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Chun-Yan Wu, Wei Peng, Ting Fang, Bin Wang, Chao Xie,* Li Wang, Wen-Hua Yang,

and Lin-Bao Luo*

Combining both 1D geometry and the features of hybrid perovskite materials,
perovskite micro/nanowires have recently attracted particular attention for a
variety of optoelectronic device applications. Herein, by taking advantage of
the strong built-in potential induced by asymmetric contact with varied work
functions, highly sensitive visible photodetectors based on a CH;NH;Pbl;
microwire array that display pronounced photovoltaic activities are reported.
These photodetectors afford the capability to work without an external

power supply. A representative detector with Au/Ag electrodes achieves

a reasonable responsivity of 161.1 mA W' with a fast response speed of
13.8/16.1 pus under 520 nm illumination at zero bias. In addition, such a
device is also characterized by an ultralow dark current of tens of femtoamps,
enabling a high specific detectivity of 1.3 X 10'2 Jones. Furthermore, a

flexible photodetector is successfully prepared, which shows comparable

traditional semiconductor devices. How-
ever, although thin films of perovskites can
be prepared easily in large-scale through
some facile solution-based processes,
the presence of some intrinsic problems
inevitably restricts further improvement of
device performance. For example, perov-
skite thin films usually have polycrystal-
line structures with numerous defects and
grain boundaries, which reduce carrier
mobility and shorten carrier lifetime by
acting as trapping and scattering centers
for charge carriers.l'”18 Additionally, a
large amount of grain boundaries that are
susceptible to moisture can also reduce
device stability in ambient condition.l'"] In

photoresponse performance and outstanding flexibility and bending
durability. Given the good device performance and simple device geometry,
the present self-driven photodetectors hold great promise for future highly
sensitive and low-energy-consumption photodetection systems.

1. Introduction

In recent years, organic—inorganic hybrid perovskites have been
widely exploited for applications in many optoelectronic devices
such as solar cells, light-emitting diodes, photodetectors, and
semiconductor lasers.'®l As one group of the most promising
optoelectronic semiconductors, perovskite possess a variety of
appealing physical and optoelectronic properties, e.g., strong
optical absorption coefficient, high carrier mobility, long carrier
diffusion length, solution-based processibility and so on.’11 To
date, different types of photodetectors, which can convert optical
signals into electrical signals and are key components in optoe-
lectronic systems, have been realized using perovskite materials
in the form of thin films, bulk single-crystals, and microwires/
nanowires (MWs/NWs).[1210] These detectors have achieved
excellent photoresponse performance that can compete with
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comparison, single-crystalline perovskites
possessing much lower defect concentra-
tion and fewer grain boundaries can have
a far higher carrier mobility and longer
carrier lifetime, and are also more stable
when placed in air[?°22 Nevertheless,
growth of perovskite bulk single-crystals
often requires usage of enormous amounts of perovskite
precursor materials, which makes optoelectronic devices uneco-
nomical. In addition, device miniaturization has also been ruled
out because of the extremely large size of the bulk single-crys-
tals. To this end, 1D perovskite MWs/NWs with well-defined
single-crystalline structures can be promising candidates for
assembling high-performance and cost-effective perovskite
photodetectors with reasonable air stability. In addition to the
above-mentioned merits, 1D perovskite MWs/NWs can also
provide other advantages such as uniform pathways for efficient
charge carrier transport, large surface-to-volume ratio for supe-
rior antireflection, and strong light trapping, as well as excellent
mechanical flexibility bringing opportunity for assembling photo-
detectors on polymer substrates toward flexible, deformable,
and wearable optoelectronics.[?*24

So far, several approaches have been developed to prepare
high-quality perovskite MWs/NWs for high-performance opto-
electronic devices.?>?% For example, perovskite NWs array
with single-crystalline structures can be easily grown in large-
scale via a one-step solvent evaporation induced self-assembly
method.?%l By using this technique, a photodetector based
on array of CH3;NH;PbI; NWs have been constructed, which
showed responsivity and specific detectivity of 1.32 A W~ and
2.5 x 10'? Jones, respectively, along with a response speed of
0.3 ms. Jie and co-workers also reported large-scale preparation
of aligned single-crystalline perovskite MWs array through a
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Figure 1. a) Schematic illustration of stepwise process for fabricating CH;NH;Pbl; MWSs array based photodetector with asymmetric contact elec-
trodes. b) FESEM image of a typical photodetector with Au/Ag electrode pair. ¢) XRD pattern and d) absorption and PL spectra of as-fabricated

CH3NH;Pbl; MWs array.

simple blade-coating method, and a CH3;NH;Pbl; MWs array-
based photodetector attained responsivity and specific detec-
tivity of 13.57 A W~! and 5.25 x 10'2 Jones, respectively.?’! The
detector exhibited an acceptable response speed with rise/decay
times of 80/240 us. From the view of many crucial applications
(e.g., rapid data transmission, high-speed optical communica-
tion, military warning, fast imaging, etc.), high-frequency light
detection is essentially required.*®3! Various recent studies
have also proven that due to the inherent built-in potential that
accelerates photocarrier separation and transport processes,
photovoltaic (PV)-type perovskite detectors usually possess
much faster response speed together with a lower noise level, in
comparison with other types of perovskite photodetectors.??~3°]
However, to the best of our knowledge, PV-type photodetectors
employing perovskite MWs/NWs as the photoactive materials
have been far scarcely explored to date.

In this work, we present the design of high-performance
perovskite photodetectors, which are composed essentially of
CH;NH;Pbl; MWs array with asymmetric contact. Such asym-
metric contact electrodes with different work functions intro-
duce a strong built-in potential across the MWs, which affords
our devices with apparent PV activities and thus allows them to
function as self-driven photodetectors. By optimizing the con-
tact electrodes, good photoresponse performance in terms of a
decent responsivity of 161.1 mA W' and rapid response speed
of 13.8/16.1 us has been attained for a detector with Au/Ag
asymmetric contacts upon 520 nm irradiation at zero bias.
Additionally, the device exhibits an ultralow dark current in the
order of tens of fA, which renders a high specific detectivity of
1.3 X 10! Jones. We also assemble flexible photodetectors on
polymer substrates, which show comparable photoresponse
properties with those on rigid substrates. Further bending tests
reveal excellent flexibility and bending durability of the flexible
detectors.
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2. Results and Discussion

The self-driven photodetectors based on CH;NH;Pbl; MWs
array with asymmetric contact were fabricated following
the schematic illustration shown in Figure la. In brief,
CH;NH;Pbl; MWs array with preferential growth direction
were first prepared on a hydrophilic-treated SiO,/Si substrate
via the solvent evaporation induced self-assembly method
reported previously.?®! Then, after thermal annealing to
improve the crystalline quality of the MWs, electrodes with dif-
ferent work functions were deposited sequentially on opposite
sides of the MWs through electron-beam evaporation by using
a lab-built shadow mask. Figure 1b shows the field emission
scanning electron microscopy (FESEM) image of an as-con-
structed device with Au/Ag asymmetric contacts. Apparently,
aligned MWs array crossed over asymmetric contact electrodes,
forming a typical metal-semiconductor-metal (MSM) photo-
detector. According to the statistical MW diameter distribu-
tion (Figure S1, Supporting Information), the typical diameter
of the MWs is mostly in the range of 1-3 pm. In addition, it
was observed that the as-grown MWs had relatively smooth
and clean surface, implying a good crystalline quality of the
MWs. The as-obtained MWs were further characterized by
X-ray diffraction (XRD). As depicted in Figure 1c, the diffrac-
tion peaks at 14.22°, 28.44°, 31.78°, 40.48°, and 43.04° can be
indexed to (110), (220), (310), (224), and (314) planes, respec-
tively, which indicates a well crystallized tetragonal structure
with a = 8.855 A and ¢ = 12.659 A.B% Figure 1d displays the
UV-vis absorption and photoluminescence (PL) spectra of
the CH3NH;PbI; MWs. The MWs exhibited broadband absorp-
tion in the visible region with a distinct absorption edge at
=800 nm. The PL peak was located at =780 nm with the full
width at half-maximum (FWHM) of less than 40 nm. The above
results are consistent with those of CH3;NH;PbI; single-crystals
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Figure 2. |-V curves of the CH;NH;Pbl; MWs array based photodetectors with a) asymmetric contact electrodes (Au/Ag, Au/Al) and b) symmetric
contact electrodes (Au/Au, Ag/Ag) in dark and upon 520 nm light illumination. Inset in (a) shows the |-V curves of the device with Au/Ti contact
electrodes in dark and upon 520 nm light illumination. c) Histogram of V¢ and Isc for devices with different asymmetric electrodes pairs. Energy band
diagrams of the device with d) Au/Ag asymmetric electrodes and e) Au/Au symmetric electrodes upon light illumination.

in literatures, suggesting that CH;NH;Pbl; MWs with good
crystallinity have been successfully synthesized.?%2!]

To implement the self-driven photodetection function of the
CH;NH;Pbl; MWs, various photodetectors composed of metal
electrodes with both a high work function (Au or Pt) and a low
work function (Ag, Al, or Ti) on opposite sides of the MWs were
constructed. The photoresponse properties of those devices
having nearly identical density of MWs across the device
channel were studied and compared. Figure 2a and Figure S2
(Supporting Information) plot the current-voltage (I-V) char-
acteristics of some representative devices with asymmetric elec-
trode pairs of Au/Ag, Au/Al, Au/Ti, Pt/Ag, and Pt/Al, measured
in dark and under the same illumination condition (520 nm,
27.12 mW cm™?). It was observed that these devices showed
extremely low channel current in dark (Figure S2a, Supporting
Information). The nonlinear I-V behaviors also indicate exist-
ence of Schottky barriers at MW-metal contacts. Interestingly,
when shined by light irradiation, the I-V curves of all devices
deviated somewhat from the coordinate origin, giving rise to
obvious PV effects. This phenomenon was completely different
from control devices with symmetric electrode pair of Au/Au or
Ag/Ag, whose -V curves under irradiation went through the
coordinate origin, implying no PV activity (Figure 2b). In addi-
tion, we also found that the observed PV activities varied sig-
nificantly between devices with different asymmetric electrode
pairs, and the strongest PV effect was found for the detector
with Au/Ag electrode pair with a maximum open-circuit voltage
(Voc) of 0.62 V and short-circuit current (Isc) of 0.57 nA,
respectively (Figure 2c).

The above observations can be illustrated by analyzing the
energy band diagrams and charge transfer processes of the
devices. Due to the difference in work functions between
CH;NH;Pbl; MW and metal electrode, charge transfer would
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take place when two materials contact with each other, leading
to a Schottky barrier at MW-metal contact.?”! As we discussed
previously, the present devices have a typical MSM device
geometry. Therefore, the resultant built-in potential in the
device channel is determined by the Schottky barrier height
difference between two opposite MW-metal contacts.®®! For
devices with symmetric contact electrodes (Au/Au or Ag/Ag),
the Schottky barrier profiles are mirror symmetric at opposite
MW-metal contacts. In this case, the photocarriers (induced by
light absorption with a photon energy higher than perovskite
bandgap) have no preferred drift direction in the channel, or
in other words, the photocurrent is opposite and antisymmetric
near both MW-metal contacts, leading to zero net photocur-
rent.?%* Thus, an applied bias voltage is required to separate
photoexcited electrons and holes, and give rise to photocurrent
(Figure 2b,e). On the other hand, when asymmetric electrodes
are used, mirror symmetry in the Schottky barrier profile will
be broken because of different barrier heights at opposite MW-
metal contacts, which consequently gives a built-in potential in
the device channel responsible for generation of photocurrent
at zero bias.3%%% Specifically, in the device with Au/Ag elec-
trode pair, when the MW communicates with the electrodes,
electrons will flow from MW (Ag) to Au (MW) because of lower
(higher) work function of Au (Ag) relative to the Fermi level
of single-crystalline CH3;NH;Pbl; MW considering their near
intrinsic semiconductor nature.*!! As a result, a built-in poten-
tial with the direction from MW (Ag) to Au (MW) is formed near
the MW-Au (MW-Ag) contact. Consequently, the two potentials
with the same direction give rise to a strong built-in potential
across the whole MW channel. Upon light irradiation, photo-
carriers within the MWs can easily diffuse to the Schottky bar-
rier regions due to their extremely long diffusion length, 2021l
and then be separated by the built-in potential. Subsequently,
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electrons and holes are quickly extracted by Ag and Au elec-
trodes, respectively, leading to generation of sizeable photocur-
rent at zero bias (Figure 2d). On the other hand, when Al or
Ti electrodes are used instead of the Ag electrode, the built-in
potential at MW-Al or MW-Ti contact will be reduced due to the
slightly larger work function of Al and Ti (Figure S3a,b, Sup-
porting Information). Meanwhile, the surface of evaporated
Al and Ti electrodes are more prone to be oxidized, which
probably results in formation of interfacial layer at MW-metal
interface and also reduces the conductivity of the electrodes.
The above issues are likely to be responsible for the reduced
PV effects in devices with Au/Al and Au/Ti electrode pairs. In
addition, in the case of devices with Pt electrode, because of the
higher work function of Pt relative to the conduction band max-
imum of CH3;NH;Pbl;, a barrier will exist at the MW-Pt contact
for extraction of holes (Figure S3c,d, Supporting Information),
leading to reduced PV effects in comparison with the detectors
with Au electrode.

The pronounced PV effects enable our devices to work as
self-driven photodetectors operating at zero bias.[*?>*3] We then
systematically characterized the photoresponse properties of
the detector with Au/Ag electrode pair considering its strongest
PV effect. Figure 3a plots the -V characteristics in dark and
under 520 nm irradiation (27.12 mW cm™2). Obviously, the
device exhibited a high sensitivity to light illumination in the
measured bias voltage from -3 to 3 V. The time-dependent
photoresponse under periodically switched light illumination
was further studied at zero bias. As displayed in Figure 3D, the
device can be readily switched between on- and off-states, with
a good reproducibility. The dark current was as low as =20 fA,
while the current upon irradiation reached as high as =0.66 nA,
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which gave rise to a high Ijjgn/Igan Tatio of =3.3 x 10*. Such
an ultralow dark implies that the present device held great
possibility for weak light signal detection. In fact, the photo-
response properties can be well maintained even after hun-
dreds of cycles of operation, suggesting good durability of the
photodetector (Figure S4a, Supporting Information). In addi-
tion, we found that the photoresponse depended strongly on
the applied working bias. As shown in Figure S4b (Supporting
Information), the photocurrent increased monotonously with
increasing reverse operational voltage (a positive voltage applied
to Au electrode is defined as forward operational voltage), which
can be ascribed to improved separation of electrons and holes,
as well as suppressed recombination activities of photocarriers
induced by an external potential in the same direction with the
built-in one.

We further explored the light intensity-dependent photo-
response characteristics of the photodetector. Figure 3c plots
the -V curves under 520 nm irradiation with varied light
intensities. Remarkably, the photocurrent at both zero and
reverse biases rose gradually with increase in light intensity
(also see in Figure S4c, Supporting Information), which was
attributed to the increased amount of photocarriers at an ele-
vated light intensity. Also, it was observed that the photocurrent
at zero bias first increased rapidly from =15.5 pA to =0.26 nA
when light intensity was changed from 9 to 316 UW cm™,
and further increase of light intensity from 316 pW cm™ to
27.12 mW cm™ led to a slow increase of photocurrent only
from =0.26 to =0.74 nA. To gain insight into the dependence
of photocurrent on light intensity, the curve of photocurrent
at zero bias versus light intensity was then fitted by a widely
used power law: I o< P? where I,n and P denote photocurrent
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Figure 3. Electrical characterization of CH;NH;3Pbl; MWs array based photodetector with Au/Ag electrode pair. a) I-V curves in dark and upon 520 nm
light illumination (27.12 mW cm™2). Inset shows a digital photograph of as-prepared devices fixed onto a printed circuit board. b) Time-dependent
photoresponse at zero bias. c) -V curves upon 520 nm light illumination with varied light intensities. d) Photocurrent as a function of the incident
light intensity. e) Responsivity and EQE as a function of the incident light intensity at zero bias. f) Photoresponse under a pulsed incident light with

a frequency of 12 kHz.
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(Iph = Tight — Idani) and light intensity, respectively, and the expo-
nent 0 reflects the recombination activity of photocarriers.*!
As shown in Figure 3d, a low 0 value of only 0.27 was obtained,
which deviates largely from the ideal value of 1, and suggests
the presence of strong recombination loss in the current
device.*®l Therefore, it is expected that the device performance
could be further improved by optimizing the device geometry
such as shrinking the device channel, doping the CH;NH;3PbI;
MWs and so on.

To assess the performance of the present device in a more
quantitative way, some key performance parameters including
responsivity (R), external quantum efficiency (EQE), and
specific detectivity (D*) were calculated. The R is defined as
the generated photocurrent per unit power of light illumina-
tion per effective area, while the EQE is defined as the ratio
between the number of photoexcited electron—hole pairs with
contribution to photocurrent and the number of incident
photons. The two parameters are usually given by the following
equations(*4

R=1 (1)
PA

EQE=R™ 2)
el

where A is the effective illumination area (1 X 10~ cm?, the
detailed estimation method is provided in the Supporting infor-
mation); h, e, ¢, and A represent Planck’s constant, the elemen-
tary charge (1.6 X 1071° C), the velocity of light and wavelength
of incident light, respectively. According to the above equations,
R and EQE were estimated to be 161.1 mA W~! and 38.46%,
respectively, at a low light intensity (9 uW cm™2) at zero bias.
Such a relatively large R value is comparable to or even better
than a number of photodetectors involving CH3;NH3PbI; perov-
skites with different morphologies or perovskite detectors oper-
ating on similar working mechanism (see Table 1).12>:26:36:47-4]
Also, it was observed that both R and EQE values decreased
gradually with increase in light intensity, as depicted in
Figure 3e. Such a dependence of R and EQE with light intensity
further manifests the existence of non-negligible recombina-
tion loss in the self-driven photodetector.
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In addition, the D* represents the capability of a photo-
detector to probe the weakest optical signal, and can be
expressed asP’!

1/2
e - (A4) 5

NEP
where Af is the bandwidth and noise equivalent power (NEP)
denotes the minimum incident optical power required to
achieve a signal-to-noise ratio of unity at 1 Hz. The NEP is
defined as®

—1/2
2
lVl

NEP = (4)
where 2 (in AHz'/2) is the root-mean-square value of the
noise current in darkness. The E”Z at 1 Hz was extracted to
be as low as 3.6 x 107'® AHz '/2 for our device by doing Fou-
rier transformation of the dark current (Figure S5, Supporting
Information). Consequently, the NEP was calculated to be
2.25 x 107 WHz /2, which yields a large D* of 1.3 x 102
Jones.

Furthermore, we studied the response speed, which deter-
mines the capability of a detector to follow rapidly-switching light
signal. As observed from a single cycle of photoresponse curve
shown in Figure 3f, the device can operate properly with well
distinguished on- and off-states under 520 nm irradiation with
a modulation frequency of 12 kHz, indicating a rapid response
speed. Accordingly, the rise and decay times were estimated to be
13.8/16.1 us, respectively, determined by the duration required
for the photoresponse to rise/decay from 10%/90% to 90%/10%
of its peak value.P" Significantly, the response speed of our self-
driven photodetector is much faster than CH3;NH;Pbl; MWs/
NWs-based photodetectors with symmetric contact electrodes
and perovskite single-crystal photodetectors with asymmetric
contact electrodes in previous reports (see Table 1).[2>-%7484%]

To shed light on the dependence of photoresponse on the
incident light intensity, we then recorded normalized spectral
response of the device in the wavelength region of 380-900 nm
at a fixed light intensity. As plotted in Figure 4a, the detector
exhibited a broadband photoresponse in the visible light
regime, and the photoresponse declined steeply at =800 nm,

Table 1. Key performance figure-of-merits of photodetector in our work and other perovskite photodetectors in literatures.

Device structure RIAWT] D* [Jones] light/ I dark ratio T/ T Operational bias [V] Ref.
Au/CH;NH;Pbl; MWs/Ag 0.16 1.3%10'2 3.3x 104 13.8/16.1 us 0 Our work
Au/CH;NH;Pbl; NWs/Au 0.85 2.5 10" 23 0.2/0.3 ms 1 [26]
Au/CH3NH;Pbl; MWs/Au 13.57 5.25 x 102 - 80/240 s -5 [27]
Pt/CH;NH;Pbl; NWs/Pt 0.005 - - 0.25/0.35 ms 1 [25]
Au/CH;NH;Pbl; network/Au 0.1 1.02x 102 300 0.3/0.4 ms 10 [47]
ITO/CH3NH;Pbl; film/ITO 0.0367 - - 0.1/0.1s 3 [36]
Au/CH;NH;Pbl; single-crystal/Au 7.92 - 130 0.2/0.2's 4 [52]
Au/CH;NH;Pbl; single-crystal /Al 0.24 - 20 71/112 ps 1 [48]
Pt/CH;NH;PbBr; single-crystal/Au 0.002 1.4x10'° - 70/150 ps 0 [49]
Au/CH;NH;Pbl; film/Au 0.418 1.22x10" - 80/80 ms 1 [35]
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Figure 4. a) Wavelength-dependent photoresponse of the device over the range from 380 to 900 nm. b) /-V curves and c) responsivity and EQE of the
device under 405 nm light with varied light intensities at zero bias. d) -V curves and (e) responsivity and EQE of the device under 650 nm light with

varied light intensities at zero bias.

which was well consistent with the absorption spectrum of the
CH;NH;3Pbl; MWs array (Figure 1d). To deeply understand
wavelength-dependent photoresponse, the optoelectronic prop-
erties under 405 and 650 nm light illuminations with varying
intensities were also studied. As shown in Figure 4b,d, the
device showed apparent PV activities for both wavelengths.
What is more, similar to what was observed under 520 nm irra-
diation, the photocurrents increased gradually with increasing
light intensity as well (Figure S6, Supporting Information). In
addition, we observed that the photocurrent upon 405 nm illu-
mination was at least one order of magnitude lower that those
under 520 and 650 nm illuminations at similar light intensity,
which again manifests that the present detector had maximum
photoresponse at visible light region. Further analysis of the R
and EQE found that both values declined monotonously with
increase in light intensity similarly, as displayed in Figure 4c.e.
The R and EQE were estimated to be 3.26 mA W' and 0.86%,
respectively, for 405 nm irradiation (11.34 pW cm™), which
increased to as high as 61.5 mA W and 11.26%, respectively,
for 650 nm irradiation (53 W cm™?).

Figure 5 and Table 1 summarized the key performance
figure-of-merits of the self-driven photodetector in this work
and some representative perovskite photodetectors reported
in literatures. Significantly, our device with Au/Ag asymmetric
electrodes exhibited not only comparable or even higher respon-
sivity and specific detectivity, but also much faster response
speed than those of detectors made from CH3;NH;PbI; perov-
skites with various morphologies, or perovskite photodetectors
working on similar operational principle.

Flexible photodetectors are of particular importance for a
range of emerging applications such as stretchable and wear-
able optoelectronics, implantable biomedical devices and so
on.[2324 The facile solution-based preparation method enables

Adv. Electron. Mater. 2019, 1900135

1900135 (6 of 9)

our self-driven photodetectors to be assembled on plastic sub-
strates. Figure 6a,b displays the schematic diagram and an
optical photography of typical CH;NH;PbI; MWs array-based
photodetectors with Au/Ag electrode pair on a polyvinyl chlo-
ride (PVC) substrate, respectively. The flexible photodetector
was characterized by recording the time-dependent photore-
sponse under 520 nm light illumination (27.12 mW cm™)
before and after bending for various times, as well as being
bent to varied radii. As shown in Figure 6¢, the flexible photo-
detector showed comparable photoresponse characteristics
with those of devices on rigid substrates before bending. The

) [36]
10° e O3 &
. [35]
10
2 o
g 10 [25] [4"/]
e af[@9 ¥ [48] [27]
10 <&
-2 +Jcthis work
WY i .

10° 10" 10° 10’

Responsivity (A/W)

Figure 5. Comparison of responsivity and rise time of the self-driven
photodetector in this work with other perovskite photodetectors reported
in literatures.
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Figure 6. a) Schematic illustration of the flexible CH;NH;Pbl; MWs array based photodetector. b) Photograph of as-fabricated devices under bending
condition. c) Dark current and photocurrent of the flexible photodetector without bending and after 5, 10, 100, 150, and 200 cycles of bending with a
bending radius of 18 mm. d) Dark current and photocurrent of the flexible photodetector being bent to various radii.

slightly larger photocurrent and dark current may be ascribed
to higher density of MWs within the device channel. Impor-
tantly, the device can retain the good photoresponse properties
even after bending for hundreds of repetitions with a nearly
negligible decline in both photocurrent and dark current,
which was likely caused by cracks emerged in the metal elec-
trodes after many times of bending. In addition, as observed
in Figure 6d, the photocurrent and dark current are almost
invariant of the bending radius, and the detector can operate
properly even being bent to a radius as low as 6 mm. The
totality of the above results suggests that the CH;NH;PbI;
MW arrays-based self-driven photodetectors on flexible sub-
strate hold excellent flexibility and bending durability.

3. Conclusion

To conclude, self-driven perovskite photodetectors have been
developed by designing asymmetric contact electrodes on
opposite ends of CH3;NH;PbI; MWs array, which was synthe-
sized by a simple one-step self-assembly method. Benefiting
from the strong built-in potential induced by asymmetric elec-
trodes with varied work functions, the as-fabricated devices
showed apparent PV activities, providing our devices with the
opportunity to operate without exterior power supply. It was
observed that the CH3;NH;PbI; MWs array-based devices were
highly sensitive to visible light illumination. Upon 520 nm
irradiation, a typical photodetector with Au/Ag electrode pair
attained a respectable responsivity of 161.1 mA W, and
a high specific detectivity of 1.3 x 10'? Jones thanks to the
ultralow dark current. What is more, a fast response speed
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with rise/decay time of 13.8/16.1 us was also achieved. In
addition, flexible photodetectors assembled on polymer sub-
strates possessed comparable photoresponse performance,
and outstanding mechanical flexibility and bending durability.
The overall good performance together with the simple device
geometry suggests that the present self-driven photodetectors
may find potential application in future low energy consump-
tion optoelectronic systems.

4. Experimental Section

Material Preparation and Characterization: CH3NH;Pbl; MWs were
prepared through a one-step solvent evaporation induced self-assembly
method according to a previous report.?®l In a typical procedure,
46.1 mg Pbl, (Aldrich, 99%) and 15.9 mg MAI (Aldrich, 99.5%) were
sequentially dissolved in 6.4 mL N,N-dimethylformamide (DMF, 99.8%)
to obtain a CH3NH3Pbl; precursor solution. The as-mixed solution was
stirred at 60 °C for 2 h to get a clear and transparent solution before
use. A precleaned Si/SiO, substrate was treated by oxygen plasma for
10 min to obtain a hydrophilic surface. Then the substrate was leaned
on a slide glass with a tilting angle of about 10°, and 3 pL as-prepared
CH3NH;Pbl; precursor solution was dripped onto the substrate, which
spread naturally and distributed on the substrate uniformly. After
naturally dried at room temperature for about 2 h, CH;NH;Pbl; MWs
with aligned growth direction were obtained on the substrate. Finally, the
substrate was thermally annealed at 75 °C for 10 min to improve the
crystallinity of the MWs. The morphologies and microstructures of
the CH3;NH;3Pbl; MWs were characterized by field emission scanning
electron microscopy (Hitachi SU8020) and X-ray diffraction (Rigaku
D/max-y B, with Cu Ke radiation). The absorption spectrum was
recorded on a Shimadzu UV-2550 UV-vis spectrophotometer. The PL
spectrum of CH3;NH;Pbl; MWs was measured by HR Evolution (Horiba
Jobin Yvon) Raman spectrometer with a 532 nm laser.
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Device Fabrication and Analysis: To fabricate photodetectors with
symmetric contact electrodes, 50 nm Au or Ag was deposited onto
opposite ends of the MWs grown on SiO,/Si substrate by electron beam
evaporation through a lab-built shadow mask with a channel length of
100 um. In order to construct photodetectors with asymmetric contact
electrodes, a high work function metal electrode (50 nm Au or Pt)
was first deposited on one end of the MWs by sheltering the hollow
pattern of the shadow mask atop another end of the MWs. Then, a
low work function metal electrode (50 nm Ag, Au, or Ti) was deposited
on another end of the MWs by repeating the above process. Flexible
photodetectors were fabricated in a similar way on flexible plastic
substrate. The electrical characterization of the devices was performed
by using a semiconductor characterization system (4200-SCS, Keithley
Co. Ltd.) equipped with a monochromator (SP 2150, Princeton Co.).
Laser diodes with different wavelengths (405 nm (LP405-SF10), 520 nm
(LP520-SF15), and 650 nm (L650P007)) were used as light sources. The
power intensity of all light sources was carefully calibrated using a power
meter (Thorlabs GmbH., PM 100D) before measurement. For response
speed study, a signal generator (Tektronix, TDS2022B) was employed to
power the laser diode to produce pulsed light of varied frequencies, and
an oscilloscope (Tektronix, TDS2012B) was used to record the output
electrical data. All measurements were performed in ambient conditions
at room temperature.
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