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e hybrid graphene–CsPbBr3�xIx
perovskite nanocrystal photodetector†

Do-Hyun Kwak, Da-Hye Lim, Hyun-Soo Ra, Parthiban Ramasamy and Jong-Soo Lee*

We demonstrate a highly sensitive hybrid photodetector based on graphene–CsPbBr3�xIx perovskite

nanocrystals. This hybrid photodetector exhibits a high photo-responsivity of �108 A W�1 and detectivity

of �1016 jones at an irradiance power of 0.07 mW cm�2 under 405 nm illumination.
Introduction

Colloidal quantum dots, well known as semiconductor nano-
crystals (NCs), have been of interest in optoelectronic applica-
tions because of their size dependent bandgap, strong
light-absorbing property, versatile surface architecture with
various functional ligands, and easy fabrication of large-area
lms.1–5 Recently, metal halide perovskites have exhibited
remarkable potentials for photovoltaic, light emitting diode,
and photodetector applications.6–8 Hybrid organic–inorganic
lead halide perovskites MAPbX3 (X ¼ Cl, Br, I) have received
much attention by exhibiting rapid increase of power conver-
sion efficiency up to 20% in photovoltaic devices.6 More
recently, all inorganic cesium lead halide (CsPbX3, X ¼ Cl, Br, I)
perovskite NCs exhibited high quantum yield up to 90%. In
addition, the bandgap of CsPbX3 perovskite NCs can easily
tuned by anion exchange reactions at room temperature.9–11 In
photodetector application, the organometallic halide perovskite
device demonstrated the responsivity of �0.4 A W�1 and
detectivity of 1012 jones.12 The CsPbX3 NCs also exhibited
a remarkable photocurrent on/off ratio of 105 as a promising
absorption layer.13 However, the photodetectors based on NCs
have been suffered from the low carrier mobility of NCs lms.5

In this respect, graphene having very high carrier mobility
(�200 000 cm2 V�1 s�1) is hybridized with NCs to enhance the
charge transport.14 Many studies on hybridization between
graphene and semiconductor NCs were reported as high
performance photodetectors.15–23 The hybrid photodetector of
graphene and PbS quantum dots well known as intrinsically
optoelectronic NCs exhibited the very high photo-responsivity
of �107 A W�1 with covering broad wavelength spectrum.15

The hybrid graphene–organic lead halide perovskite photode-
tector exhibited high photo-responsivity of �106 A W�1.
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Herein, we report hybrid graphene–CsPbBr3�xIx NCs photo-
detector with highly photosensitivity. The hybrid photodetector
results in a responsivity as high as 8.2 � 108 A W�1 and detec-
tivity of 2.4 � 1016 jones at incident power of 0.07 mW cm�2

under 405 nm illumination. These results clearly demonstrate
the potential of graphene–CsPbBr3�xIx NCs photodetector for
optoelectronic applications.
Results and discussion

Fig. 1a shows the schematic diagram of the hybrid graphene–
CsPbBr3�xIx photodetector. The hybrid photodetector was
fabricated using a bilayer graphene mechanically exfoliated
from the graphene akes on the Si/SiO2 substrate. Source–drain
electrodes were patterned by electron beam lithography, and Ti
Fig. 1 (a) Schematic diagram of graphene–CsPbBr3�xIx NCs photo-
detector. (b) Optical image of graphene device. (c) TEM image of anion
exchanged CsPbBr3�xIx NCs.
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of 5 nm and Au of 45 nm were deposited by using electron beam
evaporation. Fig. 1b shows the optical image of the hybrid
photodetector used in this study. The bilayer graphene shown
in Fig. S1a† was conrmed by Raman spectroscopy. AFM image
in Fig. S1b† illustrated the CsPbBr3�xIx NCs were deposited
uniformly on the graphene device. The CsPbBr3�xIx NCs used in
this study were obtained via anion exchange method, which
previously was reported by our group.13 The green emitting
CsPbBr3 NCs were synthesized and treated with LiI to form
CsPbBr3�xIx NCs. The CsPbBr3�xIx NCs have bright red lumi-
nescence with a peak centered at 604 nm in Fig. S2b.† The
CsPbBr3�xIx NCs have cubic crystal structure as inferred from
the X-ray diffraction (XRD) patterns in Fig. S2a† and cube
morphology with size about 10 nm in Fig. 1c.

Fig. 2a shows the transfer curve at 1 VDS (drain–source
voltage) as a function of VGS (gate–source voltage) for pristine
graphene and graphene–CsPbBr3�xIx NCs photodetector under
dark and illumination, respectively. In the transfer curve, the
Dirac point of pristine graphene device is located at 16 VGS due
to oxidation in fabrication of the graphene device as typically
exhibiting p-type doping behavior. In graphene device, the
variation of the Dirac point is originated from the doping
behavior. Aer deposition of the CsPbBr3�xIx NCs on graphene
device, the Dirac point of the graphene was negatively shied
Fig. 2 (a) Transfer curve of graphene device and graphene–CsPbBr3�xIx
graphene–CsPbBr3�xIx NCs photodetector in the separated state. (c an
contact state under dark (left) and illumination (right).

This journal is © The Royal Society of Chemistry 2016
from 16 to �48 VGS as exhibiting n-type doping behavior. This
variation of the Dirac point of the hybrid graphene device is
attributed to electron transfer from CsPbBr3�xIx NCs (higher
Fermi level) to graphene (lower Fermi level) in order to satisfy
the equilibrium condition at the interface of the hybrid device.
Here, the built-in eld formed by the contact of two different
materials gives rise to the barrier and favorable path for electron
and hole transfer from CsPbBr3�xIx NCs to graphene,
respectively.

Under 405 nm illumination at incident power of 13.5 mW
cm�2, the Dirac point of graphene moves to the higher value of
�25 VGS. The shi of the Dirac point is attributed to the transport
of carriers photogenerated from the NCs under illumination. The
holes are transferred from CsPbBr3�xIx NCs to graphene, and the
electrons are trapped by the barrier formed by the band bending.
Thus, doping effect in the hybrid device by the illumination leads
to positive photocurrent (Ip ¼ Ilight � Idark) for VGS � VDirac and
negative photocurrent (Ip ¼ Idark � Ilight) for VGS [ VDirac,
respectively. This entire process is depicted in the schematic
Fig. 2b–d.

Here, the Dirac point shied by incident light in the hybrid
device depends on optical power density. Fig. 3a shows the
transfer curve as a function of gate–source voltage with varying
optical power density. By increasing the incident power density,
NCs photodetector under dark and illumination. (b) Energy diagram of
d d) Energy diagrams of graphene–CsPbBr3�xIx NCs photodetector in

RSC Adv., 2016, 6, 65252–65256 | 65253
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Fig. 3 (a) Transfer curve of graphene–CsPbBr3�xIxNCs photodetector
as a function of gate–source voltage at 1 VDS with varying optical
powers. (b) Output curve of graphene–CsPbBr3�xIx NCs photode-
tector as a function of drain–source voltage at �60 VGS with different
optical powers. Inset shows the magnified portion of the output curve
in range from 0.9 to 1.0 VDS.
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the Dirac point of the graphene moves to more positive value by
leading to the higher photocurrent. Numbers of electron–hole
pairs generated by the higher power density result in the high
photocurrent in the graphene–CsPbBr3�xIx NCs photodetector.
In Fig. 3b, the output curve as a function of drain–source voltage
at �60 VGS with different optical powers becomes higher with
increasing the optical power density. In order to make clear view
of the output curve, a magnied portion from 0.9 to 1.0 V is
shown in the inset.

The responsivity (R), as a gure of merit in photodetector, is
calculated from the denition of R ¼ Ip/P, where P is incident
power, and Ip is the photocurrentmeasured at 1 VDS in the output
curve. Fig. 4a shows the responsivity of the hybrid device under
405 nm illumination with different optical power densities. The
0D–2D hybrid photodetectors usually have higher photo-
responsivity than that of photodetectors based on NCs due to
high mobility of 2D materials. Many literatures have reported
highly photosensitive photodetectors based on graphene. Kon-
stantatos et al. have reported PbS quantum dot (QD)–graphene
photodetector with responsivity of �107 A W�1.15 Guo et al. have
reported ZnO QD–graphene photodetector with responsivity of
104 A W�1.18 Recently, the organic perovskite–graphene photo-
detectors have exhibited high responsivity of �106 A W�1 and
180 A W�1, respectively.16,17 In the comparison, our hybrid
65254 | RSC Adv., 2016, 6, 65252–65256
photodetector shows the high responsivity (�108 AW�1) than the
previous reports.

Another gure of merit in photodetector is detectivity (D*) to
characterize the optical signal which is of interest. We assumed
that the short noise from direct current (DC) is the major
contributor to the noise, and calculated the detectivity of the
hybrid device as following equation of D* ¼ (RA1/2)/(2qId)

1/2, where
A is active area of the device, e is the electron charge, and Idark is
dark current of the device.24,25 The calculated specic detectivity of
the hybrid device is up to 2.4� 1016 jones in Fig. 4a. The detectivity
of graphene–CsPbBr3�xIx NCs photodetector exhibit three orders
of magnitude higher than that of previous reported QDs photo-
detectors about�1013 jones.4,26,27 The high detectivity of graphene–
CsPbBr3�xIx NCs photodetector is attributed to the rapid carrier
transport of graphene and strong light absorbing property of
CsPbBr3�xIx NCs.

Fig. 4b shows the spectral photocurrent (black dot) of the
graphene–CsPbBr3�xIx NCs photodetector and absorption
spectra (blue line) of CsPbBr3�xIx NCs as a function of the
wavelength. We used the CsPbBr3�xIx NCs having rst absorp-
tion peak centered at 584 nm as a light-absorbing material in
our hybrid device. The photoresponse of the graphene–
CsPbBr3�xIx NCs photodetector in Fig. 4b matches with the
absorption spectra of CsPbBr3�xIx NCs as exhibiting the
photocurrent peak at 580 nm. The spectral sensitivity of the
hybrid photodetector based on graphene solely rely on the
optical property of NCs because of weak light absorption of
graphene. In this regard, the CsPbX3 NCs could be more
benecial for hybrid photodetectors, because the absorption
spectrum of CsPbX3 NCs can be easily tuned over the entire
visible ranges via anion exchange method at room temperature.
The hybrid graphene–CsPbBr3�xIx NCs photodetector can be
used as building blocks for high efficiency and tunable selec-
tivity in the visible range.

Fig. 4c shows the photocurrent–time (Iph–t) response of the
hybrid graphene–CsPbBr3�xIx NCs photodetector measured in
the dark and under illumination using a laser diode at 405 nm
as a function of light intensity at xed applied bias of 1 V under
�60 VG. The photocurrent of the hybrid device signicantly
increased with increasing of irradiance power showing good on-
off switching behavior. The stability for photoresponse of the
hybrid device are conrmed in Fig S3.† As shown in Fig. 4d, the
rise and decay time calculated from the device using a single
exponential function was 0.81 s and 3.65 s, respectively. The
slow rise and decay time of the hybrid photodetector can be
originated from the blockage of carrier transport due to the
long-chain organic ligands on CsPbBr3�xIx NCs. Short ligands
can offer the rapid charge transport from NCs to graphene.15,21

Replacing long ligands to short ligands, however, is highly
difficult in graphene–CsPbBr3�xIx NCs photodetector because
the CsPbX3 NCs are easily dissolved in polar solvents. Therefore,
it is necessary to study on highly functional ligands for rapid
charge transfer from NCs to graphene in order to improve the
performance of 0D–2D hybrid photodetectors.

In conclusion, we demonstrated highly photosensitive
CsPbBr3�xIx NCs based photodetector, employing graphene as
a transport layer. The hybridization between CsPbBr3�xIx NCs
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Responsivity (R) and detectivity (D*) of graphene–CsPbBr3�xIx NCs photodetector for different irradiance powers under a wavelength of
405 nm at bias 1 VDS and�60 VGS. (b) Photocurrent in graphene–CsPbBr3�xIxNCs photodetector (black dot) and absorbance in NCs as a function
of spectral wavelength (blue line). (c) Temporal response of graphene–CsPbBr3�xIx NCs photodetector for on/off illumination at bias 1 VDS and
�60 VGS. (d) Temporal photocurrent response exited at illumination power of 13.5 mW cm�2. Rise time (sr) and decay time (sd) are few seconds.
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and graphene exhibited high photosensitivity due to the rapid
carrier transport of the graphene. The responsivity of the hybrid
graphene–CsPbBr3�xIx NCs photodetector is 8.2 � 108 A W�1 at
irradiance power of 0.07 mW cm�2 under 405 nm illumination.
However, the slow rise and decay time (few seconds) of the
graphene–CsPbX3 NCs photodetector remain the severe bottle-
neck in photodetector application. In order to improve the
rise and decay time, further studies will focus on the under-
standing of ligand effects in the hybrid graphene–quantum dot
devices.
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