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ABSTRACT: Two-dimensional (2D) layered hybrid per-
ovskites of (RNH,),PbX, (R is an alkyl and X is a halide)
have been recently synthesized and exhibited rich optical
properties including fluorescence and exciton effects.
However, few studies on transport and optoelectronic
measurements of individual 2D perovskite crystals have
been reported, presumably owing to the instability issue
during electronic device fabrications. Here we report the
first photodetector based on individual 2D
(C,HoNH;),PbBr, perovskite crystals, built with the
protection and top contact of graphene film. Both a high
responsivity (~2100 A/W) and extremely low dark current
(~107'° A) are achieved with a design of interdigital
graphene electrodes. Our study paves the way to build
high-performance optoelectronic devices based on the
emerging 2D single-crystal perovskite materials.

In recent years, the hybrid perovskite systems with combined
advantages of organic and inorganic components, have
shown remarkable potential in optoelectronic applications, such
as solar cells,' * light-emitting,” and photodetection.””'" The
perovskite materials have a three-dimensional (3D) form or a
layered two-dimensional (2D) form with a generic formula of
(RNH;),(CH;3NH;),,_1A, X5, where R is an alkyl or
aromatic moiety, A is a metal cation, and X is a halide."""
Very recently, a new two-dimensional (2D) member of
organic—inorganic hybrid perovskite family, that is, atomically
thin layered crystals of (C,H,NH;),PbBr, have been
successfully synthesized by the Yang group using a solution-
processed method and display high photoluminescence (PL) at
room temperature.13

In contrast to the conventional 3D hybrid halide perovskites,
the 2D layered (C,HyNH,),PbBr, crystal consists of the
inorganic layers of [PbBrs]*~ octahedra sandwiched between
interdigitating bilayers of intercalated bulky alkylammonium
cations (Figure la). The inorganic component offers the
opportunities for high carrier mobility and a wide range of
bandgap.''~"* The organic component provides the possibility
of structural diversity, highly efficient luminescence and plastic
mechanical properties.'”'” Importantly, these 2D layered

perovskite crystals have a direct bandgap'” with a high density
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Figure 1. (a) Structural illustration of 2D layered (C,H,NH;),PbBr,
(green balls, lead atoms; mazarine blue balls, bromine atoms; small red
balls, nitrogen atoms; small nattier blue balls, carbon atoms; H atoms
are removed for clarity). (b) Low-magnification TEM image of a thin
(C4HyNH;),PbBr, crystal. Scale bar, 2 um. (c) Corresponding SAED
pattern with the nanosheet in panel b. Scale bar, 2 1/nm. (d)
Schematics of the device fabrication process assisted with a monolayer
graphene crystal. (e) Optical image (OM) of 2D (C,H,NH;),PbBr,
crystals grown on 300 nm SiO,/silicon substrate before graphene film
transfer. Scale bar, S0 ym. (f) OM image of 2D (C,H,NH;),PbBr,
crystals after dry transfer of the graphene film and dissolving in
acetone. Within the white dotted line, the 2D crystals are covered by a
graphene film, whereas the outside area is uncovered. Scale bar, 50 ym.
(g) OM of graphene protected 2D (C,H,NH;),PbBr, crystals before
cutting out a channel. Scale bar, 10 ym. (h) Optical image for 2D
(C,H,NH,),PbBr, device with graphene electrodes. Scale bar, 10 ym.

of state (DOS) contributed by Pb orbltals, and thus exhibiting
strong light—matter interaction.'>'® In this regard, the ultrathin
2D layered perovskite crystals have shown rich optical
properties, such as luminescent deep blue emission,'” exciton
effect and high absorption.'® In addition, compared with
traditional polycrystalline perovskites film, the 2D single-crystal
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perovskite would promise dramatically reduced defects and
notably enhanced carrier diffusion length.”'® Consequently, the
improved optical and electrical properties guarantee the
potential of such new family of solution-processed semi-
conductors in nanoscale optoelectronic devices. However,
presumably because of the instability of 2D perovskite in
some solvent (e.g, acetone or water) during the micro-
fabrication process, integration of these individual 2D perov-
skite crystals into specific functional nanoscale devices has still
met with no success.

Here we report a facile method to build the individual 2D
perovskite crystals-based photodetectors assisted with the
protection and electric contact of monolayer graphene. The
devices exhibit promising optoelectronic properties, such as
extremely low dark current (~107'° A) and high on/off current
ratio (up to 10°), which are important for high-efficiency
photodetection. More importantly, through the design of
graphene interdigital electrodes to enlarge the effective
absorption cross section, a high photoresponsivity up to
~2100 A/W is achieved in individual 2D perovskite crystals.

2D perovskite crystals of (C,HoNH;),PbBr, were synthe-
sized using a solution-processed method (Details see Methods
in Supporting Information (SI))."” Individual 2D perovskite
crystals with the domain size of several to tens of micrometers
can grow on arbitrary flat substrates, such as silicon dioxide,
mica, fused quartz, etc. (Figure S1). The thicknesses of as-
synthesized 2D crystals were found to be several to tens of
nanometers, as determined by atomic force microscopy (AFM)
(Figure S2). X-ray diffraction (XRD) and transmission electron
microscopy (TEM) were conducted to examine the micro-
structure of as-synthesized 2D perovskite crystals. In detail, the
XRD pattern reveals that the (001) planes of 2D
(C,HoNHS;),PbBr, crystals grow parallel to the SiO, substrate,
and the out-of-plane spacing (d) is about 1.42 nm (Figure S3),
consistent with previously reported value."* As for the TEM
characterization, individual 2D (C,HyNH,),PbBr, crystals
directly grow on an amorphous carbon film-coated TEM grid,
showing a domain size of about 4 ym (Figure 1b). Energy-
dispersive spectroscopy (EDS) was used to confirm the
composition of individual 2D crystals, showing uniform
elemental distribution of Pb, Br, C, and N (Figure S4). The
lattice structure revealed by selected-area electron diffraction
(SAED) indicated the expected lattice constants (a = 8.35 A
and b = 8.17 A), consistent with XRD results (Figure 1c). Due
to the electron radiation damage under 80 kV e-beam
irradiation, only the relatively strong (200) and (020) main
points and very weak (210) spots were detected, consistent
with recent literature reports.

For the device fabrication of individual crystals, large-area
monolayer single-crystal graphene film was used as an effective
cover layer for protecting these 2D perovskite crystals from the
dissolution in water or acetone, without detectable degradation
of the optical properties of 2D perovskite crystals (Figure 1d).
To this end, sub-millimeter-sized single-crystalline graphene
film was first grown on copper foil using chemical vapor
deposition (CVD) method (Figure SS) and subsequently
transferred onto as-synthesized 2D perovskite crystals sup-
ported by SiO,/Si substrate with the assistance of a PMMA
supporting film (Figure 2e). Note that water is carefully
excluded during the transfer process by using a “dry” transfer
method (Figure S6)."” Then, the PMMA supporting layer can
be removed in hot acetone, leaving entire graphene film on the
2D perovskites/substrate (Figure 2f). Interestingly, in the
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Figure 2. (a) Schematic illustration of the 2D (C,H,NH;),PbBr,
photodetector with single-crystalline graphene films acts as source-
drain top electrodes. (b) SEM image of the as-fabricated device. The
gap of two graphene electrodes is about 100 nm. Scale bar, 1 ym. (c)
Scanning photocurrent image of the same device with a focused 470
nm incident laser. Laser spot size: 1 ym. (d) Variation of photocurrent
(Iy) with incident wavelength under fixed incident power. (e) 3D
variation of photocurrent (Iph) with incident power and bias voltage.

acetone treatment process, all of 2D perovskite crystals covered
by the graphene film survived whereas the ones without
graphene protection were rapidly dissolved. As shown in Figure
S7, 2D perovskite crystals with the graphene coverage can
survive in acetone or water for a long time, even 1 day (Figure
S7). Finally, a specific processing sequence is used for building
photodetectors of 2D perovskite crystals with graphene
transparent electrodes. As shown in Figure 1gh, using EBL
and plasma etching,’’~** the graphene protective layer was
sacrificed gently as the source and drain electrodes with ~100
nm narrow gap. We emphasized that the 2D perovskite crystals
can avoid the contact with acetone during the whole
microfabrication process by using single-crystal graphene film
as a protective layer and transparent source-drain electrodes,
which is the key to the fabrication of high-performance
optoelectronic device (Figure S8).

The photoresponse characteristics of the ultrathin
(C4HoNH,),PbBr, crystal with graphene electrodes (Figure
2a)b) were systematically investigated. First, scanning photo-
current measurements were conducted with a focused laser
beam (see detailed measurement method in Supporting
Information). The photocurrent mapping image (Figure 2c)
demonstrates that a significant and relatively uniform photo-
current generates at the entire channel of 2D perovskite crystal.
This high uniformity is presumably due to the dramatically
reduced defect densities in the single crystal of perovskite. In
addition, different from the vertically stacked device structure of
perovskites film,””**** the as-fabricated lateral transport device
of ultrathin 2D crystals exhibits a narrow channel (~100 nm),
allowing the effective diffusion and collection of photo-
generated carriers.

The photocurrent generation of ultrathin (C,H,NH,),PbBr,
crystal was investigated with different energy of incident photon
(460 to 540 nm in wavelength). As shown in Figure 2d, the 2D
(C4HyNH,),PbBr, crystal exhibited a clear wavelength-depend-
ent photoresponse: the device delivers no remarkable response
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until the incident wavelength is below $10 nm (photon energy,
243 eV), which might correspond to the band gap of the 2D
perovskite crystal. On the other hand, the photoresponse of our
device depends on the function of incident light power and bias
voltage. As shown in Figure 2e, the photocurrent increases with
the increasing bias voltage and weaker incident power, revealing
that the photoresponsivity can be further targetedly optimized.

For further optimizing the photoresponse, interdigital
electrodes of graphene were designed to enhance the
absorption cross section of 2D perovskite crystal, as presented
in Figure 3a,b. In detail, the distance between each pair of
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Figure 3. (a) Schematic illustration of the 2D (C,H,NH;),PbBr,
photodetector with interdigital graphene electrodes. (b) SEM image of
the as-fabricated device. Scale bar, 1 ym. (c) Photocurrent mapping
image recorded from the dotted area of the same device. A 470 nm
laser with spot size of 1 ym focused on the device. (d) Current—
voltage (Isp—Vgp) curves of the individual device in the dark and
under different illumination intensities with a 470 nm defocused laser.
(e) Time-dependent photocurrent response of the device with a 470
nm defocused laser of spot size 1 mm? operated at a bias voltage of 0.5
V and a power of 10 yW. (f) Enlarged view of the photocurrent
response during on—off illumination switching.

graphene electrodes is about 100 nm and the whole 2D
perovskite crystal acts as a light sensitive material underneath
graphene. Similarly, scanning photocurrent mapping (Figure
3c) was conducted to the marked area in Figure 3b, revealing
that the whole area of 2D perovskite crystal displayed a uniform
and enhanced photoresponse. In comparison to the perovskite
photodetector with limited photosensing material (Figure
2b,c), the enlarged photosensing area and strengthened
light—matter interaction promise the enhanced photocurrent
generation.

To evaluate further the enhanced photoresponsivity of 2D
perovskite crystal with graphene interdigital electrode, we
performed photocurrent measurements of photodetectors. As
illustrated in Figure 3d, the device exhibited extremely low
current (107'° A) in dark state, whereas under illumination the
corresponding photocurrent was gradually increasing with the
incident power. In contrast to the previously reported

16614

perovskites—graphene hybrid photodetector,”>® our 2D per-

ovskite crystal photodetector with graphene gapped electrodes
exhibits extremely low dark current, which is the key to the
reliability of the perovskite photodetector. In a photoswitching
measurement, the device displayed nearly 10° on/off current
ratio even under a quite small bias (0.5 V) and weak incident
power (10 W) (Figure 3e,f). Given that the size of defocused
laser spot is about 1 mm? and the area of whole device is about
16 um?, the light power received by device is calculated to be
0.16 nW. Thus, according to the definition of photo-
responsivity, R = I;,/P (I, and P are the photocurrent and
incident power, respectively), an ultrahigh photoresponsivity of
2D perovskite crystals of up to 2100 A/W was observed.

Such a reasonably efficient response in the photoconductivity
experiment could be ascribed to both the strong absorption by
2D perovskite crystals and effective carrier collection by
transparent graphene electrodes.”””® Previous measurements
of similar bulk (C¢H;C,H,NH,),Pbl, crystal indicate that the
photocurrent above the band-to-band transition dominates the
process at low temperature.lz’14 At room temperature, the
partial ionization of the excitons into free electrons and holes
would dominate and thus contribute to the enhanced
photocurrent. In our case, this effect would become more
prominent due to the excellent collection ability of graphene
electrodes. Another appealing result in the 2D perovskite
crystals-based photodetector is that the excellent on—off
switching over multiple cycles shows no prominent decay,
indicating the efficient encapsulation and protection of the
graphene electrodes as well as the robustness of our devices.

In conclusion, we developed a facile method to overcome the
instability issue of 2D perovskite crystals in solvent, and
fabricated a novel photodetector composed of graphene source-
drain electrodes and individual 2D (C,H,NH,),PbBr, crystals
for the first time. The intrinsic photoresponse behavior was
thoroughly investigated. In the configuration of interdigital
graphene electrodes, the photoconductive photodetector
exhibited an ultrahigh responsivity (~2100 A/W), extremely
low dark current (~107'° A) and very high on/off current ratio
(~10%). Our study may open up an avenue to exploit the
potential application of the 2D solution-processed perovskite
crystals in optoelectronics.
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