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Using Bulk Heterojunctions and Selective Electron
Trapping to Enhance the Responsivity of Perovskite–
Graphene Photodetectors
Liang Qin, Liping Wu, Bhupal Kattel, Chunhai Li, Yong Zhang, Yanbing Hou, Judy Wu,*
and Wai-Lun Chan*

Graphene field effect transistor sensitized by a layer of semiconductor
(sensitizer/GFET) is a device structure that is investigated extensively for
ultrasensitive photodetection. Among others, organometallic perovskite
semiconductor sensitizer has the advantages of long carrier lifetime and
solution processable. A further step to improve the responsivity is to design
a structure that can promote electron–hole separation and selective carrier trapping in the sensitizer. Here, the use of a hybrid perovskite–organic
bulk heterojunction (BHJ) as the light sensitizer to achieve this goal is
demonstrated. Our spectroscopy and device measurements show that
the CH3NH3PbI3–PCBM BHJ/GFET device has improved charge separation yield and carrier lifetime as compared to a reference device with a
CH3NH3PbI3 sensitizer only. The key to these enhancement is the presence
of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), which acts as charge
separation and electron trapping sites, resulting in a 30-fold increase in
the photoresponsivity. This work shows that the use of a small amount
of electron or hole acceptors in the sensitizer layer can be an effective
strategy for improving and tuning the photoresponsivity of sensitizer/GFET
photodetectors.
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1. Introduction

Because of its high charge carrier mobility,
graphene has been an attractive material
for various optoelectronic applications.[1–3]
In particular, its electronic properties can
be sensitive to charge doping induced by
the substrate, electrical gating, and optical
excitation.[4–7] When combining a graphene
field effect transistor (GFET) with “sensitizers” that can transduce signals to charges
in graphene, this sensitizer/GFET nanohybrid device has the superior light absorption
and charge mobility of its constituent components for high-sensitivity photodetection
and sensing.[8,9] Different photosensitizers,
such as inorganic quantum dots,[9–11] plasmonic nanoparticles,[12] organic semiconductors,[13,14] 2D layered crystals,[15,16] and
hybrid organometallic perovskites,[17,18] are
used to sensitize the graphene channel.
In these sensitizer/GFET devices, light is
absorbed by the sensitizer to generate electron–hole pairs. Depending on the interfacial band alignment, either electrons or
holes are preferentially transferred to graphene. The remaining
carriers in the sensitizer produces a photogating effect in graphene, which is then illustrated as a change in the conductivity
of the graphene channel as the photoresponse. A distinct advantage of this detection mechanism compared to those based on
photovoltaic effects is the much higher photoresponsivity enabled by the high carrier mobility of graphene.[8]
The change in the graphene’s conductivity depends on the
net amount of electrons or holes remained in the sensitizer.
Hence, any mechanism that selectively traps one type of carriers
in the sensitizer while injects the other type of carriers into graphene can enhance the photoresponse. Organometallic halide
perovskites have been chosen as the light sensitizer in GFET
devices[17–23] because of its long carrier lifetime and diffusion
length, and its outstanding performance in photovoltaic application.[24–26] However, most of the perovskite photodetectors investigated so far do not have a mechanism to promote electron–
hole separation and selective charge trapping. In these devices,
the asymmetry between electron and hole transfer to graphene
is induced by the intrinsic band bending at the semiconductor–
graphene interface,[9] which is rather difficult to control. The
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energy barrier created by the band bending would be small for
some interfaces. To further complicate the interfacial design,
the band alignment can also depend on the crystal orientation
of the semiconductor with respect to graphene, although this
factor is usually neglected. Other strategies have been employed
to selectively block the charge transfer to graphene. For example,
it has been demonstrated that a poly(3-hexylthiophene) (P3HT)
layer underneath the perovskite layer can be used to block the
electron transfer to graphene.[23] However, processes such as
electron–hole recombination within the sensitizer layer prior to
carrier extraction at the sensitizer/graphene interface would still
limit the photoresponse. Therefore, to optimize the light sensitivity, several key points should be taken into consideration:
(i) to promote effective electron–hole separation in the photoactive layer; (ii) to selectively inject one type of the carriers into
graphene; and (iii) to maximize the trapping time (i.e., the lifetime) of the other type of carriers within the photoactive layer.
In this work, a bulk heterojunction (BHJ) film is used as
the sensitizer to fulfill the above requirements. This BHJ consists of CH3NH3PbI3 organometallic halide perovskite and
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM). BHJ has long
been used in organic photovoltaics to enhance the charge carrier
separation efficiency.[27,28] Recently, it has been shown that the
CH3NH3PbI3–PCBM BHJ can enhance the perovskite solar cell
efficiency and stability.[29,30] In the CH3NH3PbI3–PCBM BHJ
structure, the PCBM with a low concentration are dispersed
throughout the perovskite film.[29,31] The PCBM provide electron
accepting sites which selectively extract electrons from the perovskite. Hence, it promotes electron–hole separation. The hole,
which is known to have a long diffusion length as compared
to the electron in CH3NH3PbI3,[32] can transport effectively
through the continuous perovskite matrix to reach the graphene
layer. Moreover, the PCBM can effectively trap the electron. This
in turn enhances the electron lifetime and the photoresponse.
To elucidate that the above scenario occurs in our
perovskite–
PCBM BHJ/graphene detector, reference devices
without PCBM were studied in parallel in this work. Photoluminescence (PL) quenching measurement shows that the BHJ
separates electrons and holes effectively and avoids carrier
recombination within the BHJ layer. Ultrafast time-resolved
electrical measurement demonstrates that the electron lifetime
in the BHJ/graphene device is about 4–5 orders of magnitude
longer than that in the perovskite/graphene device. The long
electron lifetime results in a 30-fold increase in the photoresponsivity compared to the perovskite–graphene photodetector.
For our perovskite–1% PCBM photodetectors, even with a
rather large millimeter channel size, the photoresponsivity
can already reach ≈106 A W−1. The same design strategy can
be easily applied to other semiconductor–GFET photodetectors
by importing a low concentration of electron acceptors (or hole
acceptors) to the sensitizer material. This allows us to control
the magnitude and the polarity of the photoresponse by varying
the dopant type and concentration.

2. Results and Discussion
A one-step antisolvent method is used to prepare the perovskite–
PCBM BHJ films on monolayer graphene.[31,33] Prior to
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 eposition, the graphene channel (with channel length/width =
d
1/1 or 0.3/2 mm) and source–drain electrodes are patterned
onto the substrate as described in the Experimental Section.
Three different PCBM concentrations, with weight ratios of
0% (no PCBM), 0.1%, and 1%, are used in our experiment.
Our BHJ film preparation procedures are similar to those used
in published works,[31,33] and the details can be found in the
Experimental Section. The as-prepared perovskite–BHJ films
on graphene are characterized by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The XRD patterns are
shown in the Supporting Information (Figure S1, Supporting
Information). The perovskite BHJ films and the perovskite
film without PCBM have similar film textures, as shown by
the similar intensity ratios between different diffraction peaks.
Hence, the addition of PCBM does not significantly alter
the grain orientation. Intense CH3NH3PbI3 (110) and (220)
peaks in the XRD patterns reveal a good crystallinity of the
perovskite grains.[34] The surface morphology and the film
thickness are measured by SEM and the images are shown in
the Supporting Information (Figure S2, Supporting Information). The film thicknesses for all perovskite–PCBM samples
of PCBM concentrations of 0%, 0.1%, and 1% are around
370–400 nm. The former two films have a similar columnar
grain structure. In the 1% PCBM concentration film, additional grain boundaries parallel to the substrate can be found,
which can be caused by the additional PCBM acting as grain
nucleation sites.
Figure 1a shows the UV–vis absorption spectra of the
perovskite–PCBM films with different PCBM concentrations.
A typical CH3NH3PbI3 absorption edge around 786 nm can be
found in all spectra. In addition, all three samples have a similar absorption cross-section, which is consistent to the similar
film thickness found in our SEM images. PCBM has a weak
and broad absorption peak around 500 nm, and a stronger
absorption peak around 350 nm.[35] However, in our samples,
the shape of the spectra is similar for all samples. Hence, the
PCBM does not contribute significantly to the optical absorption, which is expected from the low PCBM concentrations in
samples studied in this work.
Despite the similarity in the optical absorption spectra, the
PL peak at 776 nm for CH3NH3PbI3 have considerably different
intensities for the samples with different PCBM concentrations
as shown in Figure 1b. By normalizing the PL spectra to the PL
peak height (Figure S3, Supporting Information), we find that
all the spectra have a similar spectral line shape and peak position. This indicates that the PCBM does not change the origin
of the optical transition. However, the PL intensities for these
samples are very different. The PL intensities for the 0.1% and
1% PCBM BHJ films are only ≈33% and ≈8% of that of the
perovskite-only film. The significant PL intensity quenching by
an order of magnitude after the PCBM addition indicates that
the PCBM induces a nonradiative kinetic process that out-competes the radiative recombination in CH3NH3PbI3. PCBM has
been used as an electron acceptor in perovskite solar cells.[29]
Optically excited electrons in perovskite can effectively transfer
to the PCBM while holes remain in the perovskite grains. The
spatial separation of electrons and holes prohibits radiative
recombination. The significantly reduced PL intensity shows
that the perovskite–PCBM BHJ structure is very effective in
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Figure 1. a) The UV–vis absorption spectra and b) PL spectra of the perovskite–PCBM BHJ films on graphene with different PCBM concentrations:
0%, 0.1%, and 1%.

separating the electrons and holes, which reduces the loss due
to radiative recombination.
Figure 2a is a schematic for the structure of our BHJ–graphene photodetectors. Optical excitation creates electrons
and holes in the perovskite. The PL quenching measurement
demonstrates that the BHJ separates electrons and holes, with
the electrons transfer to the PCBM. If the holes can transfer
effectively into graphene, a net amount of negative charges
will build up in the BHJ layer. This will induces hole doping

in graphene, which lowers the Ef of graphene and changes the
graphene conductivity. The energy level diagram of our material system and the electronic processes described above are
illustrated in Figure 2b.
To demonstrate that the shift in the Ef is originated from
photoinduced doping, the source–drain current of the photo
detector is measured as a function of the back gate voltage
(VG) applied to the GFET. The results for the perovskite-only
and the perovskite–0.1% PCBM devices are shown in Figure 2c.

Figure 2. a) A schematic diagram showing the electronic processes occur in the BHJ/graphene photodetector. Previous study[31] has proposed that
the PCBM grains are located at the perovskite grain boundaries. The schematic is drawn accordingly, but the actual location of the PCBM grains is
not critical in our work. b) The energy level diagram of the PCBM–perovskite/graphene system. c) The source–drain current as a function of the gate
voltage for the perovskite-only and the perovskite–0.1% PCBM/GFET devices. The shift of the Dirac point to the positive direction after light irradiation
(indicated by arrows) indicates a photoinduced hole doping in graphene.
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In these measurements, a PLZT gate underneath the graphene
is used so that the position of the Ef with respect to the Dirac
point can be measured without applying a large gate voltage.[36]
The gate voltage where the minimum current is found represents the voltage needed to move the Ef to the Dirac point.[37]
In both samples, the minimum current (Dirac point) is reached
at a negative gate voltage prior to light irradiation (dash curves)
due to the residual charge on the GFET surface. After the
sample is exposed to a white light source (solid curves), the
Dirac point shifts to the positive gate voltage direction (indicated by the arrow), indicating that the graphene’s Ef moves to
a lower energy after light exposure. Hence, optical excitation
induces hole doping in graphene. Our result shows that hole
transfer is favored at the perovskite–graphene interface even for
the perovskite-only device. The addition of PCBM amplifies this
bias by trapping electrons in the PCBM domains. As it can be
seen from Figure 2c, the shift in the Dirac point is more pronounced for the 0.1% PCBM sample compared to the perovskite-only sample. These results are consistent to the scenario as
shown in Figure 2a,b.
After establishing that the holes are preferentially transferred
to graphene, the lifetime of trapped electrons within the BHJ
layer was evaluated because the responsivity generally increases
with the lifetime of the trapped carriers. This is done by measuring the temporal change in the resistance of the graphene
channel after the device is excited by a single femtosecond (fs)
laser pulse (see the Experimental Section). Figure 3a shows the
percentage change (Δr/r0) of the graphene resistance as a function of time. Note that the resistance decreases after the sample
is exposed to light and Δr is negative. The initial change in the
channel resistance for t < 1 µs is caused by the hole transfer to
graphene, which results in an accumulation of negative charges
in the sensitizer layer. In Figure 3a, it can be seen that both
the signal rise time and the total change in Δr/r0 increase with
the PCBM concentration. The increase in the overall resistance
change indicates that the yield of charge separation is improved
with the addition of PCBM. The maximum signal is increased
by a factor of ≈4 in the 1% PCBM detector as compared to the
perovskite-only detector. Hence, the BHJ allows effective charge
separation and reduces the electron–hole recombination in
the active layer. On the other hand, the longer signal rise time

implies that more time is needed for the hole to transport to
graphene. Here, we note that the signal cannot be produced by
the charge separation at perovskite–PCBM interfaces alone, but
holes also need to transfer to graphene to produce the photogating effect. The slower hole transport can be caused by the
disruption of the columnar grain structure in the perovskite–
PCBM films (see the SEM images in the Supporting Information), which slows the hole transport along the vertical direction
across the BHJ film.
The trapped electrons within the active layer can eventually de-trap and transport to the graphene layer. This electron
transfer process, which reduces the net carrier concentration in
the sensitizer layer, leads to the decay of the signal. The signal
decays with multiple timescales (note that the time axis is in a
log-scale), which indicates that a variety of traps with very different de-trapping times are present in the film. For the perovskite-only reference device, majority of the signal decays on
the microsecond-timescale. In contrast, after the addition of
the PCBM, the lifetime of the trapped carriers increases drastically by ≈4–5 orders of magnitude. For the 1% PCBM sample,
some trapped electrons reside in the film up to several seconds
after the initial optical excitation. This shows that the PCBM is
very effective in trapping the electrons. For samples with long
electron lifetime, we wait for the graphene channel to restore
its original resistance (the dark resistance) before it is irradiated by another laser pulse. This ensures that all the doped carriers in graphene, which are induced by trapped electrons in
PCBM, are removed prior to each measurement. The raw data
from some of these repetitive measurements are shown in the
Supporting Information. The improved charge separation efficiency and the increase in the electron lifetime are expected to
improve the photoresponsivity of the perovskite–PCBM device
as compared to the perovskite-only device.
We have also illuminated the 0.1% PCBM device with multiple fs laser pulses to understand how the photoresponse is
built up. The result is shown in Figure 3b. In this measurement, the device is excited by a train of 1000 laser pulses (the
energy per pulse is same as the one used previously) with two
neighboring pulses separated by 0.1 ms. Hence, the sample is
under the pulse-laser irradiation for the first 0.1 s. The inset
(with a higher time resolution) shows the transient dynamics

Figure 3. a) The temporal change in the graphene channel resistance after the device is exposed to a single fs laser pulse at t = 0. b) The cumulative
resistance change in the perovskite–0.1% PCBM device when it is irradiated by a train of 1000 pulses (each pulse is separated by 0.1 ms). The inset is
a magnified view showing the photoresponse from the first three pulses.
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from the first three laser pulses. Because the lifetime of the
trapped electrons is much longer than the temporal separation between two laser pulses, the response from the first pulse
cannot be fully recovered before the next pulse arrives. As a
result, the response from the pulses accumulates until it saturates after ≈300 pulses (main panel of Figure 3b). The signal
saturation behavior can be understood by the increase in the
electron–hole recombination rate and the saturation of the
electron traps as the carrier concentration becomes too high.
Moreover, charge separation builds up an E-field in the sensitizer layer (see Figure 2a) that counteracts further hole injection
into the graphene layer. The saturation behavior explains why
the photoresponsivity is generally higher when the detector is
irradiated by lower intensity light. The results also demonstrate
that the response time of the device under continuous light
irradiation depends on how fast the device is saturated, rather
than the intrinsic charge injection time into graphene. The
latter time can be much shorter and is on the order of nanoseconds to few microseconds as shown in Figure 3a.
After elucidating the electronic processes occur in the BHJ–
graphene heterostructure, the device performance for samples
with different PCBM concentrations is compared. Similar to
typical photodetector measurements, a continuous light source
with a controllable intensity is used to excite the device. All the
devices have a graphene channel length and width of 0.3 and
2 mm, respectively. A source–drain voltage of 1 V is applied
across the device and the current across the device is measured.
The typical dynamic responses of devices when the light is
turned on and off are shown in Figure 4a. In order to compare
the performance of the three different devices, the percentage
change in the source–drain current (ΔIlight/Idark) is plotted (Idark
is the dark current). When the light is turned on, the percentage
change in the current for the 0%, 0.1%, and 1% PCBM devices
are ≈32%, ≈43%, and ≈80%, respectively. Clearly, the device
with the highest PCBM concentration has the strongest photo
response. Note that the incident light intensity used for these
measurements is relative high, and the devices are highly saturated. Therefore, a relative small difference in the responsivities
for devices with different PCBM concentration is observed.
The rising times (the times when 70% of the total response
is reached) obtained from Figure 4a for the 0%, 0.1%, and 1%
PCBM devices are 2.5, 49, and 92 s, respectively. The longer

signal rise time found in the BHJ devices indicates that a longer
time is needed to attain the equilibrium carrier concentration
within the sensitizer layer. This behavior is expected because as
shown in Figure 3a, the de-trapping of electrons from PCBM is
an extremely slow process that can last up to a few seconds. The
dynamic equilibrium is established when the rate of trapped
carrier creation is equal to the rate of trapped carrier de-trapping/annihilation. From Figure 3a, we find that traps with a
wide range of de-trapping times exist in sensitizer films. Generally, the equilibrium concentration of trapped carriers increases
with the de-trapping time. Hence, under continuous light
irradiation, the photoresponse should be originated primarily
from the accumulation of electrons in “deep” traps that have
the long de-trapping times. These “deep” traps would be largersized PCBM aggregates embedded in the perovskite. Because
of the band offset at the PCBM–perovskite interface (Figure 2a),
these isolated PCBM aggregates act as potential wells for electrons. A sample with a higher PCBM concentration is likely to
have more PCBM aggregates, which can account for the slower
response of the 1% PCBM sample.
The slow carrier de-trapping can increases the device
response time significantly although the trapped carrier creation takes a much shorter time (nanoseconds to microseconds).
Similarly, the signal recovery time after the light is turned off
are 65 s, 226 s, and 6203 s (time when 70% of the response
is recovered) for the 0%, 0.1%, and 1% PCBM devices, respectively. For high PCBM concentration, the longer recovery time
is attributed to the slow release of electrons from deep traps in
PCBM domains. Therefore, the main trade-off of adding PCBM
is the slower device response time.
We note that the signal rising and recovery times observed
in Figure 4a are much longer than that observed in Figure 3b.
This can be explained by the very different excitation conditions
provided by the fs laser and the continuous light source. For
the measurement shown in Figure 3b, the sample is excited by
a train of fs laser pulses for 0.1 s with a time-averaged incident
power of ≈2 mW. In contrast, the continuous light source used
for the measurement shown in Figure 4a has an incident power
of only 10 µW, but the light exposure time is much longer
(500 s). The higher power of the laser source allows the same
amount of trapped electrons to be populated in a much shorter
period time, which results in the shorter signal rise time.

Figure 4. a) The dynamic responses of devices with different PCBM concentrations. The green area represents times when the light source is on. The
wavelength of the light source is 500 nm. b) The photoresponsivities as a function of the incident light power on the graphene channel.
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Despite the higher power, the total incident energy (laser: 0.2 mJ,
continuous light: 5 mJ) is lower for laser irradiation because
of the shorter exposure time. Indeed, the total signal response
in the 0.1% PCBM sample resulting from continuous light irradiation (≈30% decrease in resistance) is larger than that from
laser irradiation (≈8% decrease in resistance). As mentioned
above, a long exposure time also biases the filling of traps with
longer de-trapping times. The filling of more and deeper electron traps with the continuous light source can account for the
longer signal recovery time observed in Figure 4a.
In most of the photodetector measurements, the photoresponsivity can increase with a decrease in the incident light
intensity.[10,13,17] As mentioned earlier, a reduced light intensity
results in a lower carrier concentration in the sensitizer layer,
which generally reduces the electron–hole recombination or
other carrier–carrier annihilation processes. The photoresponsivities R for the three devices as a function of incident light
power P are shown in Figure 4b, which is calculated using
R = ΔI/P. As expected, a higher photoresponsivity can be
achieved by a weaker light intensity. For an incident power of
1.2 nW, the photoresponsivity of the pure perovskite device is
3 × 104 A W−1.[17,18] With the addition of PCBM, the photoresponsivity increases to 1 × 105 A W−1 for the 0.1% PCBM
device and 8 × 105 A W−1 for the 1% PCBM device under the
same incident power. For the 1% PCBM device, this represents a factor of ≈30 increase in the responsivity compared to
the device without PCBM. If we interpolate the curves to lower
intensities, the improvement in the responsivity would be even
larger.
The enhanced responsivity in devices with PCBM could be
attributed to the additional photoconductive gain because of the
increased carrier life time demonstrated above. In this nanohybrid photodetectors, the photoconductive gain is mainly determined by the ratio of the carrier life time in the sensitizer (Tlife)
and the carrier transit time in the graphene channel (Ttransit).[10]
The Tlife can be determined from the rising time constants,[10]
which are 2.5, 49, and 92 s, respectively, for the 0%, 0.1% and
1% PCBM devices. Assuming the same Ttransit for the graphene
in the three samples, an increase of the photoconductive gain
up to a factor of ≈37 is anticipated from the change in the Tlife
from 2.5 to 92 s. This number is pretty close to the ≈27 times
increase in the responsivity from the 0% (3 × 104 A W−1) to the
1% PCBM (8 × 105 A W−1) device. Further enhancement of the
responsivity can be achieved by reducing the area of the graphene channel.[9,38]

3. Conclusion
In conclusion, we demonstrate that adding electron acceptors
into the sensitizer layer of a semiconductor–graphene photo
detector can significantly enhance its photoresponsivity. In
this particular study, a sensitizer layer consists of a perovskite–
PCBM BHJ is used to demonstrate this hypothesis. By using
optical spectroscopy and ultrafast time-resolved measurement,
it is found that the BHJ–graphene devices have much improved
electron–hole separation efficiency and carrier lifetime compared to the pure perovskite–graphene device. These findings
correlate well with the device performance. We find that the
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perovskite with 1% PCBM device has a photoresponsivity of
8 × 105 A W−1, which is about 30 times larger than the
photoresponsivity of the perovskite-only device. A setback for
the high photoresponsivity is a slow response time due to the
increase in the carrier trapping time. The devices used in this
study have a relative large channel size (0.3 mm × 2 mm). It is
expected that the photoresponsivity could be further improved
by using a micrometer-sized GFET device. The use of a BHJ on
a GFET can be a general strategy for improving the photoresponsivity of sensitizer/GFET devices for extreme low-light detection.

4. Experimental Section
Sample Preparation: Monolayer graphene on SiO2/Si or glass
substrates was prepared by the standard polymethylmethacrylate
(PMMA)-assisted wet transfer method from chemical-vapor deposition
(CVD)-grown monolayer graphene on Cu foil purchased from Graphene
Supermarket. The PMMA (Sigma-Aldrich, Mw ≈ 996 000) was dissolved
in chlorobenzene (Macron, 46 mg mL−1) and stirred at 70 °C overnight.
Then, a thin PMMA layer was spin-coated on the graphene/Cu foil
(3000 rpm, 1 min) and annealed at 120 °C for 15 min. The graphene
on the backside of the copper was removed by argon ion sputtering in
a vacuum chamber. The Cu foil was etched with an etchant (Transene,
UN2582) and rinsed in deionized water, hydrochloric acid, and
ammonium hydroxide, consecutively. The graphene layer supported
by the PMMA layer was then transferred onto a precleaned substrate
(either glass or SiO2/Si). After the sample is dried and baked under 150
°C for 15 min, the PMMA support layer was removed using hot acetone
(80 °C) and rinsed in isopropyl alcohol for three times. The graphene
channel was patterned by shadow mask and argon ion sputtering. The
metal electrode was deposited in UHV chambers with a shadow mask.
The CH3NH3PbI3 precursor solution was prepared by a one-step
spin-coating method. The lead iodide (Alfa Aesar, 99.9985%) and
methylammonium iodide (Luminescence Technology, 99.5%) in a
stoichiometric ratio were dissolved in dimethyl formamide (DMF)
(Sigma-Aldrich, 99.8%) with a concentration of 0.75 m. The solution was
stirred at 70 °C overnight before spin-coating. For perovskite–PCBM
BHJ films, PCBM (Luminescence technology, 99.5%) was mixed into the
perovskite solution. In our experiments, three different PCBM weight
ratios: 0%, 0.1%, and 1% were selected. PCBM was first dissolved into
chlorobenzene solution. The PCBM to perovskite ratio was controlled by
mixing the required volume of the PCBM chlorobenzene solution and
the CH3NH3PbI3 precursor solution. The same volume of chlorobenzene
was added into the perovskite solution for preparing the 0% control
device. Because of the limited solubility of the PCBM, the resultant
solution was only fully miscible for low PCBM concentrations (≤1%).
The perovskite–PCBM film was deposited on a preheated graphene
substrate (at 80 °C) by spin-coating at 500 rpm for 30 s and then at
3000 rpm for 60 s in a nitrogen glovebox. During the spin-coating, the
antisolvent (isopropyl alcohol) was dropped onto the film. Then, the
perovskite film was annealed at 70 °C for 20 min, and 100 °C for 10 min
to remove the residual solvent.
Film Characterization: The perovskite–PCBM films deposited on the
graphene/glass substrate were characterized by various techniques. A
field emission scanning electron microscope (FE-SEM, Hitachi-S4800)
was used to obtain SEM images. The XRD patterns were recorded by
a Bruker D8 Advance X-ray diffractometer with an aluminum sample
stage. The UV–vis absorption spectra were collected by a Shimadzu
UV-3101PC spectrometer. The photoluminescence spectra were
measured in a home-built setup using a standard UV–vis spectrometer.
Ultrafast Measurement: For the ultrafast measurement, devices
made on graphene/glass substrate were used. These devices did not
have a back gate and a graphene channel size of 1 mm × 1 mm was
used. An amplified ytterbium-doped potassium gadolinium tungstate
(Yb:KGW) laser system (Light Conversion, PHAROS) was used to seed a
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noncollinear optical parametric oscillator (Light Conversion, ORPHEUSN-2H). The fs laser pulses used have a wavelength centered at 700 nm.
The pulse energy and pulse duration are ≈380 nJ and ≈25 fs, respectively.
The full-width half maxima beam size at the sample was about 1.1 mm,
which covered the whole graphene channel. About half of the laser
energy is incident on the sample. During the experiment, the sample
was mounted in a high vacuum (10−6 Torr) cryostat. The samples, which
had different PCBM concentrations (0%, 0.1%, and 1%), were excited
by a single or multiple fs laser pulses. The intensity of the pulse was
around 20 µJ cm−2. A constant voltage of 1 V was applied across the
photodetector and a reference resistor connected in series (Figure S4,
Supporting Information). A change in the graphene channel resistance
resulted in a change in the potential drop across the reference resistor,
which was captured by a 200 MHz oscilloscope. The temporal resolution
of our setup was around 50 ns, which was mainly limited by how fast
the current could be changed inside the measurement circuit upon the
change in the channel resistance. The details of the measurement circuit
are discussed in the Supporting Information.
Device Measurement: The optoelectronic properties under the
exposure to a continuous light source in visible spectrum was measured
using devices made on graphene/SiO2/Si substrates. The channel
length and width were 0.3 and 2 mm respectively. A 500 nm light source
was used. A source–drain voltage of 1 V was applied. The source–
drain current was measured with an electrochemical workstation (CH
Instruments, CHI660D). The light intensity was measured by a Newport
optical power meter. Before the measurement, the devices were kept in
dark overnight. During the experiment, the devices were kept in dark
other than the time when it was irradiated by the light source used
in the experiment. The Dirac curve measurements in Figure 2c were
obtained by an Agilent Power Device Analyzer (B1505A). To minimize
the leakage from the back gate, a GFET device grown on the ferroelectric
Pb0.92La0.08Zr0.52Ti0.48O3 (PLZT) back gate were used. The details on the
preparation of the PLZT gates and graphene field effect transistors on
PLZT gates can be found in ref. [36].

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