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High-Performance Perovskite–Graphene Hybrid
Photodetector
Youngbin Lee, Jeong Kwon, Euyheon Hwang, Chang-Ho Ra, Won Jong Yoo,
Jong-Hyun Ahn, Jong Hyeok Park, and Jeong Ho Cho*
Graphene has received an enormous amount of attention
because of its unique properties,[1,2] including wavelengthindependent light absorption[3] and a high operating bandwidth due to its band structure, are useful in photonic and
optoelectronic applications, such as light-emitting devices,
solar cells, and photodetectors.[4–6] Nevertheless, the relatively
low absorption cross-section and fast recombination rate in
graphene have limited the use of pristine graphene in practical optoelectronic applications.[5,7] Significant efforts have
been applied toward these issues, including photodetector
coupling with microcavities[8] and plasmonics resonators to
graphene,[9–11] graphene coupling with silicon waveguide[12–15]
developing photodetectors based on vertical p-n graphene
junctions,[16,17] and hybrid photodetectors with colloidal
quantum dots (QDs).[18–21] These approaches unfortunately
have several drawbacks in that they require complex fabrication techniques, produce a limited absorption bandwidth, and
provide a low photosensitivity.
Recently, methylammonium lead halide (e.g., CH3NH3PbX3,
X = halogen) perovskites with good intrinsic optoelectronic
properties have been employed as light absorption materials
in photovoltaic cell applications.[22,23] The advantages of these
nanocrystals, such as their direct band gap, large absorption
coefficient, and high carrier mobility, render them perfect light
harvesters.[23–25] Importantly, synthetic routes of perovskite
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nanocrystals are very simple and rely on self-assembly, which
could potentially bring down their fabrication costs.[23,25]
As presented in this paper, the photoresponses of pristine graphene photodetectors were dramatically enhanced by
hybridizing single-layer graphene and a methylammonium
mead halide (e.g., CH3NH3PbI3) perovskite. The combination
of graphene, which features a remarkably broad absorption
band, and methylammonium lead halide perovskite nanostructures, which have a high absorption cross-section, provided a
large photocurrent and an ultrahigh quantum efficiency. The
high performances of the hybrid photodetector were attributed
to the efficient charge transfer from the graphene to the perovskite. In the absence of graphene, photo-induced electron–hole
pairs in the perovskite recombined within a few picoseconds
(i.e., within the lifetime of the photoexcited electrons); however, electrons in the graphene layer transferred to the proximal perovskite layer to fill the empty states in the perovskite
valence band produced by photon absorption. Thus, recombination of the photoexcited electron–hole pairs in the perovskite
was limited and, as a consequence, the photoexcited electrons
in the perovskite remained in the conduction band without
decaying. This process of trapping photoexcited electrons was
supported by the observation of a dramatic quenching of the
photoluminescence (PL) intensity in the graphene/perovskite
system.[26,27] The trapped carriers produced effective photogating effects, such that the presence of the charges altered the
conductivity of the graphene channel through capacitive coupling.[28,29] The resulting CH3NH3PbI3 perovskite–graphene
hybrid photodetector exhibited a photoresponsivity of 180 A/W,
an effective quantum efficiency of ∼5 × 104%, a photodetectivity
of ∼109 Jones, and a broad spectral bandwidth across the UVvisible range. Note that the effective quantum efficiency (EQE)
was defined here as ηeff = ηG, where η and G are the external
quantum efficiency and the gain of the device, respectively.
Thus, the ultrahigh sensitivity of the graphene/CH3NH3PbI3
hybrid structure can form the basis for a plethora of applications, such as graphene-based integrated optoelectronic circuits, biomedical imaging, remote sensing, optical communications, and quantum information technology.
Figure 1a presents a schematic diagram of the perovskite–graphene hybrid photodetector fabricated on a SiO2/Si
substrate. A heavily n–doped Si wafer and thermally–grown
300 nm thick SiO2 layer were employed as the gate electrode
and dielectric, respectively. The silanol groups on SiO2, which
acted as surface charge trap sites, were reduced by surface
modifications with the n–octadecyltrimethoxysilane (ODTS).[30]
Au source/drain electrodes were formed on the substrate by
thermal evaporation through a shadow mask to form a channel
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Figure 1. Schematic diagram of the device, and optical characteristics of the perovskite–graphene hybrid photodetector. (a) Schematic diagram of the
device, and (b) optical microscopy image of the CH3NH3PbI3 perovskite–graphene hybrid photodetector. (c) UV-VIS absorption spectra of the pristine
CH3NH3PbI3 perovskite and CH3NH3PbI3 perovskite–graphene hybrid films. (d) Photoluminescence (PL) spectra of the pristine CH3NH3PbI3 perovskite and CH3NH3PbI3 perovskite–graphene hybrid films upon excitation at 532 nm.

(50 µm in length and 1000 µm in width). After transferring the
CVD-grown single-layer graphene onto the substrate, photolithography and subsequent O2 plasma etching were carried
out to pattern the graphene channel.[31] The CH3NH3PbI3 perovskite layer was deposited through a simple spin-casting procedure onto the graphene surface. The resulting film yielded
non-flat, bumpy morpholgy including sections with thickness
below 100 nm (named as the valley regions) and those with
thickness as high as 480 nm (we named as the peak regions).
Optical microscopy image of perovskite films on graphene
substrate is displayed in Figure 1b. Top-view and cross-section
scanning probe microscopy images of these films are shown
in Figure S1 and S2, respectively. Figure S2 shows the x-ray
diffraction (XRD) patterns obtained from the CH3NH3PbI3
perovskite layer on the SiO2 and graphene layers, all of which
exhibited well-matched crystalline structures.[22,26,27] Figure 1c
shows the ultraviolet–infrared absorption spectra of the pristine
perovskite layer and the graphene–perovskite hybrid system.
Although the absorption of light in the hybrid system was unaffected by the presence of graphene at wavelengths longer than
λ = 800 nm (corresponding to the band gap energy of the perovskite), the absorption cross-section was high for λ < 800 nm.
Figure 1d shows the steady-state PL spectra of the perovskite
and graphene–perovskite hybrid samples, which were prepared
on SiO2/Si substrates. Under the same experimental conditions, both the perovskite and graphene–perovskite hybrid films
exhibited a PL peak at 768 nm arising from band-gap of the perovskite; however, the PL quantum yield of the graphene–perovskite hybrid films was much lower than that of the pristine
perovskite film. More specifically, the maximal PL intensity of
the graphene–perovskite hybrid films was quenched by nearly
65% with respect to the PL intensity of prisitine perovskite film.
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Such a dramatic PL quenching resulted from effective charge
carrier transfer through π–π interaction between perovskite and
sp2 hybridized graphene layer.[26,27] In general, photo-induced
electron–hole pairs in the perovskite recombined within the
lifetime of the photoexcited electrons, which gives rise to the PL
peaks corresponding to the energy gap of the perovskite. However, in the presence of graphene, electrons in graphene transferred to the proximal perovskite layer to fill the empty states
in the perovskite valence band produced by photon absorption
because the chemical potential of graphene is higher than the
valence band of the perovskite. Thus, the available density of
states for the recombination of the photoexcited electron–hole
pairs in the perovskite was limited and, as a consequence, the
photoexcited electrons in the perovskite remained in the conduction band without decaying. This process of trapping photoexcited electrons is the main mechanism of the observation of a
dramatic quenching of the photoluminescence (PL) intensity in
the graphene-perovskite hybrid system. This quenching process
must take place predominantly at the valley regions within the
perovskite film, as the characteristic diffusion lengths of electrons and holes are 130 and 110 nm, respectively.[32] The local
varition of the quenching efficiency within the film is characterized through local integrated PL intensity mapping of the perovskite films (see Supporting Information).
The photoresponse characteristics of the perovskite–graphene
hybrid photodetector were investigated over a range of incident
light wavelengths (Figure 2). Figure 2a shows the transfer characteristics (ID (drain current) vs. VG (gate voltage)) of the hybrid
photodetector under different illumination wavelengths over
the range of 400 – 980 nm. The measurements were conducted
at a fixed drain voltage of 0.1 V and a fixed incident illumination power of 1 mW. The drain current of the phototransistor
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Figure 2. Wavelength-dependent photoresponse characteristics of the perovskite–graphene hybrid photodetector. (a) Transfer characteristics (VD = 0.1 V)
of the perovskite–graphene hybrid photodetector under different illumination wavelengths at a fixed incident illumination power of 1 mW. (b) Photocurrents at VG = 0 V of the perovskite–graphene hybrid photodetector as a function of the illumination wavelength. (c) Photoresponsivity (R) and
effective quantum efficiency (EQE) vs. illumination source wavelength.

consisted of a dark current and a photocurrent. The black line
indicates the dark current. The photocurrent of the hybrid
phototransistor was high at illumination wavelengths shorter
than 850 nm, consistent with the absorption spectrum of the
CH3NH3PbI3 perovskite–graphene hybrid system (Figure 1c).
Photocarrier generation at the graphene layer was not expected
to contribute photocurrent due to ultrafast recombination in the
graphene. In addition to a high photocurrent, the Dirac point
was shifted toward more positive voltages. This could be understood as resulting from the additional negative gating effects
caused by photoexcited electrons in the perovskite. Photon
absorption in the perovskite generated electron–hole pairs, and
the holes in the valence band of the perovskite were transferred
to graphene (or electrons in graphene transferred to the perovskite). The remaining electrons in the perovskite acted as effective negative gate voltages and consequently induced a hole
current in the graphene channel through capacitive coupling.
The charge transfer mechanism proposed in this paper is consistent with the quenched PL intensity measured in the graphene–perovskite hybrid structure. The absence of available
hole states in the perovskite due to charge transfer reduced the
recombination of the photoexcited electron–hole pairs and suppressed the PL intensity. This photogating mechanism results
in remarkable increase in gain of the photodetector which arose
from the graphene–perovskite interface.
The photocurrents (Iph = Iilluminated – Idark) of the perovskite–graphene photodetector at VG = 0 V are summarized in
Figure 2b. A milliampere photocurrent was generated under illumination at wavelengths shorter than 800 nm, much higher than
the photocurrent (<µA) generated in a pristine graphene photodetector under the same illumination conditions. Figure 2c shows
the photoresponsivity (black line) and the EQE (blue line) as a
function of the wavelength of incident light (illumination power
of 1 mW). The photoresponsivity of a photodetector is defined as
Iph/P, where Iph and P are the photocurrent and incident illumination power, respectively. The photoresponsivity is related to the
EQE according to R × E × 100, where R and E are the photoresponsivity and the incident photon energy, respectively. As the
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wavelength decreased, both the photoresponsivity and the EQE
increased, with a large step at λ = 780 nm which is attributed to
excitation of charges in the CH3NH3PbI3 perovskite.
The photosensitivity of the perovskite–graphene hybrid photodetector was estimated by measuring the transfer characteristics under different illumination powers, as shown in Figure 3a.
The measurements were conducted at a fixed drain voltage of
0.1 V and a fixed illumination wavelength of 520 nm. The ID
increased gradually as the illumination power increased consistent with the photogating mechanism proposed above. As a
larger number of electrons became trapped in the perovskite at
a higher illumination power, a larger effective negative voltage
was induced within the hybrid structure. The Dirac voltage then
shifted toward positive gate voltages, and the hole current at the
Dirac point increased with the illumination power. The illumination power-dependent photocurrents at a zero gate voltage
are plotted in Figure 3b. A very high photocurrent on the milliamps scale was observed, even at a very low illumination power
(0.18 mA at 10−6 W). Figure 3c shows the photoresponsivity
(black line) and EQE (blue line) as a function of the illumination power. The perovskite–graphene hybrid photodetector exhibited a photoresponsivity of 180 A/W and an EQE of ∼5 × 104%
for an optical power on the microwatts scale. The representative graphene-based hybrid photodetectors that utilized ZnO
and PbS QDs were reported by Guo et al.[20] and Konstantatos
et al.,[19] respectively. The first system showed the photoresponsivity of 104 A/W under illumination power and appiled bias of
30 pW and 1 mV, respectively. Meanwhile, the latter yielded the
photoresponsivity of 107 A/W under illumination power and
appiled bias of 0.1 pW and 5 V, respectively. In comparison, our
photodetectors yielded photoresponsivity value of 180 A/W under
the illumination power and applied bias of 1 µW and 0.1 V,
respectively. Assuming the relation between photoresponsivity
and illumination power (R α P−1) holds down to 1 pW, the photoresponsivity is expected to ∼106 A/W. This photoresponsivity
value is comparable or even higher than the previous results.
Another important performance parameter of a photodetector is
the photodetectivity (D*), which is defined as (AΔf)1/2R/in, where
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Figure 3. Illumination power-dependent photoresponse characteristics of the perovskite–graphene hybrid photodetector. (a) The transfer characteristics (VD = 0.1 V) of the perovskite–graphene hybrid photodetector under different illumination powers at a fixed wavelength of 520 nm. (b) Photocurrents at VG = 0 V of the perovskite–graphene hybrid photodetector as a function of the illumination power. (c) R and EQE vs. illumination power. The
inset shows the photodetectivity (D*) vs. illumination power.

Figure 4. Drain voltage dependence and photo-switching characteristics of the perovskite–graphene hybrid photodetector. (a) Drain current – drain
voltage plot under various illumination powers. (b) R at three different drain voltages as a function of the illumination power. (c) Photo-switching characteristics of the perovskite–graphene hybrid photodetector under alternating dark and light illumination (500 µW, 520 nm). The gate and drain voltages
were 0 and 0.1 V, respectively. The right panel shows an enlarged view of the temporal photocurrent response during on–off illumination switching.
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Experimental Section
Device Fabrication: Graphene with a uniform monolayer coverage
exceeding 99% and with large grain sizes of up to 100 µm was
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synthesized on a folded Cu foil (Alpha Aesar) via a low-pressure CVD
process. The folded Cu foil was located at the center position of the
CVD reactor and was heated up to 1000 °C under a 10 sccm H2 flow at
50 mTorr. The chamber was maintained under the same flow conditions
for 4 hr at 1000 °C to anneal the Cu foil. The instantaneous injection
of a gas mixture composed of 5 sccm CH4 and 10 sccm H2 for 2 hr
grew graphene on the annealed Cu surface. After the graphene growth
step, the Cu foil was cooled rapidly to room temperature under a
10 sccm H2 flow at 50 mTorr. The synthesized high-quality graphene film
was transferred to the target substrate via a polymer-assisted transfer
process. The polymethylmethacrylate (PMMA) layer was spin-coated
onto the graphene film grown on copper. Unusual backside graphene
was removed by reactive ion etching (RIE) using O2 plasma (70 mTorr,
100 W, 2 s). The Cu catalyst layer was etched with a wet etchant (a
0.2 M aqueous solution of ammonium persulfate). The graphene film
supported by the PMMA layer was then transferred onto an ODTStreated SiO2/Si substrate – having thermally evaporated source and
drain electrodes (Cr/Au, 3 nm/30 nm). The length and width of the
unit device were 1000 and 50 µm, respectively. The polymer support
PMMA layer was immediately removed using hot acetone (80 °C).
The graphene channel was defined by photolithography and RIE with
O2 plasma. Finally, the CH3NH3PbI3 perovskite film was spin-coated
onto the device (3000 rpm, 30 s) and crystalized by soft annealing
at 80 °C.
CH3NH3PbI3 Perovskite Synthesis: The perovskite sensitizer
(CH3NH3)PbI3 was prepared according to the procedures reported
previously. Hydroiodic acid (0.227 mol, 57 wt% in water, Aldrich) and
methylamine (0.273 mol, 40% in methanol, TCI) were stirred at 0 °C for
2 hr. After stirring, the resulting solution was evaporated at 50 °C for
1 hr to produce the synthesized chemicals (CH3NH3I). The precipitate
was washed three times with diethyl ether and dried under vacuum
condition. To synthesize (CH3NH3)PbI3, CH3NH3I (2.48 mmol) and
PbI2 (2.52 mmol, 99% Aldrich) were mixed in γ-butyrolactone (2 mL,
>99% Aldrich) at 70 °C with stirring. The synthesis and coating process
of perovskite film were conducted in the nitrogen environment of
glove box.
Measurement: The photoluminescence (PL) spectra and integrated
intensity mapping of pristine perovskite and perovskite–graphene
hybrid films formed on Si wafers were obtained by confocal Raman
microscopy systems (Witec Alpha 300 M+). The wavelength and
power of the laser were 532 nm and 1 µW, respectively. The grating
and integration time of the spectrometer were 600 g/mm and 0.1 ms,
respectively. UV-VIS spectra of the samples were obtained using
Shimazu UV-3600. All electrical and photoresponse characteristics of
the perovskite–graphene hybrid photodetectors were measured using
an Agilent 4155 semiconductor parameter analyzer under dark and
illuminated conditions. Monochromatic lasers (Susemicon) having
one of six different wavelengths between 400 and 980 nm and optical
powers of 4 mW (beam radius ∼ 3 µm) were utilized as light sources.
The optical laser power was adjusted from 1 µW to 2 mW using an
optical attenuator (Thorlabs NDC-50C-4M) and was measured using a
laser power meter (Thorlabs PM 100D). We performed photodetector
measurement under relatively low humidity condition (∼15%)
which is maintained by adding silica gel in the black probe station
box system.
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A is the effective area of the detector, Δf is the electrical bandwidth, R is the photoresponsivity, and in is the noise current.[33,34]
The inset of Figure 3c shows the D* values of the perovskite–
graphene hybrid photodetectors as a function of the light power.
D* was found to exceed 109 Jones at 1 µW. The value of D* was
expected to exceed 1015 Jones at an illumination power of 1 pW
because the value increased as the illumination power decreased.
The effect of the drain bias on the photoresponse of the
device is shown in Figure 4a. The photocurrent (drain current
as a function of the illuminated laser power) was proportional
to the drain voltage under illumination at 520 nm and at a zero
gate voltage. The photoresponsivity was plotted for different
drain voltages, as shown in Figure 4b. The photoresponsivity
increased linearly as the applied drain voltage was increased.
Importantly, a high photoresponsivity of 10 A/W was observed,
even at a very low drain voltage of 10 mV, indicating that our
perovskite–graphene hybrid photodetector offered a low power
consumption profile.
Finally, the temporal photoresponse of the perovskite–graphene hybrid photodetector was measured under 0.5 mW
illumination at 520 nm. Figure 4c shows the pulsed laser illumination (left top) and the temporal response of the photocurrent (left bottom). The photodetector exhibited good on-off
switching. The rise and fall times were calculated to be 87 and
540 ms, respectively, based on curve fits of the transients to a
stretched exponential function[35,36] The relatively slow fall time
can be improved by applying short gate pulse.[19] The ON-OFF
switching behavior was preserved over multiple cycles, indicating the robustness and reproducibility of our photodetectors. Perovskite undergoes decomposition under relatively
high relative humidity over 55% (Figure S5), which may
decrease the performance of the hybrid photodetector.[37–39]
Therefore, encapsulation and isolation of the hybrid photodetectors is necessary to ensure good device stabilities.
In conclusion, we demonstrated the fabrication of a novel
hybrid photodetector consisting of graphene and CH3NH3PbI3
perovskite layers. The device exhibited a broad spectral photoresponsivity between 800 and 400 nm due to an increase in the
optical absorption and photogating mechanisms of the hybrid
system. The photoresponsivity and effective quantum efficiency
were 180 A/W and 5 × 104% at a relatively high illumination
power of 1 µW, respectively. Although the proposed photodetector exhibited a fast rise time in the photoresponse, the relatively slow fall time may have hindered the performance of the
device. This drawback may be overcome by introducing an additional layer (on top of the device) having a lower valence band
than CH3NH3PbI3. The properties of the graphene photodetector
based on an organic–inorganic hybrid lead halide may be manipulated by introducing substitute organic bonds or halide groups
to satisfy certain application-specific device requirements.[40] The
hybrid photodetector described here is expected to contribute to
the development of imaging sensors suitable for low-light photography, UV detectors with a high responsivity, and smart skin
sensors combined with other functionalities.
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