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ABSTRACT: Inorganic semiconductor-based photodetectors have been
suffering from slow response speeds, which are caused by the persistent
photoconductivity of semiconductor materials. For realizing high speed
optoelectronic devices, the organometal halide perovskite thin films were
applied onto the interdigitated (IDT) patterned Au electrodes, and
symmetrical structured photoconductive detectors were achieved. The
detectors were sensitive to the incident light signals, and the photocurrents
of the devices were 2—3 orders of magnitude higher than dark currents. The
responsivities of the devices could reach up to SS mA W'~. Most importantly,
the detectors have a fast response time of less than 20 us. The light and bias
induced dipole rearrangement in organometal perovskite thin films has
resulted in the instability of photocurrents, and Ag nanowires could quicken
the process of dipole alignment and stabilize the photocurrents of the devices.
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B INTRODUCTION

Photodetectors, which can convert incident light signals into
electric signals, are very important functional components for
realizing a wide range of industrial and scientific applications
including optical communication, environmental monitoring,
day- and night-time surveillance, and chemical/biological
sensing.l’2 In the past few decades, most research attentions
of photodetectors were paid to the inorganic semiconductor
materials such as S$i,”~° GaN,” ™' and ZnO."'™"* Also, both the
photovoltaic and photoconductive devices have been inten-
sively studied.”™'® However, due to the persistent photo-
conductivity caused by the internal and surface deep-level
defects,""">~"* the inorganic semiconductor-based photo-
detectors still suffer from slow responses of several seconds
or longer,”™" which has greatly limited their applications in
high-speed devices.

Recently, a group of organic/inorganic hybrid perovskite
materials have attracted much attention due to their superb
properties."”™** The metal halide octahedral cages in layered
perovskite framework provide distinct advantages of ultrafast
charge generation, hi§h mobility, long charge carrier lifetime,
and diffusion length; * meanwhile, the organic components
offer a number of useful properties including structural diversity
and capacity of solution processing. These interesting proper-
ties strongly suggest a huge potential of this class of materials
for photodetector applications. And most importantly, the
dominant intrinsic defects of organometal halide perovskites
create only shallow-level defects, even with the defects
inevitably formed during the low-cost solution-based process.
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Gap states within the band gap are not found.”**° So, the
organometal halide perovskites could prevent the serious
persistent photoconductivity of inorganic semiconductors,
then realize the devices of fast response speeds. Yang et al.'
have reported the sandwich structured photodetector with
organic/inorganic hybrid perovskite materials as functional
layer; the device presented a fast response speed and a high
responsivity. But the use of electron transport layer (ETL) and
hole transport layer (HTL) materials has increased the cost of
the device, and the four-time spin-coating processes in their
work have also added complexities to device fabrication.
Photoconductive devices, which only need perovskite materials,
metal electrodes, and one cycle of spin-coating, could be a facile
way to accomplish perovskite photodetectors more easily and
efficiently. Therefore, in this work, for achieving photo-
conductive photodectors with symmetrical structure, we used
a simple but efficient approach to apply the organic/inorganic
hybrid perovskite materials onto IDT patterned Au electrodes.
The electrodes formed ohmic contacts with perovskite layer
and the current of the device increased rapidly as soon as the
incident light source was turned on. Perovskite based
photoconductive photodectors with fast response speeds of
less than 20 us have been achieved.
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B EXPERIMENTAL SECTION

Methylammonium bromide (CH;NH;Br) and methylammonium
iodide (CH;NH,]) used in this experiment were synthesized by the
method mentioned elsewhere.”” ~>° The perovskite precursor solutions
were prepared by mixing CH;NH;Br or CH;NH;I with PbCl, in a 3:1
molar ratio in anhydrous N,N-dimethylformamide (DMF) to give the
concentrations of 10, 20, and 30 wt %. Glass substrates (1 X 1 cm)
were ultrasonically cleaned with acetone, ethanol, and deionized water
for 15 min, respectively. Then, 50 nm thick Au thin films were
deposited onto the glass substrates by a vacuum evaporation
equipment under the pressure of 2 X 107> Pa, then optical lithography
was applied to define the IDT contact patterns. The fingers of the Au
contact electrodes were 500 ym long and 5 um wide with 5 um
spacing. The CH;NH;PbBr;_, I, and CH;NH,PbI; precursor solutions
were spin-coated onto the substrates at 3500 rpm for 40 s and then
annealed at 100 °C for 10 min.

The morphology of samples was investigated by the field-emission
scanning electron microscopy (FESEM, Hitachi S$-4800). The
photoluminescence (PL) measurement was carried out with a JY-
630 micro-Raman spectrometer by using the 325 nm line of a He—Cd
laser as the excitation source, and the absorption spectra were carried
out using a Shimadzu UV-3101 PC spectrophotometer. X-ray
diffraction (XRD) patterns were collected with a Bruker D8 system.
The typical I-V curves were measured by an Agilent B1S00A
semiconductor device analyzer, and the time-resolved photocurrent
testing were carried out by using an optical chopper (EG&G 192) to
turn on and turn off the light that illuminated on the device and using
the semiconductor device analyzer and Agilent B2902A precision
source/measure unit to record the time and corresponding photo-
current values. Commercial light-emitting diodes (LEDs, 400 , 470,
and 525 nm) were served as excitation sources to carry out the [-V
and time-resolved photocurrent characteristics of the device. The
power densities of all LEDs were evaluated by Ophir PD300R-UV
power meter and calibrated by adjusting the applied bias to achieve a
similar intensity of 2 mW/cm?. The I-V curves under different power
densities were obtained under a laser diode (400 nm) and a Thorlabs
linear variable ND filter.

B RESULTS AND DISCUSSION

Figure 1 shows the FESEM images of the device. As can be
seen from the figure, after spin-coating the mixed halide

Figure 1. (a) SEM and (b) low-resolution SEM images of halide
perovskite thin films on IDT contact patterns with the precursor
concentration of 20 wt %.

perovskite precursor onto the ready-prepared IDT patterns, the
Au electrodes are uniformly coated by CH;NH;PbBr;_I,
material, and some crystal grains can be observed on the thin
film, which indicates the formation of organometal halide
perovskites. Figure SI shows the XRD pattern of as-prepared
CH;NH,;PbBr;_,I, films. There are only two main diffraction
peaks located at 15.15 and 30.53°, which correspond to the
(100) and (200) planes of the cubic phase perovskite.”*"~**
The systematic shift of the diffraction pattern to higher angles
can be attribute to the addition of bromide element, indicating
a shrink of the unit cell with decreasing iodide fraction.”” It is
worth noting in Figure 1 that there are also some perovskite
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crystals formed between two electrodes, and the perovskite
films on different figures of IDT patterns are connected
together by this bridge-like perovskite crystals. The carriers
could transmit from one electrode to neighboring electrode
through the bridging perovskite, thus a simple photoconductive
device has been achieved. Figure S3 shows the SEM images of
the devices fabricated by 10 and 30 wt % precursor solutions.
From the picture of 10 wt % device we could see the island-like
perovskite crystals between two IDT fingers. Yet, the 30 wt %
device presents the net-like crystal morphology, which spreads
all over the IDT patterns. The size of bridging perovskites
becomes bigger with the increasing concentration, and the
shape of the bridging crystals transforms from islands to net
morphology. Obviously, there are more bridging crystals in net-
like perovskite than there are in island-like perovskite. The
perovskite crystals on IDT patterns (Figure 1b and Figure
S3a,b) all have rough surfaces, which are different from the
ones applied on glass substrates in Figure S4.

Typical I-V characteristics of the detectors were carried out
to reveal the electrical properties of the perovskite films. Figure
2a shows the I-V curves of the 20 wt % device in dark and
under the illuminations of different wavelengths (400 nm, 470
and 525 nm). From the curves we can see that the perovskite
has a high resistance in dark condition and the dark current is
around 1 nA. Yet, when under illumination, the current
increases by tens or hundreds times. The linear I-V curves
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Figure 2. (a) Typical I-V characteristics of 20 wt % device, the inset
of (a) presents the I—V curve on a natural logarithmic scale. (b) Room
temperature responsivity and optical absorbance curves of the device.
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Figure 3. (a) Reproducible on/off switching of the 20 wt % device upon 400 nm light with a 10 s cycle illumination at a bias of 10 V. (b) Response

of the device to pulsed light irradiation at frequencies of 800 Hz.
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Figure 4. (a) Typical I-V characteristics of the 20 wt % device with different illumination power densities. (b) Responsivities of the device under

different power densities.

imply that ohmic contacts have formed between Au and
CH;NH,;PbBr;_ I, and the increase of the current means the
device is sensitive to the incident photons. The photoinduced
carriers can be separated and transferred to different electrodes
under the effect of electric field, and the perovskite based
photoconductive detector could be accomplished with this
symmetrical device structure. However, under different wave-
lengths, the photocurrent values of the device are not the same.
The highest photocurrent has been obtained under the
illumination of 470 nm. With the applied bias of 10 V, the
current could increase by 2 orders of magnitude. For revealing
the correlation between the incident wavelengths and the
responses of the device, the room temperature absorbance
spectrum was evaluated and shown in Figure 2b. On the
absorbance curve we can clearly see the exciton absorption peak
located at 470 nm, and the absorbance of the wavelengths
shorter than 470 nm are also strong. However, when the
wavelength is longer than 500 nm, the absorbance of light
decreases dramatically. The photocurrent value of a photo-
detector strongly depends on the light absorption of the
material, so we see the lowest photocurrent under 525 nm
illumination in Figure 2a. As a critical parameter to characterize
the performance of photodetectors, the responsivities of the
device have also been plotted at 10 V and shown in Figure 2b.
The photoinduced carriers could only be collected and
transferred between the IDT fingers, so the active area of the
devices in this work to calculate the values of responsivity is

defined as the product of the length and the width of IDT
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pattern. As can be seen from the figure, the responsivity curve is
consistent with the absorption curve of the material, and the
slight red-shift of the response edge can be attribute to the
Stokes shift of the material. The peak of responsivity curve is
also located at 470 nm and the responsivity value of the device
can reach up to 55 mA W'~ under the illumination of 475 nm.
The device fabricated by 10 wt % precursor solution has the
photocurrent of several pA in Figure SSa, and there is no
obvious responsivity can be observed from the spectrum of the
device in Figure SSb, which may be attributed to the lack of
bridging perovskites to absorb the photons and transmit the
photo induced carriers. For the device fabricated from 30 wt %
precursor, the photocurrent can reach up to about 100 nA, but
the dark current is high too. It may be caused by the excessive
bridging crystals. As the result, the responsivity of the device
has not exceeded 25 mA/W, The 20 wt % device has the
highest value of responsivity, so 20 wt % is the optimized
concentration of precursor solution for fabricating organometal
halide perovskite based photodetectors in this work.

The layered structure of organometal halide perovskite
materials presents the properties of inorganic semiconductor
materials and organic materials at the same time, and the
cooperation of organic and inorganic components could greatly
enhanced the properties for each other. They do not only have
the inorganic material properties of ultrafast charge generation,
high mobility and long charge carrier lifetime, but also enjoy
the organic properties of easy fabrication and no deep-level
defects. For organometal halide perovskites, dominant intrinsic
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defects create only shallow-level defects. Gap states within the
band gap are not found,”*® which is rarely the case in
conventional semiconductors such as Si, Ge, group III-V, and
group II—VI semiconductors. For revealing the response speed,
time-resolved photocurrent curves of the devices were
investigated. As shown in Figure 3a, as soon as the light
illuminated on the device is switched on, the current of the
device raises drastically. In an extremely brief period the
photocurrent has increased by 2 orders of magnitude. After
several circles of “on” and “off” states, the device could also
respond to the light signals with the same speed and the same
current level, indicating the excellent reversibility and stability
of the device. For further evaluating the response speed, we
used a chopper with high frequencies to switch the light
illuminated on the device. As can be seen in Figure 3b, the rise
time and decay time of the device are all shorter than 20 us. It
should be mentioned that 20 us has been limited by the present
experimental setup. Yet, the device is still a fast one among
kinds of semiconductor photodetectors.”™ ">

The relationship between the photocurrent and the light
intensity is direct evidence of the stability of a photodetector
under weak or strong signals. Therefore, we have explored the
photosensitivity dependence of the device on light intensities.
As shown in Figure 4a, the I-V characteristics of the device
have been evaluated under the illumination of 400 nm with
different power intensities from 0 to 52.6 mW. The I-V curves
of the device raise gradually with increasing power intensities.
The values of photocurrent are linearly proportional to the
incident irradiation intensities within the range of 0—52.6 mW.
That is, more photons could generate more photoinduced
carriers in the device. No matter under weak or strong signals,
the generation of the carriers in the device are constant and
steady. The responsivity of the device reaches the highest value
at the power of 1 mW, which was followed by a decay of the
value. With the increasing power intensity over 10 mW, the
responsivity maintains a steady value of 17.5 mA/W.

Organometal halide perovskites are a class of materials with
the same tetragonal phases but different halide components and
band gaps. For understanding whether the other hybrid
perovskites could construct the symmetrical photoconductive
detectors, we have also fabricated the device on the basis of
CH;NH;PbI; material with the same method. Figure S2
exhibits the XRD pattern of the as-prepared CH;NH,;PbI;
films, the main diffraction peaks located at 14.15 and 28.45°
that correspond to the (110) and (220) planes of the tetragonal
phase perovskites. Figure S6a shows the I—V curves of the
device in dark and under the illumination of different
wavelengths. The results indicate that ohmic contacts have
formed between CH3;NH,;Pbl; and Au electrodes, and the
photocurrent values are still different under the illuminations of
different wavelengths. The current could increase by 3 orders of
magnitude under the light of 470 nm. Figure S6b shows the
photoresponse characteristics of CH3;NH;Pbl; device under
different wavelengths at the bias of 10 V. The peak of the
responsivity curve is located at about 450 nm, but the edge of
the curve has extended to 760 nm as compared to the
CH;NH;PbBr;_ I, device mentioned above. The usage of
CH;NH;Pbl; as the functional material could realize the broad
spectral detection range from UV to the whole visible light.
Also, Figure S7 and Figure S8 indicate that the CH;NH;Pbl,
device still has the fast response speed under the illumination of
different wavelengths.
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It is worth noting that on the time-resolved photocurrent
curves of the devices, there are spikes followed by decays that
can be observed when the light is turned on (Figure 3a and
Figures SSc,f and S7). The photocurrent reaches the highest
value at the very beginning of the illumination, then decays for
many seconds to reach the steady state. It suggests that the
perovskite material endures some kind of changes under the
effects of illumination and bias. For revealing the cause of this
phenomenon, time-resolved PL testing was performed. As can
be seen in Figure S, the intensity of PL peak is not so high at
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Figure 5. Room temperature PL spectra of halide perovskite thin film
with the illumination time from O to SO s and (inset) PL peak
intensities with time.

the initial stage. With the increasing of illumination time, the
peak gradually gets stronger. Additionally, the emission peak of
the sample has a slight red shift as illumination time increases.
It may originate from the dipole alignment that induced by the
effect of external perturbations (light illumination or bias) in
organometal halide perovskite materials.”> For the room-
temperature cubic phase perovskite, the methylammonium
(MA) cations, which mainly interact with the inorganic cage by
hydrogen bonding, exhibit a dynamic disorder state when there
is no external perturbation.34 Yet, under the light illumination,
the MA cations may be less tightly bound in the excited state
than in the ground state. They will rotate more freely and
strongly orient along the crystallographic ¢ axis to form an
ordered structure with no octahedra tilting.”> The transition
between the proposed states is very slow, which could last for
tens of seconds. So, in Figure 5, it takes more than 20 s to reach
a steady state. Considering the spin—orbit coupling (SOC), the
perovskite material endures a band gap reduction with the
process of light-induced MA rearrangement.’”*> That is why
the PL peak red-shifts with the increasing illumination time.
To avoid the long duration to reach the stable photocurrent,
we applied Ag nanowires in the device. Ag nanowires have been
widely used in light harvesting systems,”* > it could enhance
the interaction between light and materials, so they may play a
part in speeding up the light-induced MA rearrangement in
perovskite materials. The Ag nanowires used in this work were
fabricated follow the method reported by Zaleski et al.*" After
the synthesis reaction, the Ag nanowires were centrifuged three
times at 9000 rpm for 10 min to remove ethylene glycol, PVP,
and other impurities. The precipitates of Ag nanowires were
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added into the 20 wt % perovskite precursor solution with the
concentration of 0.2 wt %, then dispersed by an ultrasonic
cleaner with short time of 15 s. The Ag nanowire has the
diameter of 100—300 nm and the length of 3—6 pm, which is
shown in Figure S9a. Figure 6a shows the time-resolved PL
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Figure 6. (a) Room temperature PL spectra of halide perovskite thin
film combined with Ag nanowires from 0 to SO s amd (inset) PL peak
intensities with time. (b) Reproducible on/off switching of the Ag-
nanowire assistant device upon different light illumination.

testing after the adding of Ag nanowires into the perovskite
material, and the speed of the light mediated change from
partially disordered to strongly ordered MA configurations
becomes more faster. It reaches the steady PL value within S s,
which means MA dipoles also reach the ordered orientation
quickly. Figure 6b shows the time-resolved photocurrent curves
of the Ag nanowire mediated device, the values of photocurrent
reach the steady states as soon as the light illuminate on the
device. Also, no spikes or decays could be observed on the
curves. The addition of Ag nanowires may play two main roles:
First, it has enhanced the light absorption of the perovskite
materials. Figure S9b shows the absorbance spectrum of Ag
assistant thin film, the absorption has been enhanced within the
range from 300 to 550 nm, and the responsivity of the device
has been enhanced as well. Second, the Ag nanowires could
contribute to an intensity enhancement of the electronic field.
The electronic field intensity between two IDT patterns can be
defined as E = U/d, where E is the electronic field intensity, and
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U and d are the voltage and distance between two fingers,
respectively. Ag is an excellent conductor of electricity, and
when we add Ag nanowires into the perovskite materials, the
Ag nanowires can connect to the IDT pattern, then shorten the
distance d. With the same voltage U, the electronic field
intensity E has been enhanced. The MA cations can more freely
rotate under the action of the larger applied electric field,*® so
the light-induced MA rearrangement in the perovskite materials
has been quickened.

Considering the above analyses, we could conclude that the
ordered arrangement of MA cations in perovskite materials can
contribute to stronger PL intensities and wider band gaps. So
during the light induced rearrangement process of MA cations,
the PL intensity gradually becomes higher, and the PL peak has
red-shifted slightly. But in the photodetecting process with the
combined effect of light illumination and electronic field, the
device reaches the highest photocurrent first, then followed by a
decay of the value. The both hysteresis of decay and direct rise
cases under illumination and electronic field have been
observed by other researchers.””*"** Even with the same
structure, the responses are sample specific. The different two
cases could be observed in separately fabricated devices. The
two opposite cases may be caused by the different of highly
subtle parameters during the deposition procedure, which could
control the specific structure or orientation of the polycrystal-
line film.** Under the combined effect of illumination and
electronic field, the collective alignments of the MA dipoles are
different with the specific structures or orientations.”>*' So, in
some devices, the photocurrent decreases, while other devices
experience an increase.

B CONCLUSION

In summary, by applying the organometal halide perovskite thin
films onto the IDT patterned Au electrodes, symmetrical
structured photoconductive detectors were achieved. The
formation of perovskite bridges between two fingers of IDT
patterns connected the electrodes together. The detectors were
sensitive to the incident light signals, and the photocurrent
values of the devices were different when illuminated by light of
different wavelengths. The photocurrents of the devices were
2—3 orders of magnitude higher than dark currents, and the
responsivities could reach up to S5 mA W'~. Most importantly,
the detectors have a fast response time of less than 20 us. The
illumination and electronic-field-induced dipole alignment
resulted in a decay of the photocurrent, and the introduction
of Ag nanowires increased the rate of the rearrangement
process. The methods and discussions mentioned here not only
prove that the organometal halide perovskite could be applied
to symmetrical structured photoconductive detectors but also
provide a kind of photoelectric devices for the fast operating
systems.
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