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A facile in situ solution method was developed for chemical decora-
tion of CHzNH3Pbl; perovskites with reduced graphene oxides (rGOs)
to significantly improve the photodetector performance. Such
CH3NH3Pbl3/rGO molecular hybrids show a 6 times higher ON/OFF
ratio and notably faster response speed than neat CH;NH3Pbls.

Organolead halide perovskites (CH;NH;PbX;, X = halogen I, Br, Cl)
have very recently drawn intensive research interest due to their
fascinating features such as large light absorption coefficients, a
broad absorption range, high carrier mobility, customizable opti-
cal properties and superior solution processability."”

Nowadays, many newly developed high-performance optical
devices such as solar cells and photodetectors are based on
perovskite thin films.** These thin films can be prepared
through one-step precursor solution deposition," two-step sequen-
tial deposition,'® dual-source vapor deposition'” and vapor assisted
solution processes.'® The resulting devices are usually in a bilayer
heterojunction architecture other than a bulk heterojunction (BHJ)
structure where rich interfaces are created for efficient charge
separation and transport. However, such BH]J structure is extremely
difficult to construct due to miscibility issues. One alternatively
effective approach to such BHJ construction is to generate the free-
standing perovskite based p-n molecular junctions.

Herein, we report a simple and versatile solution method toward
chemical decoration of CH;NH;Pbl; perovskites to obtain such free-
standing perovskite based molecular hybrids. Solution-processable
reduced graphene oxide (rGO) has been widely used for opto-
electronic devices because of its large specific surface area and high
charge mobility."**" As a proof-of-concept, we constructed a
CH;NH;PbI;/rGO hybrid based photodetector, which exhibited the
ON/OFF ratio 6 times higher than that based on neat CH;NH;PbL.
Moreover, the hybrid photodetector displayed notably faster
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Fig. 1 Schematic illustration of (a) synthesis of CHzNHzPblz and (b) in situ
synthesis of CH3sNHzPbls/rGO hybrids.

response speed of both the rise and decay time than the neat one.
Importantly, this work offers a controllable and facile strategy for
design and in situ synthesis of perovskite based nanocomposites.
Synthetic routes towards free-standing CH3;NH;PbI; and
CH;3NH;PbI;/rGO hybrids are schematically depicted in Fig. 1.
The experimental details are described in the ESL.} As shown in
Fig. 1a, CH3NH;Pbl; was prepared by the following steps. Pbl,
was first fully dissolved in DMF, followed by dropwise addition of
isopropanol (IPA), which is anti-solvent of Pbl,, yielding a suspen-
sion. A stoichiometric excess of CH;NH;I was then added into the
Pbl, suspension and stirred under ambient conditions. The colour
of the suspension transformed gradually from yellow to black,
indicating the formation of CH;NH;PbL;,. Fig. 1b shows the steps
of in situ synthesis of CH3;NH;Pbl;/rGO hybrids. The rGO was
synthesized according to our recent procedures.”> Pbl, and rGO
were mixed in a DMF solution, to which IPA was dropwise added as
anti-solvent to yield the suspension of rGO/Pbl, hybrids. The rGO/
PbI, was then redispersed in IPA, followed by addition of excessive
CH;3;NH;I under stirring at room temperature. The suspension then
turned from yellow to black, implying the successful in situ trans-
formation from PbL/fGO to CH3;NH3;PbLy/rGO. Finally, the
CH;3;NH;PbI;/rGO hybrid solids were collected by precipitation in
hexane and washing with IPA, followed by centrifugation. It is
estimated that about 0.3 wt% rGO is in the final CH;NH;PbI;/
rGO products. Note that we have also successfully applied this
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Fig. 2 (a) XRD patterns and (b) Raman spectra of free-standing neat
CH3NHzPbls and CH3zNH3Pblz/rGO hybrids.

method to the synthesis of other perovskite nanocomposites such
as CH3;NH;PbI;/Ag nanopatrticles.

In order to confirm whether chemical decoration of CH;NH;Pbl;
with rGO is successful, we investigated the crystalline structures
by X-ray diffraction (XRD) measurements. As shown in Fig. 2a,
CH;NH;PbI;/rGO hybrids show strong peaks at 13.95, 14.09, 19.92,
23.46, 24.47, 28.13, 28.44, 30.89, 31.59, 31.85, 40.43 and 43.03
degrees, corresponding to the reflections from (002), (110), (112),
(211), (202), (004), (220), (213), (114), (310), (224) and (314) lattice
planes of the perovskite structure, respectively.”® However, no
obvious characteristic peaks of rGO are observed due to its small
amount in the hybrids. Moreover, the intensities of all the peaks
except for 14.09° in CH3NH;PbI;/rGO hybrids are much stronger
than that of neat CH;NH;Pbl;, implying the remarkably improved
crystallinity with the aid of rGO. Raman spectra of neat CH;NH;Pbl;
and CH;NH;PbI;/rGO hybrids are also shown in Fig. 2b. Apart from
typical peaks of CH;NH;PbI;,>* CH;NH,PbI;/rGO hybrids present
two additional bands at 1353 and 1598 cm ™, corresponding to
D and G bands of rGO, respectively,” confirming the successful
inclusion of rGO in CH;NH;PbI;.

Field-effect scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM) imaging were then carried
out to investigate the morphological variations between neat
CH;3;NH;PbI; and CH3;NH;PbI;/rGO hybrids. As shown in Fig. 3,
both CH;NH;Pbl; and CH3;NH;PbI;/rGO exhibit well-defined
cuboid shapes. CH;NH;PbI; crystals show an average diameter of
~200 nm (Fig. 3a), while CH;NH;PbI,;/rGO particles display a larger
size of ~1 pm (Fig. 3b). Larger sized perovskite crystals would
favour the charge transport in optoelectronic devices.*® However,
the exact mechanism for the increased crystal size remains unclear
in our work. It is also evidently shown that CH;NH;Pbl; crystals are
distributed along the surfaces of rGO flakes, as displayed in Fig. 2b
and Fig. S1.1 In addition, TEM images (Fig. S21) further confirm the
presence of rGO at the surfaces of CH;NH;PbI; crystals.

Fig. 3 SEM images of (a) CHzNH3zPblz and (b) CH3NHzPbls/rGO hybrids.
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Fig. 4 Comparison of solid-state PL spectra of neat CHzNHsPblz and
CH3NH=Pbls/rGO hybrids.

Steady-state photoluminescence (PL) emission spectra were
further used to elucidate the role of rGO in CH3;NH;PbI;/rGO
molecular hybrids. Fig. 4 compares the solid-state PL spectra of
neat CH;NH;Pbl; and CH3;NH,;PbI;/rGO hybrids. The emission
peak of CH3;NH;PbI;/rGO displays a red-shift of 10 nm than
that of CH3NH;Pbl;, indicating the strong interaction between
CH;NH;PbI; and rGO. Furthermore, the maximum PL intensity
of the hybrids is quenched by 44% compared to that of neat
CH;NH;PbI;. This dramatic PL quenching is believed to result from
efficient charge transfer between the perovskite and graphene.””

Finally, to demonstrate the effects of efficient charge transfer
among CH3;NH;PbL/rGO hybrids, photodetectors based on both
neat CH3NH,PbI; and hybrids were fabricated. In the literature
reports, single-layer CH;NH;PbI; based photodetectors were found
to exhibit extremely slow response.’* On the other hand, it was
recently shown that Cu-Ni nanoparticle-decorated rGO hybrid
based photodetectors exhibited a quick photoresponse and large
photocurrent under white light illumination.*" This sizable photo-
current generation may be attributed to photothermoelectric and
photovoltaic effects via the formation of a p—n junction near the
metal graphene contacts, thereby enhancing the hot carriers in the
system. It is therefore anticipated that by forming p-n molecular
junctions, our CH3NH;PbI;/rGO hybrids would show impressive
photodetector performance.

As shown in Fig. 5a, the photodetectors were prepared by drop-
casting of the perovskite suspensions on the Si/SiO, substrate, above
which the Au/Cr (100/10 nm) electrodes were thermally deposited
with a bridging-gap width of ~100 pm and a length of ~120 pm,
respectively. Fig. 5b displays the energy level diagram of a
CH;NH;PbL;/rGO photodetector. On one hand, the CH;NH;PbI;/
rGO hybrids form p-n molecular junctions with rich interfaces,
which lead to efficient charge separation. On the other hand, the
insertion of rGO lowers the energy offset between CH;NH;Pbl; and
Au, which facilitates charge collection. As a result, typical I-V curves
of CH3NH;PbI; and CH3;NH;PbI;/rGO photodetectors are shown
in Fig. 5c and d, respectively. At a bias of 5 V, the dark currents of
CH;3NH;Pbl; and CH3;NH3PbL;/rGO (0.3 wt%) photodetectors are
very close, that is, 0.19 x 107° A and 0.17 x 10~ ° A, respectively.
However, under light irradiation at 520 nm with an intensity of
3.2 mW em 2, the CH;NH;PbI,;/rGO photodetector exhibits a photo-
current of 28.56 x 10~ ° A, which is notably larger than that of neat
CH;NH;Pbl; (4.47 x 10~° A). Consequently, the ON/OFF ratio of
CH;3;NH;PbI;/rGO is 168, about 6 times higher than the CH;NH;Pbl;
photodetector (ON/OFF = 23.5). Noticeably, the responsivity*>
of the CH;NH;PbI;/rGO photodetector reaches 73.9 mA W%,

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Schematic diagrams of (a) the fabrication of organic—inorganic
perovskite based photodetectors and (b) energy levels (eV versus vacuum
level) in CH3NHzPbls/rGO hybrids for photodetector applications. -V
curves of (c) CHsNHzPblz and (d) CH3NH3zPbls/rGO in the dark and under
light illumination at 520 nm with an intensity of 3.2 mW cm™2. Time
response behaviours of the CHzNHzPbls (black line) and CHsNH3Pbls/rGO
(red line) photodetectors on the time scale of (e) 0-70 s and (f) 3.8-9.4 s.

representing a 6-fold improvement compared with that of CH;-
NH,PbI; (11.1 mA W ). Moreover, Fig. 5e shows seven-cycle curves
of photocurrent time response under an ON/OFF interval of 5 s
illumination. It is worth noting that photocurrents are all consistent
and repeatable with fast responses. Noticeably, the CH;NH;PbI;/rGO
photodetector switches much faster than the CH;NH;Pbl; photo-
detector from the typical ON/OFF cycle as indicated in Fig. 5f. The rise
time and decay time are defined as when the photocurrent and the
dark current increase or decrease by 90% compared to their stable
value, respectively. Thus, the rise time (40.9 ms) and the decay time
(28.8 ms) of the CH3NH3Pbl;/rGO photodetector are shorter than
those of the neat CH3;NH3Pbl; photodetector (about 53.5 and
69.6 ms, respectively). The dependence of photodetector perfor-
mance on the rGO amount is currently under investigation.

In conclusion, we have demonstrated a facile and versatile
solution method for in situ synthesis of free-standing CH;NH;Pbl,/
rGO hybrids, thereby forming p-n molecular junctions. Conse-
quently, CH;NH;PbL;/rGO particles displayed a larger size of
~1 pm than neat CH3NH;PbI; crystals of ~200 nm. Moreover,
the maximum PL intensity of the CH;NH;PbL/rGO hybrids was
remarkably quenched compared to that of neat CH;NH;PbI;,
indicating the efficient charge transfer between CH3;NH;Pbl; and
graphene. Photodetectors based on these CH;NH;PbI,;/rGO hybrids
exhibited a 6 times higher ON/OFF ratio and notably faster response
speed than that based on neat CH;NH;PbI;. Our work offers an
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effective and controllable strategy for in situ synthesis of perovskite
nanocomposites.
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