of the composite structures-based devices. This
excellent performance can be attributed to the good crystallinity
of the microplatelets. Consequently, the space-charge-limited
current (SCLC) measurement was performed to compare the
trap densities and carrier mobilities of the microplatelets and
films. As shown in Fig. S7, the trap filling limit voltages (Vrer)
are identified and labeled. The trap densities and carrier mobi-
lities can then be calculated based on Mott-Gurney law with the
equation of n, = 2egyVrri/eL?, where n, is the trap density, ¢ is the
relative dielectric constant (=5.8), & is the vacuum permittivity,

May 2022 | Vol.65 No.5
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Table 1 Comparison of various figure of merits of double perovskite-based photodetectors
Structure EQE (%) R (mA W) D* (Jones) Response time (ms) References
Sn0O,/Cs,AgBiBre/Au 40 110 2.1 x 10%° 2 [26]
Sn0,/Cs,AgBiBre/TFBY/Au 35 140 33 x 102 0.000017 [27]
In/GaN-Cs,AgBiBrs/Ag - 1460 9.4 x 102 35 [28]
Au/Cs,AgBiBre/Au 2146 7010 5.66 x 10! 577 [29]
F-doped SnO,/TiO,/Cs,AgBiBrs/CuSCN/Au - 340 1.03 x 10" 28.75 [30]
Au/Cs,AgInClg/Au - ~32 102 0.97 [31]
Au/Cs,AgBiCls/FTO - ~10 10" - [32]
Al/Cs4CuSb,Cl;,-carbon matrix/Al - ~0.0017 108 120 [33]
Au/Cs,AgBiBr¢/Au 67.5 245 1.3 x 10" 0.145 This work

a) TFB: poly[9,9-dioctyl uorenyl-2,7-diyl)-co-(4,4"-(N-(4-sec-butylphenyl) diphenylamine)]

and L is the length of the device channel [23-25]. The calaulated
values are listed in Table S1. One can see that the carrier
mobility of Cs,AgBiBrs microplatelets is higher than that of the
films while the trap density of the microplatelets is much lower.
These SCLC measurement results confirm again the superior
quality of the microplatelets.

Nonetheless, the stability of the perovskite-based photo-
detectors is still a weakness for practical utilization. Apart from
the moisture stability, the thermal stability of perovskites espe-
cially the organic-inorganic hybrid films is still far from satis-
factory. Accordingly, the thermal stability of the Cs,AgBiBrs
microplatelets-based photodetector was carefully studied. As
shown in Fig. 4a, the device performance is first measured at
room temperature (25°C) in ambient environment (70% relative
humidity) and then the temperature is gradually increased to
160°C, staying for 5 min at every measuring point. Afterwards,
the temperature cools down to room temperature, where the
intensity of the incident laser is set at 1.5 W cm™ for the entire
measurement. The dark current, photocurrent and on/off cur-
rent ratio of the device at different temperatures are extracted
and plotted in Fig. 4b. It is observed that the dark current
increases from 0.07 to 39 nA and the photocurrent increases
from 40 to 370 nA, as the temperature increases from room
temperature to 160°C. It is because that the carriers are easier to
be motivated due to their increased kinetic energy at elevated
temperatures. Nevertheless, the dark current is much smaller
than the photocurrent, explaining the reason that the carriers in
the device under dark are much fewer than the case under the
illumination; therefore, the dark current will be more sensitive to
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the temperature-induced fluctuation of the carriers. In addition,
as the temperature increases, the ionic migration is accelerated,
which will also contribute to the increase of the dark current
[34]. Accordingly, the dark current increases at a rate faster than
that of the photocurrent, so the on/off current ratio decreases
with increasing temperature. Importantly, after the temperature
cooling back to room temperature, the photocurrent can restore
its initial value and the dark current even becomes slightly
smaller after the high-temperature heating. In this case, the
excellent thermal stability of the Cs,AgBiBrs microplatelets is
confirmed, which makes it more promising for the applications
in high-temperature environments.

Besides the all-inorganic Cs,AgBiBrs, this facile space-con-
fined synthesis technique can also be applied to the organic-
inorganic double perovskite of MA,AgBiBrs. As demonstrated in
the SEM image in Fig. S8a, the obtained MA,AgBiBrs micro-
platelet has a typical size of several hundreds of micrometers. Its
nominal thickness and RMS surface roughness are about 802 nm
and as low as 1.24 nm, respectively, directly reading from the
large-area AFM images in Fig. S8b, c. Based on the absorption
spectrum, the microplatelets have a bandgap of 2.61eV
(Fig. S8d), indicating the successful synthesis of MA,AgBiBrs
microplatelets. The MA,AgBiBrs microplatelets-based photo-
detector was also configured and characterized, where a laser
with a wavelength of 450 nm was used. The SEM image of the
device is also shown in Fig. S9. The I-V curves under the illu-
mination with different light intensities are depicted in Fig. S10a,
which shows a remarkable enhancement as the light intensity
increases, suggesting the typical light-sensitive properties. The I-
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Figure 4 (a) Temperature-dependent photoresponse. (b) Photocurrent, dark current and on/off current ratio of the Cs,AgBiBrs microplatelets-based

photodetector as a function of the working temperature.
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t curves under chopped light with the intensity of 600 mW cm™

are shown in Fig. S10b, indicating the good switching repeat-
ability. The on-off current ratio is determined to be 281. The
responsivity, D*, and EQE under varied light intensities were
also calculated and demonstrated in Fig. S10c, d, where the
largest values are 58 mA W™, 2.9 x 10'°, and 16%, respectively.
One can see that the performance of the MA,AgBiBrs micro-
platelets-based photodetector is not as good as that of
Cs,AgBiBre. It may be because that the large MA molecules can
lead to lattice distortion of the perovskites, which can lead to
more trap densities [10]. Besides, the ionic conductivity of
MA,AgBiBr; is also proved to be smaller. All these features of
MA,AgBiBrs will result in its relatively poor photoelectric
properties than that of Cs,AgBiBrs.

CONCLUSIONS

In conclusion, high-quality Cs,AgBiBrs microplatelets were
synthesized by the solution processed space-confined synthesis
technique. Attributed to the high-quality films fabricated by this
facile method, the photodetection performance of Cs,AgBiBrs
microplatelets is improved significantly as compared with the
films fabricated by the conventional spin-coating method. The
responsivity of the microplatelets-based photodetector reaches
245 mA W™, which is even two orders of magnitude larger than
that of PCF. The response speed is as fast as 145 ps. Importantly,
the thermal stability of microplatelets is also proved, which can
maintain its initial performance after heating to 160°C in
ambient environment. Notably, the organic-inorganic
MA,AgBiBrs microplatelets can also be synthesized by this
method, which suggests its universality to fabricate halide per-
ovskite microplatelets. All these findings not only demonstrate
the feasibility of using the solution-processed space-confined
technique to readily achieve high-quality double perovskites but
also enable the lead-free double perovskite alternatives of
Cs,AgBiBrs for high-performance photodetectors and poten-
tially other optoelectronic devices.
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