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Perovskite photodetectors prepared by flash
evaporation printingy
Haoming Wei,?® He Ma,® Meigian Tai,® Yang Wei, ©*2 Dongqi Li,? Xingyue Zhao,”

Hong Lin, &2 *° Shoushan Fan®*? and Kaili Jiang*®®

Organometallic halide perovskites have expanded promising approaches for fabricating optoelectronic
devices with low cost and high performance since their discovery. Here we propose a novel technique,
flash evaporation printing, to prepare perovskite thin films with high quality in an efficient way, whose
success is attributed to freestanding carbon nanotube films serving as the flash evaporator. It is
convenient to print patterned perovskites using this method due to the compact deposition geometry.
The patterned perovskite thin films were further manufactured to planar-type photodetectors, and the
performance of the photoelectric devices was evaluated. The as-prepared photodetector shows
a considerable peak responsivity and fast temporal response, proving flash evaporation printing an
effective route for exploiting high-performance perovskite photodetectors, and this technique can find
potential applications in more fields.

Organic-inorganic hybrid perovskites, such as CH;NH;PbX; (X
= Cl, Br, I), have recently captured much attention due to their
unique electrical and optical properties, which provides prom-
ising routes for fabricating optoelectronic devices with high
performance at low cost.*™® Quintessentially, perovskite thin
films can be synthesized by various deposition procedures
including simple one-step solution coating,**"**> sequential
dip coating," vapour phase deposition* and combinations
thereof."” Among these methods, dual source vapour deposition
has been developed as a reliable technique to fabricate perov-
skite thin films and photovoltaic cells with high efficiency.***®
Physical vapor deposition (PVD) methodology has shown its
potential on quality and purity control, taking advantage of the
intrinsic high purity of sublimated compounds. Besides, this
technique allows for the further integration of perovskite thin
film with other functional thin films, as it is inherited from
standard thin film technology. However, it is a challenge to
balance the organic and inorganic deposition rates, since the
organic salt generally does not evaporate as a molecular species,
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but rather dissociates into the free organic amine and hydrogen
halide gas.'” Moreover, the conventional PVD method does not
have the cost advantage due to the facility and the process.

In this study, we developed a flash evaporation printing (FEP)
technique to prepare high-quality thin films of CH3;NH;PbI;
(MAPDI;) perovskite, which inherits the merits of PVD process and
addresses its shortcomings as well. A cross-stacked superaligned
carbon nanotube (CNT) film was employed as a flash evaporator
for their ultrasmall heat capacity per unit area and fast thermal
response ability.”*° A flash evaporation transfer ribbon was then
developed by coating MAPbI; on the CNT evaporator. The transfer
ribbon can be rapidly heated by sweeping laser beam on it, trig-
gering a flash evaporation of MAPbI;. A MAPbI; perovskite thin
film with high quality was successfully printed on the substrate by
the gas phase transportation process from the hot CNTs to the
cold substrate. Planar-type photodetectors were further fabricated
by printing the perovskite thin films on Au interdigital electrodes.
The photodetectors were found sensitive to a broadband response
spectrum in visible light, showing a high responsivity (R) of
498 A W% 256 AW ! at 460 nm and 694 nm under a bias
voltage of 5 V, respectively. Additionally, the as-prepared photo-
detectors showed a high response speed. The single evaporating
source makes the FEP more simplified than the dual sources
process, as it avoids the difficulties in accurate control of depo-
sition rate and precursors ratio in customary vacuum evapora-
tion.** The FEP technique also simplifies the complicated thin
film deposition facility into a compact printing module by using
a CNT evaporator, which will have a significant cost advantage.
The FEP technique has proven itself applicable to miscellaneous
materials, and will be a promising candidate in printable elec-
tronics and flexible electronics.
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CNT films used in this work were dry spun from super-
aligned CNT arrays synthesized on silicon wafers by a low-
pressure chemical vapor deposition (LPCVD) method.?** A
cross-stacked CNT sheet with 15 single layers was coated onto
a 25 x 25 mm® metal frame. After the stacking process, the CNT
sheet was dipped in ethanol solvent and dried in air at room
temperature to make CNTs firmly compact together, such a CNT
sheet was the flash evaporator of the FEP technique. The
perovskite precursor solution was consisted of 1 M PbI, and
2.2 M CH;NH;I (MAI) in anhydrous solvent of dimethylforma-
mide (DMF). Perovskite precursor solution of 100 pL was then
dropped and subsequently spin-coated on the CNT sheet at
2000 rpm for 30 seconds. The transfer ribbon with MAPbI;
precursor was thus made after removing the solvents by
annealing the composite film at 100 °C for 10 minutes. The
scanning electron microscopy (SEM) image of the transfer
ribbon is shown in the left panel of Fig. 1 inset.

The FEP technology is sketched in Fig. 1. The flash evapo-
ration transfer ribbon with MAPDbI; was set on top of a substrate
with a 1 mm gap, and the base pressure of the process chamber
was ~10~° mbar. This compact geometry of the FEP simplifies
the process chamber and is more cost effective than conven-
tional evaporation facilities. The close distance between the
source and the substrate can efficiently improve the material
utilization during evaporation and thus effectively reduce lead
pollution to the environment. As there is no significant change
of the film quality when modulating the source-substrate
distance from 1 to 3 mm (Fig. S1f), the 1 mm gap was
employed to achieve a more compact structure. A scanning
yttrium aluminum garnet (YAG) laser was introduced on the
suspended transfer ribbon in the vacuum chamber through
a quartz window. The wavelength of the laser was 1.06 um, and
the power output was optimized to be 12 W. The laser spot,
which was ~1 mm in diameter, scanned on the CNT film along
parallel lines with a pitch of 100 um. The scanning speed was 1
m s~ ' in our experiments. The CNT evaporator can be heated to
about 1100 °C instantaneously by the laser beam irradiation due
to its ultrasmall heat capacity. The hot CNT film caused the

Vacuum
pump

Fig.1 Schematic depiction of the experimental setup of FEP. The inset
are SEM images of the MAPbIs transfer ribbon surface (left) and the
clean CNT evaporator after flash evaporation (right).
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flash evaporation immediately and the perovskite precursor on
the CNT evaporator is transfer printed onto the substrate via the
vapour phase transportation process. It takes only about 4
seconds to print a 20 x 20 mm? perovskite film. The right panel
of Fig. 1 inset shows the morphology of a transfer ribbon after
flash evaporation, the clean surface without any residue
suggests that the FEP is efficient.

The surface morphology of the as-printed perovskite film
was investigated by SEM. The SEM image in Fig. 2a shows
a typical morphology of the as-prepared perovskite thin film,
indicating a high coverage. The grain size of the perovskite film
was counted carefully for statistical analysis, and the crystallite
size distribution is given in Fig. S2.1 The mean size of the 258
crystalline grains counted is 280 nm according to the statistics,
and the sizes of most particles are over 200 nm, accounting for
more than 70%. The crystalline structure was further studied by
X-ray diffraction (XRD) and the result is depicted in Fig. 2b.
Intense diffraction peaks at 14.1°, 28.4°, and 31.8° of the curve
could be assigned to (110), (220), and (310) planes of tetragonal
MAPDI; phase.*'*'* Moreover, the XRD pattern of MAPbI;
prepared using our FEP technique exhibits two extra peaks at
19.9° and 24.4°, which were observed in the simulated perov-
skite XRD pattern reported by Graetzel et al.*® Besides, in the
region of the (110) diffraction peak, there is barely signature of
the diffraction peak for Pbl,. All these analytical results indicate
that a high level of film quality and phase purity can be acquired
by the FEP methodology. In addition, the ultraviolet-visible (UV-
vis) spectroscopy was used to study the characteristic absorp-
tion of the perovskite films, which is given in Fig. 2c. It shows
a band-to-band optical absorption edge at ~800 nm (~1.55 eV)
for MAPbI; perovskite, with an absorption plateau at wave-
lengths below 500 nm.*** The strong absorption of light indi-
cates the perovskite film's possible photoelectric applications.

The FEP technique was further employed to fabricate planar-
type perovskite photodetectors. The fabrication procedures are
illustrated in Fig. 3a. An array of interdigital gold electrodes was
first deposited on the SiO,/Si wafer by conventional photoli-
thography and e-beam evaporation process. The gap between
Au electrodes was 20 pm. A perforated metal mask was then
covered on the substrate and their patterns were aligned each
other under an optical microscope. A central 500 x 500 pum?>
square of each element was thus exposed for the perovskite thin
film printing, as shown in the middle panel of Fig. 3a. After the
FEP of perovskite thin film, an array of the planar-type photo-
detectors was successfully fabricated on the substrate. The
effective illuminated area of MAPDI; in each element was about
2.5 x 10”7 m>. The optical micrographs in Fig. 3b correspond to
the three cartoons sketched in Fig. 3a, respectively. Moreover,
the success in photodetector array fabrication also tells that the
FEP technique is compatible with conventional semiconducting
procedures, and it is also competent to print patterned thin
films with a shadow mask strategy, which is essential for prac-
tical applications of a new printing methodology.

The photoelectric convertibility of the as-fabricated perov-
skite photodetectors was studied under the illumination via an
optical microscope of a probe station. A 633 nm laser was first
employed as the light source with the optical power densities

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Characterization of the as-printed thin films. (a) SEM image and (b) XRD pattern and (c) UV-vis absorption spectrum of the perovskite thin

films deposited on FTO substrates.

varying from 4.79 to 32.99 mW cm 2. The light intensities were
measured with a calibrated power meter (Thorlabs PM100D). A
bias was applied across the two pads of the device and I-V
curves under altered illumination power were plotted by Agilent
B2902A sourcemeter. An applied voltage bias can provide the
local electric field for the MAPDbI; perovskite film, leading to
separate the photo-generated electrons and holes and decrease
the electron-hole recombination rates, which is crucial for the
high gain of the photodetector. After carriers dissociate, the
electrons would migrate to the conduction band of MAPbI; and
further to the electrode with positive potential, while the holes
would flow to the valence band and further to the electrode with
negative potential. All measurements were performed in air at
room temperature. The results are shown in Fig. 4a, in which
the current density was defined as ratio of the current to the
effective area of the device. The dark current was plotted as
a reference (the black curve), which was as low as 0.75 nAat 5V

b

Fig. 3

bias. The dark resistance is about 6700 MQ. When the device
was exposed to light, the photocurrent increased significantly.
The I-V curves show an almost linear and symmetrical behavior,
indicating a well-symmetrical internal structure of the device,
and the bright resistance at 32.99 mW cm > derived from the I-
V curves is 0.1 MQ. The I-V characteristics of sandwiched cell
consisting of fluorine-doped tin oxide (FTO)-coated glass/
MAPDI; thin film/Au device were also measured, as shown in
Fig. S3.f The DC (direct current) conductivity (o,) can be
determined from the slope of the I-V plot, I = a,Ad ™~ 'V,> where
A is area of sample (0.26 cm?) and d is the thickness of the
sample (~300 nm). The determined conductivity was 0.0065 mS
em

The irradiance-dependent photocurrents at different bias
were further plotted in Fig. 4b and fitted linearly, revealing
a linear response across ~4 orders of intensity. The linear

Perovskite

(a) Schematic illustration of the as-fabricated perovskite photodetectors. (b) Optical micrographs of the gold interdigital fingers, the

perforated metal mask and the as-fabricated photodetector element. The scale bar is 500 um.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Photocurrent versus voltage curves under different irradiation densities. (b) Photocurrent linearity upon varying the 633 nm input

irradiance at various bias. (c) Spectral responsivity of the as-fabricated device illuminated by bandpass-filtered light from Xe lamp. (d) Responsivity

dependence on input irradiance at 633 nm with various bias.

dynamic range (LDR, typically quoted in dB) can be calculated
by the equation:

*

J, h
LDR = 20 log-2
Jdark

where ];h is the photocurrent measured at a light intensity of 1
mW cm™2.2° The calculated linear dynamic range (LDR) is ~80
dB, which is higher than InGaAs photodetectors (66 dB).
Responsivity (R), the ratio of photocurrent to the incident
light intensity, can be expressed by:
R= T
Lijgn

where [, is the photocurrent and Ly is the incident light
intensity. Since R indicates how efficiently the photodetector
responds to an optical signal, it is another crucial figure of merit
for photodetectors. To measure the responsivity, the photode-
tector was illuminated by monochromatic light which was
derived from a xenon lamp with bandpass filters. The respon-
sivities under 5 different wavelengths were thus studied, the
wavelengths and the corresponding illumination power densi-
ties are 460 nm 0.04 mW cm ™2, 514 nm 0.13 mW cm 2, 578 nm
0.33 mW cm ™2, 633 nm 0.38 mW cm ™2 and 694 nm 0.08 mW
cm ™2, respectively. The device displays a photoresponse under
these wavelengths, as shown in Fig. 4c. The responsivity is
4.98 AW " at 460 nm wavelength with a 5 V bias voltage, and it
can also reach around 1 A W' even at a relatively low bias

34798 | RSC Adv., 2017, 7, 34795-34800

voltage of 1 V. This performance is comparable to commercial
large-area silicon photodiodes detecting at the same wave-
length,” due to the strong direct-bandgap absorption of
perovskite films. It should be noted that the characterization of
responsivity below 460 nm and over 694 nm is not successful
because of the limitation of the bandpass filters used, otherwise
it is expectable that the photodetector will have a wide-range
photoresponse from ultraviolet to visible light, considering
the absorption characteristics of MAPbI;. Furthermore, the
irradiance power-dependent responsivity was evaluated at
varying bias with the 633 nm laser, as shown in Fig. 4d. It can be
found that the responsivity decreases gradually as the irradi-
ance increases. The lower responsivity at higher powers should
be attributed to the reduced photoconductive gain by the
dominated shallow trap states with shorter lifetime compared
with deep traps states,”®?° thus the highest R value can be
measured at the lowest detectable irradiance power intensity.
Under 0.71 pW cm 2 irradiance, the measured R values pre-
sented in Fig. 4d are 10.06 AW 'at5Vand 220 AW 'at1V,
respectively. All these responsivity measurements demon-
strated that the as-prepared photodetectors behaved well.

To further investigate the temporal response of the photo-
detector, a supercontinuum white light source was employed as
a modulated illumination.*® The pulse duration of the light
source was less than 2 ns and the frequency was set at 5000 Hz.
The transient photocurrent response of the device was recorded
by an oscilloscope and shown in Fig. 5a. One of the transient

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Perovskite photodetector speed at zero bias. (a) Transient current output of the device to a time-varying incident light signal. (b)

Photocurrent rise and decay.

signals was presented in Fig. 5b to further characterize the rise
time and fall time. The rise time was defined as the time to
transition between 10% of the maximum photocurrent to 90%
of the maximum photocurrent; the fall time was from 90%
down to 10%. The rise time and the fall time of the photode-
tector were around 6.1 and 17.6 ps, respectively. The decay rate
is slower than the rise rate, which can be typically attributed to
the diffusive contribution to photocurrent during discharging.*
The temporal response presented here are faster than some
organic, quantum dot and hybrid photodetectors in the litera-
ture,*** which can naturally extend the scope of device appli-
cations and reveal the great potentials of the as-developed FEP
methodology.

Conclusions

To conclude, by utilizing superaligned CNT films with ultrasmall
heat capacity and fast thermal response as the flash evaporator,
a convenient FEP technology was developed and used to print
perovskite thin films with high quality. The as-prepared films'
property and morphology were proved favorable by XRD and
SEM. As the FEP technology offers a simple but efficient solution
to print patterned thin films, it is employed to prepare perovskite
patterns using a shadow mask, and the patterning printing can
also be realized by a point-by-point printing thanks to its compact
geometry. The patterned perovskite thin films were further
fabricated into planar-type photodetectors, and the photo-
response performance of the devices were evaluated. The lowest
detectable irradiance power density was evaluated to be 0.71 pW
cm™ %, under which the highest R values of 10.06 AW " at 5V and
220 A W' at 1 V were achieved, respectively. The transient
photoresponse measurement showed the device had a very fast
photoresponse speed, the rise time was 6.1 us and the fall time
was 17.6 s, faster than some organic, quantum dot and hybrid
photodetectors according to the literature. In addition, further
enhancements of the photodetector performance may be
predictable by improving the interface between the perovskite
films and gold electrodes. These results demonstrate that FEP is
an effective way for exploiting high-performance perovskite

This journal is © The Royal Society of Chemistry 2017

photodetectors, and FEP is also a promising methodology for
printing other functional materials, finding its prospective
applications in printed electronics, organic electronics and
future flexible electronics.
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