ADVANCEL W) |
ELECTRONIC o
MATERIALS S

FULL PAPER

www.advelectronicmat.de

A High-Performance Flexible Broadband Photodetector
Based on Graphene—PTAA—Perovskite Heterojunctions

Guigang Zhou, Rui Sun, Yan Xiao, Ghulam Abbas, and Zhengchun Peng*

Organometal halide perovskites (CH;NH;Pbl;_,Cl,) have received con-
siderable attention in the field of optoelectronics due to their strong light
absorption and long carrier lifetime. However, the performance such as
response speed, responsivity, and stability of such detectors still need to be
improved. In this paper, a flexible photodetector (PD) composed of multilay-
ered structure of graphene—poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)-perovskite-poly(methyl methacrylate) (PMMA) is proposed. The PD
can detect a wide wavelength range from ultraviolet to near infrared. The
PD shows a high detectivity of 10" Jones and a responsivity of 10° A W at
360 nm. More importantly, the device also shows a high bending durability,
fast response time, and good stability in air due to the protection of the
PMMA layer. The facile and low-cost fabrication of the flexible perovskite-
based hybrid photodetector indicates the mass production for the potential

absorption coefficient,® tunable direct
bandgaps, and long carrier lifetime.[!>1¢]
Notably, the mixed halide perovskite
(CH3NH;PbI;_,Cl,) has more advantages
than other halogen perovskite. The pres-
ence of chlorine provides a higher mobility
and longer lifetime for carrier,"-?" leading
to a high responsivity than the nonchlorine
one. However, the responsivity of perovs-
kite-based device is still very limited due to
the low electron mobility of perovskite. The
mobility of pure perovskite phototransis-
tors is 1.24 and 1.01 cm? (V' s7!) for holes
and electrons respectively,”) which is much
lower than single-layer graphene.?l In this
case, a design in which perovskite working

application in sensitive broadband photodetection.

1. Introduction

Photodetectors with broadband wavelength have been widely
investigated in recent years due to their various applications,
including digital displays, imaging sensors, optoelectronic com-
munication, and so on. Hybrid perovskite-based devices are not
only applied to photovoltaic applications such as solar cells,
but also extended to photoelectronic components, such as photo-
detectors,”® phototransistors,”#l and light-emitting diodes.!>
For example, Hu et al. fabricated a photoconductive photode-
tector based on organolead triiodide perovskite thin film, with a
responsivity of 3.49 A W~ in the ultraviolet region and 0.49 A W
in the visible region.”! Dong et al. demonstrated a broad wave-
length device based on perovskite and its responsivity reached to
84, 203, and 242 A W' at the excitation wavelength of 350, 530,
and 740 nm, respectively.') Among the reported hybrid perovs-
kites, methylammonium lead halide (CH;NH;3PbX;, X =17, Br,
Cl") perovskites have become promising candidates for excel-
lent-performance photodetectors due to their broadband optical
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as a source layer with good absorbance and

graphene as a carrier transfer layer with

high mobility is an excellent solution to

overcome the shortcoming of a single-per-
ovskite-layer-based design.

Graphene, formed by carbon atoms in a hexagonal honey-
comb lattice, has excellent physical properties because of its
unique structure, and it is also widely used in optoelectronic
applications due to their low light absorbance (=2.3% for
single-layer graphene),?223] superior mechanical properties,
and extremely high mobility of up to 200 000 cm? (V! s7
for carriers.”!l Recently, many photodetectors based on gra-
phene-perovskite hybrid structure have been proposed.!”:2+-26]
For example, Lee et al. reported the graphene—perovskite
hybrid device with a responsivity of 180 A W in the visible
region at a channel of 50 um,*’! which is higher than pure
perovskite devices at the conductive channel of 15 um (up to
0.49 A W).B Thus, monolayer graphene is a good candidate
for free charges due to its high carrier mobility. The respon-
sivity (173 x 107 A W) of graphene—perovskite hybrid device is
extremely improved with channel length decreased to 3 um.?2l
However, the costly fabrication process such as photolithog-
raphy, double source vacuum vapor deposition, or electron-
beam lithography is needed in preparing the narrow channel
length. Meanwhile, in order to obtain higher responsivity, Xie
and Yan successively designed a phototransistor with a perov-
skite—poly(3-hexylthiophene) (P3HT)-graphene structure with a
facile fabrication process (spin-coating) and a relatively narrow
conductive channel of 5 um.["”! The obtained high responsivity
of 4.3 x 10° A W' was ascribed to the significant separation
of photogenerated carriers in the P3HT.?Y Compared with the
double-layer graphene—perovskite heterojunction devices, the
responsivity of the three-layer vertical heterojunction device is
markedly improved by introducing an interface layer between

© 2021 Wiley-VCH GmbH
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the graphene and perovskite layers. However, narrow-channel ~ graphene and perovskite because of the good match of HOMO
length with complicated process limits the photosensitive area  energy in PTAA, and suppress the electron transfer and inter-
and hinders the practical applications of the photodetectors.  facial recombination.! Compare with graphene—perovskite
Meanwhile, compared with rigid photodetector, flexible opto-  hybrid (GP) device, the performance of graphene-PTAA-per-
electronic devices have a number of advantages including port-  ovskite (GPP)-based with PMMA (GPPP) device is highly
ability, wearability, and low manufacturing cost.”?¢! Consid- improved with a responsivity of 10° and detectivity of 10" Jones
ering the degradation and oxidization of perovskite in air,?” the  at the 100 um channel length. Benefiting from the hydrophobic
atmosphere stability of the device must be taken into account  and protective PMMA, our device displays a high stability in
in applications. Furthermore, the graphene is equally sensitive  air. In addition, the low-cost and easy fabrication process of our
to air, confirming the indispensable encapsulations. devices promise for large scale applications in near future.

In this paper, we report a graphene—poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine] (PTAA)—perovskite vertical heter-
ojunction flexible photodetector coated by a poly(methyl meth-
acrylate) (PMMA) protective layer.?% PTAA is a kind of organic
hole transfer material with a wide bandgap (from -1.8 to  Structural diagrams of graphene—perovskite and graphene—
—5.2 eV), accelerating the hole transfer in the interface between =~ PTAA-perovskite are shown in Figure 1a,b, respectively.

2. Results and Discussion
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Figure 1. a) The structural diagram of the graphene—perovskite (GP) device. b) The structural diagram of the graphene—PTAA—perovskite (GPP) device.
¢) The structural diagram of the graphene—PTAA—perovskite—-PMMA (GPPP) device. d) SEM image of the surface of the GP device. ) SEM image of
the surface of the GPP device. f) SEM image of the surface of the GPPP device. g) Cross sectional SEM image of the GPPP device fabricated on a Si/
SiO, substrate. h) XRD spectra of the GP, GPP, and GPPP devices fabricated on PET substrate. Peaks of perovskite and PET substrate are marked by
red stars and a green dot, respectively. i) Absorption spectra of the GP, GPP, and GPPP devices.
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Besides, a schematic diagram of a GPPP photodetector is
shown in Figure 1c, where the functional layer is composed
of PMMA (solvent: anisole), CH;NH;Pbl; ,Cl, perovskite,
PTAA and graphene films on a flexible PET substrate. For
comparison, the surface morphologies under scanning elec-
tron microscope (SEM) of the perovskite of GP, GPP, and
GPPP are shown in Figure 1d-f, respectively. The perovs-
kite film of the GP device has many pinholes on the surface
(Figure 1d), while the surface morphologies of the GPP and
GPPP device are more uniform (Figure 1le,f), indicating that
the PTAA layer plays an important role in the homogeneity
of the perovskite. Meanwhile, SEM images of those with and
without anisole treatment are shown in Figure Sla,b in the
Supporting Information, respectively. The uniformity of the
perovskite film in the GPP device treated by anisole solvent
is much better than that of the GPP device without the treat-
ment. For SEM analysis, we used a Si/SiO, substrate, instead
of the flexible PET substrates, to fabricate the device with
the same procedure and processing parameters. Figure 1g
shows the cross section of the GPPP device on Si/SiO, sub-
strate. The estimated thickness of the PMMA, perovskite, and
PTAA/graphene layers are 15, 300, and 20 nm, respectively.
Figure 1h shows the X-ray diffraction (XRD) patterns for crys-
talline phases of the three different devices. The strong peaks
of 14.08° and 28.43° are assigned to (110) and (220) planes of
CH;3;NH;PbI;_Cl, respectively, while weak peaks at 43.04°
and 58.66° is attributed to (330) and (440) planes. The results
are consistent with previous reports and agrees well with the
standard CH;NH;PbI;_Cl, spectra.l”1820 Furthermore, it is
observed that the peaks of GPP at the (110) and (220) planes
were stronger than that of GP, indicating good crystallinity
of the perovskite film. Compared with those of GP and GPP
device, the peaks of GPPP at the (110) and (220) planes are
the strongest because of the presence of PMMA solution. To
clearly understand the reason, the XRD spectrum of GPP and
GPP treated with anisole is shown in Figure Slc (Supporting
Information), indicating the addition of anisole solvent
enhances the crystallinity of the perovskite. Figure 1i shows
the absorption spectra of the GP, GPP, and GPPP devices in
the UV-vis range. The absorptivity increased remarkably in
the short wavelength after sandwiching a PTAA layer between
the graphene and perovskite layers. The increase in absorp-
tivity can be justified by equation A = 1240/E,, where E, is the
bandgap and it is 3.4 eV for PTAA. With the wavelength calcu-
lated to be =365 nm, an illumination of a wavelength shorter
than 365 nm would increase the absorptivity of both the GPP
and GPPP devices over the GP counterpart. In addition, the
presence of PTAA leads to fewer pinholes in the perovskite
film (Figure 1le,f), which enhance the absorbance in a broad-
band wavelength, including the range beyond 365 nm. To
extract the effect of anisole solution, a comparison study is car-
ried out. The absorbance spectrum of the GPP device and the
GPP device treated with anisole are shown in Figure S1d (Sup-
porting Information), indicating that anisole can enhance the
absorbance in broadband light, and the absorption increases
with decreasing incident wavelength. The above results dem-
onstrate that the addition of anisole results in the reduction of
crystal boundary defects that leads to crystallinity increasing
and absorption intensity enhancement.
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To elucidate the working mechanism of the functional device,
carrier transfer diagram which reveals the transfer process of
excitons (electron—hole pairs) under light illumination was
displayed in Figure 2a. The PTAA layer works as an interfacial
layer between single-layer graphene and perovskite layer, and
preventing the photogenerated electrons from the perovskite to
inject into the graphene film, and accelerating the injection of
holes from perovskite into the graphene layer in the channel
under illumination. However, excitons rapidly dissociate into
holes and electrons because of ultralow exciton binding energy
(35-75 meV)." Holes tend to diffuse into the PTAA layer and
then transfer to the graphene film owing to the higher valence
band level in PTAA. At the same time, free electrons must be
assembled in the perovskite layer, because the lowest conduc-
tion level of PTAA is higher than the conduction level of per-
ovskite and dielectric constant of perovskite is relatively high.!
Therefore, the improved properties in the device are ascribed to
decreased charge recombination which induced by PTAA layer.
The linear photocurrent change as a function of Vpg under
various light illuminance (illumination period: 30 s from the
onset) of the 532 nm is shown in Figure 2b. The GPPP device
shows excellent Ohmic contact between the graphene-PTAA
bilayer films and the electrode. The sheet resistance of device is
about 680 Q according to the formula of p = R*W/L, where R is
the resistance of the device, and W/L are the width and length
of the device. Furthermore, the curves of the same device along
with Vpg under UV (360 nm) and NIR (785nm) illumination
are shown in Figure S2a,b (Supporting Information). The pho-
tocurrent Al is given by

Al= Ilight - Idark (1)

where Figye and Ig,y are the current of GPPP device in illumi-
nation and dark, respectively. Furthermore, the responsivity (R)
can be defined as the response of photodetector against inci-
dent light. Responsivity is calculated by simply taking the ratio
of photocurrent into the optical or light luminous power, as
mentioned below

R (aw)=2F )

where P is the incident light luminous power. Figure 2c displays
the responsivity of a GPPP device as a function of Vpg under
varied light intensities (wavelength: 532 nm). The responsivity of
the same device with UV (360 nm) and NIR (785 nm) illumina-
tion are shown in Figure S2¢,d (Supporting Information). The
maximum responsivity reaches to =10° A W, which is higher
than that of previously reported perovskite photodetectors.*+2°
The time-dependent photoresponse of the GPPP device under
on/off illumination with multiple cycles at different wavelengths
of 360, 532, 785 nm is shown in Figure 2d, indicating excellent
robustness, reproducibility and short recovery time in this pho-
todetector. However, current response under 360 nm cannot
reach steady-state photocurrent under illumination for 20 s
owing to the value 4 (=365 nm) of PTAA through A = 1240/E,.
Furthermore, one cycle about the photoresponse of GPPP device
(Figure 2e) is characterized by switching the light on or off at
532 nm, where current signal grows suddenly at the primary

© 2021 Wiley-VCH GmbH
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Figure 2. a) lllustration of the bandgap and carrier transfer across the vertical heterojunction of the GPP device under illumination. b) Photocurrent
and c) responsivity of the GPPP device as a function of Vs (0-0.5 V) under different irradiance at 532 nm. d) Time-dependent photoresponse of the
GPPP device under on/off illumination at different wavelengths of 360, 532, and 785 nm (voltage: 0.1 V) with intensities of 4.74, 4.25, 1.62 mW cm2,
respectively. e) Current response of the GPPP device under on/off illumination at 532 nm (4.25 mW cm™2) with voltage of 0.1 V. f) The responsivity
(dark ellipse) and detectivity (red ellipse) of the GPPP device as a function of different light source (360, 532, and 785 nm) at different light intensity

(voltage: 0.5 V), respectively.

stage (i.e., a few hundred milliseconds) under light illumination
and then increases slowly for a few minutes up to saturation. The
curve of photoresponse is fitted with exponential functions, and
the ascendant time—photoresponse is given by!!*2>26]
Al = Aj[1—exp(—t [ T1)]+ A [1—exp(—t [ T2)] (3)
where A; and A, are the magnitudes and 7; and 7, are the relax-
ation time constants. The 7, and 7, values for the fitted curve
are 0.31 and 3.99 s, respectively. 7 is the time for photoinduced
holes transferring from perovskite to the graphene channel,
whereas 7, is the time for the charges transferring through the

perovskite layer. Furthermore, the switch-off photoresponse in
Figure 2d is fitted byl!*2>:26]

Algy = Ay exp(—t [ T3) + A, exp(—t [ T4) (4
where A; and A, are magnitudes and 7; and 7, are relaxa-
tion time constants. The values of 73 and 7, from the fitted
curve are 0.26 and 1.88 s, respectively. These processes are
similar to those of previously reported phototransistors and
photodetectors.[7-19252632 Table 1 shows the comparison of
our work and some of the previously reported works. The
response time of our device is significantly shorter than that
of the previously reported devices, although the responsivity
and detectivity of our device are slightly compromised. During
the primary stage under illumination, photoinduced holes
generated from perovskite can easily transfer to graphene in the
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channel through PTAA layer because of the lower energy level,
and therefore the current increases rapidly over time. When
the hole density increases, there are more chances for holes to
recombine with free electrons at the graphene—PTAA interface.
The opposite electric field produced by separated charge carriers
also restrained injection of holes, thus leading to a longer 7,
and short 7; of the device. During the period without light, the
fast decay is primarily ascribed to the recombination of accu-
mulated electrons at the graphene-PTAA interface, while the
relatively low decay may represent the long detrapping time of
electrons before they transfer to the graphene layer. Notably, the
response time is relatively shorter than the previously reported
graphene—perovskite hybrid structure with channel length/
width (3/1200 pm) fabricated by a chemical vapor deposition
(CVD) method.?®l The responsivities of the GPPP at a Vpg of

Table 1. Comparison on the performance of our photodetector with pre-
viously reported perovskite-based photodetectors.

Reference Length/width RIAWT D" Rise time (7)/
fall time (7) [s]

17 5/800 um =~4.3x10° - -

19 2/1000 um 10° 10 4.5/-

25 50/2000 pm 180 =10° 0.087/0.54
26 3/1200 um 1.73 x 107 2x10" 1.23/0.53
This work 100/2000 um =10° =10" 0.31/0.26

© 2021 Wiley-VCH GmbH
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0.5 V versus light irradiation at 360, 532, and 785 nm are shown
in Figure 2f. Detectivity (D") is also a key property for photode-
tectors and is determined as

N
D'=—

27

where R is the responsivity of the device, g is the elementary
charge, and j is the dark current intensity per unit area in the
channel of device. Thence, the detectivity of the GPPP at a Vpg
of 0.5 V at wavelengths of 360, 532, and 785 nm are also plotted
in Figure 2f, and the maximum value is =10 Jones under
360 nm illumination with the 100 pm channel length.

The effects of PMMA solution, anisole and 2,3,5,6-Tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) on the
photoelectric performance of device are also studied. Figure 3a
shows a comparison between GPPP and GPP device, and the
photocurrent of GPPP is higher than GPP device under the
same measurement conditions, showing the PMMA solution
can improve the performance. Figure 3b,c indicates the per-
formance in the device including the PTAA layer are higher
than those of the GP device without the PTAA layer, as shown
in Table 2. Figure 3b and Table 2 show that the rise time (6.81
s) and drop time (90 s) of the GP device defined by the time
taken for an 80% rise or drop in photocurrent is much higher
than that of the GPP and GPPP device due to the high-density
trap states in Figure 1d, leading to a long recovery time.l?) The
capacitance (C) of the GP, GPP, and GPPP devices are con-
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Table 2. Comparison on the rise time and drop time in the GP, GPP,
and GPPP devices.

Device Rise time [s] Drop time [s]
Graphene—perovskite 6.81 90
Graphene—PTAA-perovskite 0.65 0.78
Graphene—PTAA-perovskite-PMMA 0.86 1.28

firmed by the actual capacitance-frequency measurement. As
shown in Figure S3a (Supporting Information), the capacitance
of the GP device is much higher than that of the GPP and GPPP
device at low frequency range, which indicates there are fewer
trap states (interface and surface trap) exist in the interior of the
GPP and GPPP devices. As a result, the response speed of the
GPP and GPPP devices is faster than that of GP device. The RC
time constant, shown in Figure S3b (Supporting Information),
of the GP device is much higher than that of the GPP and GPPP
device at low frequency range. This is because the charge and
discharge process of a capacitor play an essential role in the rise
and recovery of the current in the photodetector.*l These results
further reveal the essential role of PTAA layer in this work to
improve the response speed and performance. To further con-
firm the specific effect of the PTAA layer through exploring
inner working mechanism, a bandgap structure diagram of the
GP device is displayed on Figure S3c (Supporting Information).
The excitons generated from perovskite under illumination rap-
idly split into electrons and holes, and all inject into graphene

(

<)

Yoo

(@) (b)

graphene-PTAA-perovskite Wavelength: 532 nm
graphene-PTAA-perovskite-PMMA
—_

1.28s

—— graphene-perovskite

Wavelength: 532 nm

e
o

80%

S

e
S

Photocurrent (mA)

0.0

"
10

20
Time (s)

L "
60 80 100 120

Time (s)

Wavelength: 532 nm
—— without PMMA with PMMA
—~ 06} 0%
E r < ozt Bt
= (’_ E s0% \ |7
b= -
S o4} =
2 S 6.815
-
= =
s = 01f
2 <
s ]
= 02f S
2 )
= =
R =
0.0 1 1 i 1 1 1 i 0.0 4 i
0 20 40 60 80 100 120 140 0 20 40
Time (s)
( ) ( ) L —%ma

0.8

~——PTAA: F4-TCNQ

Wavelength: 532 nm st seett XXX}

sttt

0.8
21s

0.26 s
-

80%

0.6

80% 0.6

0.4 Wavelength: 532 nm

0.4
~—— without anisole

~—with anisole

0.2 0.2

Photocurrent (mA)
Photocurrent (mA)

0.0 0.0

.
‘1% ‘.-"'..
IS

80%

Wavelength: 532 nm

10°F = graphene-PTAA-perovskite

® graphene-PTAA-perovskite with anisole

4 graphene-PTAA-perovskite with F4-TCNQ

" " " n " 1

I

20
Time (s)

30 40

L v 0.0 0.1 0.2 0.3 04 0.5

20 30 40
Time () Vos (V)

Figure 3. a) Time-dependent photoresponse of the GPP and GPPP devices as a function of Ips under the same light intensity (illumination:
532 nm—4.25 mW cm~2). b) Current response of the GP device to on/off illumination. Vps = 0.1V; light density (4.25 mW cm~2). c) Current responses
of the GPP and GPPP devices to on/off illumination. Vps = 0.1 V; light density (4.25 mW cm™2). d) Photoresponse of GPP device without and with
anisole under periodic on/off illumination (light density: 4.25 mW cm™2) at voltage of 0.1 V. e) Current responses of GPP with and without F4-TCNQ
(voltage: 0.1V; illumination: 532 nm—4.25 mW cm™2). f) Responsivity of GPP device, GPP device with anisole and GPP device with F4-TCNQ as a func-
tion of Vps (0-0.5 V) under same light irradiance at 532 nm (4.25 mW cm™).
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because of the low energy level for holes and electrons in the
graphene film, leading to lower hole concentration. According
to the SEM image (Figure 1d) in GP device, high-density trap
states are observed,”?! in this case the long recovery time in GP
is reasonable. To further investigate the effect of anisole sol-
vent in photoelectric property, the time-dependent response of
a GPP device with and without anisole treatment are measured
at 532 nm (4.25 mW cm2) with 0.1 V of Vpg (Figure 3d). The
photocurrent of the GPP with anisole treatment is significantly
enhanced compared with that of the GPP without the treatment,
since anisole can lead to decrease of trap states and improve the
secondary crystallinity of the perovskite.’l The rise time of the
two devices is similar; however, the drop time of the GPP device
with anisole treatment (2.1 s) is longer than that of the GPP
without the treatment (0.78 s). Furthermore, anisole also acts as
an anti-solvent in the perovskite film formation to form a high-
quality perovskite film, as previously reported.l?l The molecular
structure of anisole is CgHs—O—CH3, including an —O- group,
two asymmetric —C¢Hs and — CH; groups. Zhao et al. explained
that anisole provides a hydrogen-bonding acceptor —O with lone
electron pairs, which has the ability to compose hydrogen bonds
C-H--O with C-H donors in N,N-dimethylformamide (DMF)
molecule, inducing a strong intermolecular interaction between
anisole solvent and DMF (solvent of perovskite solution).3 The
secondary crystallinity of perovskite in device is realized with the
simultaneous evaporation of residual anisole-DMF complexes
while baking since they stay as an intermediate film on the sub-
strate during spin-coating.

To improve the performance of the GPP device, we intro-
duce a p-doped hole transport dopant (F4TCNQ) to the PTAA
layer, in order to induce more electronic transmission chan-
nels. The photocurrent generation of the GPP device with and
without F4-TCNQ dopant is shown in Figure 3e. The photo-
current generated from the doped device reaches 0.825 mA,
~60% higher than that of the undoped device. The rise time of
the GPP device with F4-TCNQ dopant is 0.26 s, much shorter
than that of the GPP device without the dopant (0.65 s). The
drop time of the doped GPP device is slightly longer (1.95 s)
than that of undoped GPP device (0.78 s). These results indi-
cate that p-doped PTAA by F4TCNQ can improve the perfor-
mance of the GPP device. Responsivity versus Vpg for GPP,
GPP with anisole treatment and GPP with F4-TCNQ treatment
are plotted in Figure 3f. It is clear that the treatment of anisole
or F4-TCNQ in GPP device improves the performance of photo-
detector compared to the bare GPP counterpart, and F4TCNQ
treated device shows the best responsivity for complete (0.0—
0.5V) voltage interval. In addition, control device (graphene—
PTAA) is also prepared. I-V curve of a graphene-PTAA device
as a function of Vpg is measured at 360 nm with the highest
intensity (1 WW), as plotted in Figure S3d (Supporting Informa-
tion). In addition, the photocurrent of the same device is only
~0.4 UA with the maximum light illumination under the test
conditions (wavelength: 360 nm (1 uW); voltage: 0.1 V), shown
in Figure S3e (Supporting Information). These results exhibit a
weak absorbance in PTAA film. PTAA is an organic p-type sem-
iconductor with a high hole mobility in the range of 107 to 1072
cm? (V™' 571, which can be introduced as a substrate material
for hole transport in the fabrication of devices such as perov-
skite solar cells?) and organic field effect transistors.!l Notably,
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the PTAA layer of all devices efficiently separates electrons and
holes and prohibits charge recombination to improve device
performance.

The GPPP device held in a Vernier caliper is bent with dif-
ferent angles in order to characterize its flexibility (Figure 4a).
Furthermore, the mechanical strain during bending is also
studied. As shown in Figure S4a (Supporting Information), the
mechanical strain increases with the increase of the bending
angles, and it reaches a plateau of =85% after =70°. Photoelec-
tric performance is measured at a Vpg of 0.1 V under 532 nm
light with 1.82 mW cm™. The photocurrent evolution after
bending 100 times at various angles (10° to 70°) is shown in
Figure 4b. When it is bended at 10°, the photocurrent decreased
=~40%. The change of photocurrent corresponds to the mechan-
ical stress level at a given bending angle. The cyclic bending
test at a fixed bending angle of 30° is shown in Figure 4c. After
100 cycles the photocurrent dropped from 0.6 to 0.4 mA and is
relatively stable after bending 500 times. Normally, the major
drawback of perovskite-based device is the instability in air,?
owing to the easy degradation of perovskite through exposure
to moisture, oxygen, and light, which limits its practical appli-
cations. To enhance the stability of the present photodetectors,
effective protective layers are introduced and series of control
devices are fabricated. The photographs of devices, as shown
in Figure S4b (from left to right) in the Supporting Informa-
tion, are GP, GPP, and GPPP, respectively. The surface color
of the devices without the PMMA layer changes from black to
yellow over time when stored in air, whereas the color of the
device coated with a PMMA layer remains almost unchanged
due to the protective of PMMA with its hydrophobic property.
In addition, the transient photoresponse of the three devices is
measured as a function of the exposure duration in air (voltage:
0.1 V) under periodic on/off illumination with 532 nm light,
especially the storage conditions in air (temperature: 17.8 °C;
relative humidity: 50%). The normalized photocurrent evolu-
tion is shown in Figure 4d. The photocurrents of the GP, GPP,
and GPPP devices undergo a fast decay first and drop to 20%
(less than 25 days), but the photocurrent of the devices without
PMMA protective layer persistently declines with an extension
of storage time in the air, meanwhile, the device with PMMA
still holds 20% of its original photocurrent. To further dem-
onstrate the effectiveness of the PMMA layer, three different
devices (GPPP, GPP, and GP) are stored in air without light
for 150 days and then their absorption spectra are compared
in Figure 4e. The degradation rate of the devices without the
PMMA layer is much faster than that of the device with the
PMMA layer, which changed only slightly. These results proved
that the PMMA hydrophobic layer can prevent the decay of
perovskite in air.

3. Conclusion

In summary, we have fabricated a highly sensitive, stable, and
broadband flexible photodetector with a vertical heterojunc-
tion (graphene-PTAA-perovskite) and a hydrophobic protec-
tive layer (PMMA). The device exhibits a high responsivity
of 1 x 10° A W' and a high detectivity of 10® Jones under
UV-vis light illumination at a voltage of only 0.5 V even

© 2021 Wiley-VCH GmbH
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Figure 4. a) Photographs of a bended GPPP device at various bending angles. b) Evolution of photocurrent the GPPP device at various bending angles
after 100 bending cycles (voltage: 0.1V; light: 532 nm-1.82 mW cm™2). c) Variation of photocurrent of the GPPP device after different bending cycles
with a fixed bending angle (voltage: 0.1V; light: 532 nm-1.82 mW cm™2). d) Normalized photocurrent of the GP, GPP, and GPPP devices as a function of
storage time (voltage: 0.1V). e) Absorbance spectra of the GP, GPP, and GPPP devices in the fresh states (solid line) and 5 months later (dashed line).

with a relatively large channel length of 100 um. The supe-
rior performance is attributed to the high mobility of gra-
phene, intense optical absorption and long carrier lifetime
of perovskite, and effective photoinduced carrier separation
at the PTAA layer. The stability of the device has significantly
improved by coating a PMMA film on the top surface. The
high sensitivity and good stability endow our flexible photo-
detectors with great potential in a wide range of applications,
such as digital displays, imaging sensors, optoelectronic com-
munications, and so on.

4. Experimental Section

Materials: Single-layer graphene film was successfully fabricated on
copper foil by a CVD method (6 Carbon Technology Shenzhen). The
precursor solution was prepared through mixing methylammonium
iodide (CH3;NHsl) and lead chloride (PbCly) (99.5 wt%) together and
dissolving them in anhydrous DMF (99.8 wt%).["] Then, this precursor
solution was filtered by a 0.22 um PTFE membrane filter to get rid of
existing particles. A 40 mg portion of PMMA crystal particles was
dissolved in anisole solvent (1 mL) and heated at 50 °C for 12 h to gain a
sort of completely soluble PMMA solution in a nitrogen-filled glovebox.

Device Fabrication: The PET substrates (1.5 cm X 1.5 cm) were
ultrasonically washed with acetone, ethanol, and deionized water
respectively. The Cr (10 nm)/Au (100 nm) electrodes were deposited
by thermal evaporation with a shadow mask on top of the PET
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substrates. The channel length is 100 um, while the channel width
is 2 mm. Plasma irradiation treatment was applied to improve the
adhesion between the depositing layer and the substrates. Single-layer
graphene film was transferred onto the cleaned substrates by a wet
transfer method,?%] then the PTAA layer (3 mg mL™ in chlorobenzene)
was spin-coated on the graphene surface at 3500 rpm for 30 s
and heated at 100 °C for 20 min. The PTAA layer was treated with
plasma irradiation (argon and oxygen hybrid gas) for 30 s. Then the
CH;3;NH;Pbl;_Cl, perovskite precursor was spin-coated onto the PTAA
layer at 3500 rpm for 30 s, then the stack was annealed at 100 °C for
30 min to form the perovskite film. Finally, the PMMA solution was
spin coated on the surface of the perovskite film at 3000 rpm for
30 s to obtain a protective hydrophobic PMMA layer. PET—graphene—
PTAA-perovskite (GPP) and PET—graphene—perovskite (GP) devices
were prepared by the same method described above. To improve the
response speed of GPP device, F4-TCNQ dopants (3 wt%) was added
into PTAA layer solution (3 mg mL™) to form GPP-F4-TCNQ device by
using the same method.

Characterization: The absorbance spectra were characterized by
PekiElmer Lambda 900. XRD measurements were performed using a
Panalytical B.V. X'pertpro with Cu Ko radiation. The surface appearance
of devices was measured by SEM (FEI Scios Dual Beam). Electrical
characteristics of the devices were obtained by a conjugation of a
Keithley 4200 semiconductor analysis device along with probe station in
a glovebox filled with nitrogen. The photoelectric properties of devices
were measured under illumination for 30 s every time by CHI successive
lasers with 9.5 mm diameter and at a distance of 7.9 cm from laser (360,
532, and 785 nm) to device, respectively. The mechanical strain was
characterized under Fatigue Stretcher (E1000, Instron). The c-f curves
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were measured using the combination of a Keysight E4990A Impedance
Analyzer with the Advanced Research System PSF-1-4 probe station.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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