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including the bandwidth, photorespon-
sivity, and photoconductive gain.[5,6] To 
overcome these limitations, graphene 
hybrid photodetectors incorporating 
photosensitive materials such as single 
crystals,[7] 2D materials,[8] organic poly-
mers,[9] colloidal quantum dots,[10,11] and 
silicon [12] have been widely adopted to 
enhance the photoresponse. For example, 
methylammonium triiodideplumbate 
(CH3NH3PbI3) perovskite incorporated 
with graphene yielded a planar hetero-
junction photodetector with a broad spec-
tral response from 405 to 800  nm.[13] 
Moreover, a hybrid graphene phototran-
sistor adopting organic semiconductor 
poly (3-hexylthiophene) (P3HT) achieved 
a high photoresponse up to 105 A W−1.[9] 
Despite that the combination of photo-
sensitive layers and graphene has proved 
to be an effective strategy to enhance the 
performance of phototransistors,[14–18] the 
absence of an internal built-in electric field 
using a single type of light-sensitive layers 

leads to relatively low photoresponsivity for photodetection.
Recently, the combination of a PN heterojunction into gra-

phene optoelectronic devices as the absorption layer has been 
considered as an emerging means to enhance the responsivity 
and photoconductive gain.[19,20] The internal built-in electric 
field within the PN heterojunction enables efficient disso-
ciation for excitons.[19] Meanwhile, different absorption wave-
lengths of the PN layers with proper band alignment can lead 
to unique bidirectional photoresponse, enabling the extension 
of the photodetection bandwidth.[21] Recently, a pentacene 
planar heterojunction was employed to integrate with graphene 
to fabricate a high-performance transistor, showing bidirec-
tional photoresponse at different wavelength regions with an 
ultra-wide spectrum detection from 405 to 1550  nm.[22] Mean-
while, a vertical graphene–C60–graphene heterojunction in a 
250 × 250 photodetector array was assembled to realize a high 
photoresponsivity of 3.4 × 105 A W−1 (λ = 405 nm, i.e., visible) 
with bidirectional photocurrent responses.[23] In spite of the 
considerable progress made in the last decades to achieve high-
performance detection for visible and ultraviolet light, most of 
the graphene phototransistors are still limited to low photore-
sponsivity at the near-infrared (NIR) region.

Graphene–organic heterojunction phototransistors have great potential to 
achieve sensitive photoresponse owing to the excellent absorption of organic 
layers and fast charge transport in graphene. However, the photoresponse of 
most graphene-based phototransistors is limited within visible light region 
with narrow bandwidth and poor sensitivity in the near-infrared (NIR) region. 
Herein, a graphene–organic NIR phototransistor is fabricated by integrating 
an organic heterojunction layer composing of phthalocyanine molecules 
and fullerene C60 onto the graphene channel. The phototransistor exhibits a 
high photoresponsivity of 2.2 × 103 A W−1 under 850 nm irradiation with the 
power density of 35.4 mW cm−2 (Vds = 1 V). Meanwhile, a bidirectional photo
response (both positive and negative) is obtained at different wavelength 
regions. Further studies indicate that the gate voltage enables to effectively 
tune the photoresponse in the wavelength range where PbPc has a significant 
optical absorption. Such a tunability of photoresponse is especially beneficial 
for the exploration of new functionalities in logic function devices. This work 
presents a feasible strategy to prepare graphene–organic heterojunction 
phototransistor with broadband photoresponse as well as sensitive and tun-
able bidirectional signals at NIR region.
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1. Introduction

Graphene has received considerable attention for advanced 
optoelectronic applications owing to the extraordinary high 
mobility, wide-range absorption, and tunable doping effect.[1–4] 
However, the rapid charge recombination and low light absorp-
tion (2.3% of visible and near-infrared light) of graphene largely 
limit the performance of graphene-based phototransistors 

Adv. Mater. Interfaces 2022, 2200116

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202200116&domain=pdf&date_stamp=2022-06-20


www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200116  (2 of 9)

www.advmatinterfaces.de

Herein, we report a NIR graphene photodetector by inte-
grating a PN heterojunction layer of phthalocyanine molecules 
and fullerene C60 with the graphene channel for a broad-
band photodetection from visible to NIR region. In addition, 
unique bidirectional photoresponses at different wavelengths 
and upon gate voltage tuning were achieved. The surface mor-
phology and molecular structures of the proposed graphene 
phototransistors were characterized. Furthermore, the fabri-
cated graphene/C60/PbPc phototransistor for the first time 
achieved the photoresponsivity at the NIR region as high as 
2.2 × 103 A W−1. The photoresponsivity and the mechanism of 
the bidirectional photoresponses of the phototransistor gra-
phene/C60/PbPc were further investigated. The underlying 
mechanisms for the gate voltage tuning of bidirectional photo
response in the wavelength range where PbPc has a significant 
optical absorption were thoroughly discussed. As a compar-
ison, graphene phototransistors with different combinations of 
PN layers including PbPc/C60, C60:PbPc, C60/PbPc, SnPc/C60 
have been presented.

2. Results and Discussions

2.1. Fabrication and Characterization of Graphene–Organic 
Phototransistors

Graphene–organic heterojunction phototransistors were fabri-
cated by depositing bilayers of C60, tin phthalocyanine (SnPc) 

or lead phthalocyanine (PbPc) thin films on single-layer gra-
phene grown by chemical vapor deposition (CVD) method (see 
the Experimental Section). As illustrated in Figure 1a, CVD gra-
phene was transferred onto a heavily doped silicon wafer with 
thermally grown SiO2 using polymer assisted method.[24] After 
polymer removal using acetone, source and drain electrodes 
were deposited onto graphene to define the transistor channel 
(W × L = 25 µm × 2 mm). Afterward, thin films of the organic 
molecules illustrated in Figure 1b were deposited on top of the 
channel. Our previous work has proved that the incorporation of 
SnPc and PbPc can significantly improve the photoresponsivity 
and detectivity of phototransistors in NIR region.[25,26] There-
fore, SnPc and PbPc as the dominant photosensitive layers 
were integrated with graphene field-effect transistors to further 
improve the device performance in NIR region. Meanwhile, C60 
as an ideal electron receptor was selected to construct the PN 
heterojunction and the build-in electric field to facilitate efficient 
electron transfer in the heterojunction.[25,27] The fabricated gra-
phene/C60/PbPc (Gr/C60/PbPc) phototransistor in Figure  1a is 
denoted as device A. Correspondingly, a collection of devices B 
(Gr/PbPc/C60) to E (Gr/SnPc/C60) were also prepared with dif-
ferent heterojunction configurations for comparison and control 
(Figure S1, Supporting Information).

Raman spectroscopy was employed to characterize the gra-
phene quality and the deposition of organic thin films (Figure 1c). 
The single layer graphene shows the characteristic G and 2D 
peaks at 1591 and 2682 cm–1, respectively. The single Lorentz 
fitted 2D peak reflects the presence of monolayer graphene.[28] 

Figure 1.  Fabrication and characterization of graphene–organic phototransistors. a) Illustration of device fabrication of Gr/C60/PbPc phototransistor 
(device A). b) Molecular structure of C60, PbPc and SnPc. c) Raman spectra of graphene and Gr/C60/PbPc. d) AFM image of Gr/C60/PbPc.
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The low intensity of D peak at 1350 cm–1 indicates the high 
quality of graphene.[29] Moreover, the characteristic peaks for 
C60 Ag(2) at 1459 cm–1 and PbPc at 1104 cm–1 (A1g), 1330 cm–1 
(B1g) were observed in the heterojunction.[22,30] The blue shift in 
2D peak from 2682 to 2688 cm–1 after film deposition suggests 
the hole doping in graphene upon the contact with organic films. 
The surface morphology of the device was characterized using 
atomic force microscopy (AFM), which exhibits a uniform film 
deposition and a roughness with a magnitude of ≈5.1 nm.

2.2. Bidirectional Photoresponses of Graphene/C60/PbPc 
Phototransistors

Figure 2a depicts the absorption spectra of PbPc (25 nm, black), 
C60  (25  nm, red), the bulk heterojunction film of C60:PbPc 
(50 nm, blue) with a mixture ratio of 1:1, single layer graphene 
(pink), planar heterojunction thin films of C60 (25  nm)/PbPc 
(25  nm) (yellow) and graphene/C60 (25  nm)/PbPc (25  nm) 
(green) on quartz glasses. The PbPc film shows broad and 

Figure 2.  Bidirectional photoresponses based on Gr/C60/PbPc phototransistors. a) UV–Vis–NIR optical absorption spectra of the thin film of PbPc 
(25 nm), C60 (25 nm), the bulk heterojunction film of C60:PbPc (50 nm) with mixture ratio of 1:1, single layer graphene, planar heterojunction thin films 
of C60 (25 nm)/PbPc (25 nm) and graphene/C60 (25 nm)/PbPc (25 nm). b) The photocurrent at source–drain bias voltages of 1 V and gate voltage 
of −50 V under different wavelengths radiation with the power density of 40 mW cm−2. c) The transfer characteristics (Vds = 1 V) of device A in dark 
versus under illumination wavelengths of 850 and 980 nm with the same power density 35.4 mW cm−2. d) The rise and fall times upon irradiation of 
850 nm (40 mW cm−2). e) The energy diagram for graphene–organic heterojunction before contact (a Y-axis labeled with specified work function/Fermi 
level and LUMO/HOMO values) and for the photogenerated carrier transfer process under 850 nm irradiation (negative photoresponse) and under 
980 nm irradiation (positive photoresponse).
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strong shoulder bands at the NIR region with an absorption 
peak at 747 nm, which is ascribed to the π–π* transition from 
the HOMO to the LUMO of the Pc2− ring.[31] Meanwhile, the 
C60 film shows almost no absorption at the NIR region. In 
comparison, graphene covers a wide wavelength range from 
the ultraviolet to the NIR range with a low absorption, which 
coincides with the previous reports.[32,33] The absorption of the 
C60:PbPc bulk heterojunction film and the planar heterojunc-
tion of C60/PbPc shows similar NIR characteristics yet higher 
intensity compared with PbPc film. The highest NIR absorp-
tion is found for the heterojunction graphene/C60/PbPc with 
similar peak to PbPc film. Moreover, the thickness of PbPc and 
C60 layers are also designed to maximize the photocurrent. In 
the heterojunction, thicker PbPc film can generate more photo-
generated excitons and thus higher photocurrent. However, 
excitons generated outside the exciton diffusion length cannot 
reach the channel for dissociation to generate photogenerated 
carriers. In addition, great thickness of the photoactive layer 
will increase the device contact resistance, thus affecting the 
carrier transport. Above all, the thickness of PbPc film used in 
this work was 25  nm, which is the upper limit of the exciton 
diffusion length.[34–37] Meanwhile, a thin film of C60 was used to 
form the C60/PbPc heterojunction, which is an efficient exciton 
dissociation interface. To avoid the hole blocking effect induced 
by thick C60 film,[38–41] a 25  nm C60 film was chosen in this 
work.

The photoresponse of the heterojunction phototransistor 
was characterized and shown in Figure 2b. The photocurrents 
of the graphene/C60/PbPc phototransistor (device A) were 
measured under the radiations of wavelengths ranging from 
405 to 980 nm at a fixed incident power. The source–drain bias 
voltage was set at 1  V with a gate voltage of −50  V. The signs 
for the photocurrents were observed to reverse from negative to 
positive at a wavelength between 850 and 980 nm, which coin-
cides with the cut-off wavelength of the absorption spectra of 
C60/PbPc shown in Figure  2a. Corresponding to the observed 
sign reversal, the transport characteristics of the graphene/C60/
PbPc phototransistor show different doping behaviors under 
different illuminations (Figure 2c). As illustrated in Figure 2c, 
graphene at dark condition is p-doped with the positive voltage 
of charge neutrality point (VCNP) of 13 V and the channel con-
ductivity is dominated by hole carriers. The radiation of 850 nm 
causes n-doping in graphene with the VCNP shifting negatively 
(from ≈13  V at dark to ≈7  V). In contrast, the illumination of 
980 nm induces p-doping with a positive VCNP shift (from ≈13 V 
at dark to ≈17 V). Furthermore, the rise and fall times of photo
response under irradiation of 850 nm were measured by oscil-
loscope to characterize the device response time. As shown 
in Figure  2d, the rise and fall times of the proposed photo
transistor are 240 and 540 µs, respectively, which are faster 
than previous reports.[10,22] In addition, the degradation test of 
the photoresponse of the PbPc layer (25 nm) under irradiation 
were conducted. As shown in Figure S2a,b (Supporting Infor-
mation), the degradation of light absorption of PbPc upon con-
tinuous irradiation of 850 nm within 3 h was negligible. Under 
the same irradiation, device A also shows excellent photo
response stability in Figure S2c (Supporting Information).

Taking the above absorption spectra and the transport charac-
teristics into account, the observed bidirectional photoresponse 

can be ascribed to a unique band alignment at the NIR-sensitive 
interfaces within the graphene phototransistors. The energy 
diagrams for graphene–organic heterojunction before con-
tact and for the photogenerated carrier transfer process under 
850 nm irradiation (negative photoresponse) and under 980 nm 
irradiation (positive photoresponse) are illustrated in Figure 2e. 
A Y-axis with specified work function/Fermi level and LUMO/
HOMO values was labeled on the diagram before contact. In 
this proposed heterojunction, C60 is well-known as the elec-
tron acceptor with low LUMO level (4.3  eV) to trap electrons 
and to facilitate fast charge transfer at C60/donor interface.[42,43] 
Therefore, a type-II heterojunction is expected to form upon 
the contact between C60 and PbPc or SnPc.[44] Based on the 
absorption characteristics, electron–hole pairs can be gener-
ated in both C60 and PbPc under the irradiation from 405 to 
850 nm. While upon the approaching of NIR region at 850 nm, 
the PbPc layer acts as the main light-absorbing material. Corre-
sponding to the type-II heterojunction, a built-in electrical field 
is formed at the interface between PbPc and C60 to separate 
the electron–hole pairs. Electrons are then collected by the gra-
phene channel while holes are trapped within the PbPc layer. 
Then the collected electrons in the graphene channel result in 
negative doping (n-doping) in the transport curves (blue line in 
Figure 2c). As graphene is dominated by hole carriers at the Vg 
of −50  V, the injected electrons result in the reduction of the 
hole carrier’s density in graphene and thus the observed nega-
tive photocurrents in Figure 2b. Namely, the negative photore-
sponse can be ascribed to the lower photocurrent than the dark 
current.[23,45,46] In brief, PbPc and C60 serve as the light absorp-
tion layer and the carrier separation layer respectively while gra-
phene as the electron conductive channel upon the irradiation 
of 850 nm (Figure 2e). In contrast, the absorption above 900 nm 
is expected to mainly originate from graphene (see absorption 
spectra in Figure 2a). In this scenario, the photogenerated elec-
trons are transferred from graphene to C60 (an ideal electron 
receptor) with graphene acting as a light-absorbing layer and 
C60 as an electron-trapping layer (see the transfer diagram in 
Figure  2e). As the electrons are collected by C60, the photo-
generated holes conducting within graphene contribute to 
an increase of the hole carrier’s density and a p-doping effect 
(red line in Figure  2c). Correspondingly, the density increase 
of the hole carriers in p-doped graphene is responsible for the 
observed positive photoconductivity under 980 nm irradiation.

2.3. Tunable Bidirectional Photoresponses  
of Graphene/C60/PbPc Phototransistors

To further investigate the mechanisms of the bidirectional 
photoresponse of graphene–organic phototransistors under 
850 and 980  nm laser irradiations, we performed transient 
measurements of photoresponse under different gate volt-
ages (Figure 3a,b). The gate voltage enables to modulate the 
photocurrent by directly tuning the Fermi level of graphene. 
Figure  3a depicts the photoresponses of graphene/C60/PbPc 
phototransistors under 850 nm irradiation. Upon the increase 
of Vg from −50 to 50 V, the photocurrent changes from nega-
tive to positive. In detail, the sign of the photocurrent changes 
close to Vg = V0, in which V0 is the VCNP of the transport curve 
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under dark condition (as shown in Figure 2c). When Vg < V0, 
the conductivity in the graphene channel is dominated by hole 
carriers. The transfer of photogenerated electrons from C60/
PbPc to graphene contributes to reducing the hole concentra-
tion in graphene, and resulting in a negative photocurrent. 
Therefore, higher hole concentrations at more negative Vg lead 
to larger magnitudes of photocurrent. When Vg > V0, electrons 
are the main carriers in the graphene channel. Correspond-
ingly, the injection of the excited electrons into graphene leads 
to a density increase of the free electron carriers and thus the 
positive photocurrent. It is notable that the levels of positive 
photocurrent for Vg > V0 is relatively lower than negative photo-
current for Vg < V0. Such a contrast can be mainly ascribed to 
the decreased built-in electric field between graphene and light-
absorbing layer upon the change of Vg from negative to positive 
potentials [47,48].

Similar measurements were performed under 980 nm laser 
irradiation (Figure  3b). The inherent positive photocurrent 
remains to be positive under different gate voltages. The change 
in the levels of photocurrent upon the increase of Vg from −50 
to 50 V is in line with the transport characteristics in Figure 2c. 
When Vg < V0, the photocurrents decrease from 17.5 to 6.1 µA 
upon Vg increasing from −50 to 10 V; whereas Vg > V0, the cur-
rent values increase from 7.2 to 11.1 µA with Vg increasing from 
10 to 50 V. The built-in electric field is expected to be respon-
sible for the observation in Figure  3b. Under the irradiation 
of 980  nm incident light, photogenerated holes were trans-
ported within graphene while electrons were trapped in C60, 
forming the built-in electric field (pointed to the graphene from 
C60 film). When Vg changes from −50 to 10  V, the concentra-
tion of dominant hole carriers in graphene decreases, leading 
to the decreased intensity of the built-in electric filed. When 
Vg increases from 10 to 50  V, the concentration of dominant 
electron carriers in graphene increases, making the transfer 
of photogenerated electrons from graphene to C60 easier. As a 
result, the positive photocurrent keeps increasing with Vg. In 
addition, thermoelectric effect driven by hot-carrier-assisted 
transport in graphene is another possible explanation for the 
observed change of positive photocurrent.[49] In the photo
transistor, the photovoltage produced by the photogenerated 
hot electrons can be related to the electrical conductivity of 

graphene based on the Mott formula.[50] Thus, the thermoelec-
tric photovoltage follows the dependency of the conductance 
on the carrier density, which agrees well with the observed 
photocurrent in Figure  3b. Specifically, the increases of Vg 
shift the levels of carrier density in graphene from high to low  
(Vg < V0) and then from low to high (Vg > V0), leading to the cor-
responding changes in the photo-thermoelectric conductivity.

2.4. Photoresponse and Responsivity of Graphene/C60/PbPc 
Phototransistors

Next, we measured the time-dependent photoresponses and 
photoresponsivity of device A upon the irradiation of 850 nm. 
Figure 4a shows the time-dependent photoresponse of device 
A under various light intensities at Vds  = 1  V and Vg  =  −50  V 
under 850 nm lasers illumination. In addition to the stable NIR 
detection, the photocurrent increases gradually with the light 
intensity, which can be is attributed to the photoconductivity 
effect and the photoelectric effect in the phototransistor.[51]

Figure  4b shows the dependence of photocurrent (Iph) and 
photoresponsivity (R) on the incident light power under 850 nm 
laser illumination. The photoresponsivity (R) was measured 
and calculated based on the following equation[52]

| |ill dark

opt

ph

int

R
I I

P

I

A P
=

−
=

⋅
	 (1)

where Popt is the incident optical power on the device, Pint is the 
incident optical intensity, and A is the effective irradiated area 
of the device. As shown in Figure 4b, the responsivity decreases 
upon the increase of incident power, which is hypothesized to 
be ascribed to the gradually filled trap states within the het-
erojunction. Once the trap states in the device are filled com-
pletely at a certain irradiation intensity, more incident light only 
induced carriers recombine instead. Then it is less likely for 
the device to capture more carriers excited by a stronger light 
power, thus leading to a reduction in the average carrier life-
time and reduced responsivity.[11,53–56] Under NIR (λ = 850 nm) 
illumination, the calculated maximum photoresponsivity is 
up to 2.2 × 103 (±178) A W−1 while keeping source–drain bias 

Figure 3.  Mechanism analysis of the bidirectional photoresponses. a) Transient measurements at different gate voltages under illumination at 850 nm 
(power density = 35.4 mW cm−2, Vds = 1 V). b) Time-dependent photoresponse of 980 nm at different gate voltages (power density = 68.17 mW cm−2, 
Vds = 1 V).
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voltages Vsd at 1 V, Vg (gate voltage) of −50 V and the power den-
sity of 22  µW cm−2. The performance of sensitized graphene 
phototransistors with similar heterojunction structures or light-
collecting materials are summarized in Table 1. It is noteworthy 
that the reported high responsivity of most graphene-based 
devices is mainly limited in the ultraviolet and visible region. 
The photoresponses at NIR region in previous reports are gen-
erally low as the NIR light is only absorbed by graphene. In 
contrast, PbPc in our graphene/C60/PbPc heterojunction has an 
excellent NIR absorption, thus leading to the high photorespon-
sivity at the NIR region. Such excellent photoresponses are also 
highly related to the fast charge transfer at the graphene/C60 
interface and high dissociation efficiency of the excitons at the 
C60/PbPc interface.

2.5. The Optimization of Phototransistor Fabrication

To further investigate the mechanism of the observed bidirec-
tional photoresponse, we fabricated another two hybrid photo
transistors exhibiting similar structures with graphene/C60/
PbPc (device A). As shown in Figure S1 (Supporting Informa-
tion), Gr/PbPc (25 nm)/C60 (25 nm) and Gr/C60:PbPc (50 nm) 
with mixture ratio of 1:1 were prepared and referred to as device 
B (Gr/PbPc/C60) and device C (Gr/C60:PbPc), respectively. For 
the PbPc:C60 bulk heterojunction, the increase of the PbPc ratio 
help to improve the NIR light absorption, while the decrease of 
the C60 ratio leads to the reduction of the exciton dissociation 
interface and thus affects the photocurrent. Therefore, the ratio 
of PbPc:C60 was optimized to be 7:3 in Figure S4e (Supporting 
Information). In these two devices, graphene is not in direct 
contact with a thin film of C60, which is the main difference 
with device A. As a result, device B showed a limited photore-
sponsivity in NIR region with a value of 418 A W−1 (Figure S3, 
Supporting Information), whereas device C shows an even 
lower value of 218 A W−1 (Figure S4, Supporting Information). 
Such inferior photoresponse of device B and C compared to 
device A suggest that C60 thin film in direct contact with gra-
phene is critical to enhance the responsivity. Especially, device 
C (Gr/PbPC:C60) as the bulk heterojunction device is featured 
for an interpenetrating network of donor and acceptor mate-
rials with maximized and discrete interfaces.[66,67] Such a net-
work makes it feasible to dissociate the excitons to separated 
holes and electrons. Yet the charge transfer from acceptor to 
graphene in device C is inferior to the planar heterojunction 
of Gr/C60/PbPc as device A.[68,69] In device A, a direct contact 
between graphene and C60 as the acceptor guarantees a more 
efficient charge transfer and thus higher photoresponsivity. 
Due to the similar sp2 hybridized carbon lattice between gra-
phene and C60, an excellent epitaxial condition for C60 mole-
cules can be formed via van der Waals (vdW) interaction and 
intermolecular π-π stacking interaction to result in a compact 
and firmly bonded graphene/C60 interface.[13,64,70] Moreover, it is 
also reported that C60 film on graphene is more uniform than 
on Si/SiO2 substrate.[63] The results in this work confirm that a 
uniform and compact C60 film proves to be critical for an effi-
cient electron transfer at the interface and thus the fabrication 
of high-performance graphene phototransistor. Notably, a clean 

Table 1.  Comparison of the photoresponses of graphene-based 
phototransistors.

Active materials Responsivity  
[A W–1]

Spectral  
range [nm]

Ref.

Graphene/PTCDA/pentacene 1 ×105 400–700 [19]

Graphene/perovskite (CH3NH3PBI3) 1.8 × 102 400–800 [13]

Graphene/SWNTs 1.0 × 102 400–1550 [57]

Graphene/C8-BTBT 1.0 ×104 355 [58]

SWNTs/C60 2.0 × 102 1000–1400 [59]

Graphene/P3HT 1.0 × 105 500 [9]

Graphene/P3HT/perovskite  
(CH3NH3PBI3−xClx)

4.3 × 109 400–800 [20]

Graphene/chlorophyll 1.0 × 106 400–700 [60]

Graphene/rubrene 1.0 × 107 400–600 [7]

Graphene/WS2 1.0 × 106 400–700 [8]

Graphene/PbS QDS 1.0 × 107 600–1000 [61]

MoS2/g-C3N4 4.0 × 100 270 [62]

Graphene/C60 1.1 × 102 405–1550 [63]

Graphene/C60/pentacene 9.1 × 102 405–1550 [22]

Graphene/C60/graphene (vertical) 3.4 × 105 405–1550 [64]

Graphene/C60/graphene (planar) 5.5 × 103 360–658 [65]

Graphene/C60/PbPc 2.2 × 103 405–980 This work

Figure 4.  Characteristics of time-dependent photoresponse and responsivity of graphene/C60/PbPc phototransistors. a) Time-dependent photore-
sponse of device A under various light intensities at Vds = 1 V and Vg = −50 V under 850 nm lasers illumination. The “on” regions are labeled with 
green shadow rectangles. b) Dependence of photocurrent (Iph) and photoresponsivity (R) on incident light power under 850 nm laser illumination for 
the device A.
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and uniform surface of graphene is also important to form a 
compact and high quality heterojunction.[71,72]

Moreover, graphene/C60/PbPc/Au phototransistor was 
fabricated and referred to as device D to evaluate the impact 
of the position of the C60 acceptor layer within the three-layer 
planar heterojunction (Figure S5c, Supporting Information).[1,2] 
The difference between device A and device D is the position 
of source and drain electrodes (Au) within the heterojunction. 
In device A, the electrodes are in direct contact with graphene 
channel; while in device D, the electrodes are deposited directly 
on top of the organic films. Under the irradiation of 850 nm, 
device D shows a much lower photoresponsivity (813 A W−1, 
Figure S5a,d, Supporting Information) than that of device A 
(2.2 × 103 A W−1). The explanation for the superior photore-
sponsivity for device A is related to the elimination of carrier 
injection barrier at the interface of source electrode and organic 
layer by depositing organic films directly on top of source and 
drain electrodes. Therefore, the direct deposition method used 
for device A proves to be an important strategy to improve 
carrier injection. In addition, device E with SnPc as the light-
absorption layer was fabricated to better understand the role 
of phthalocyanine materials in determining the device perfor-
mance (Figure S6a, Supporting Information). The measure-
ment was examined under the same condition with device D. It 
is shown that device E exhibits similar performance (285 A W−1, 
Figure S6, Supporting Information) with device D, indicating 
that SnPc and PbPc are both suitable for combining with gra-
phene to improve the photodetection performance of the gra-
phene-based phototransistor at the NIR region.

3. Conclusions

In this work, we have proposed a graphene/C60/PbPc het-
erojunction phototransistor with a high photoresponsivity of 
2.2 × 103 A W−1 under 850  nm irradiation and a broadband 
response between 405 and 980  nm. The remarkable NIR 
absorption of PbPc, the high dissociation efficiency for the 
excitons at the PbPc/C60 interface, and the efficient charge 
transfer at the graphene/C60 interface contribute to such a 
prominent photoresponsivity at NIR region. In particular, 
the compact interface of graphene-C60 forming a proper band 
alignment was the key to achieve high photoresponsivity and 
bidirectional response at the wavelengths from 405 to 980 nm. 
Such a bidirectional transport of photoexcitons within the het-
erojunction proves to be a new strategy to facilitate a broad-
band photodetection. Moreover, the gate-voltage enables to 
effectively tune the direction and magnitude of photoresponse 
within the absorption region of PbPc (405–850 nm). Namely, 
the photocurrent is negative for Vg  > VCNP, and positive for 
Vg < VCNP. This work not only provides new insights into fab-
ricating phototransistors with broadband detection, but also 
sheds light into the fundamental understanding and rational 
design of bidirectional photoresponse of heterojunction-based 
phototransistors. The tunable photoresponses and scalability 
of the proposed graphene–organic phototransistors can pro-
mote large-scale and high-throughput graphene based NIR 
phototransistor for high performance photodetection and 
imaging applications.

4. Experimental Section
Chemical and Materials: PbPc, C60, SnPc (all materials ≥99.5%), 

ammonium persulfate ((NH4)2S2O8, ≥98.0%), and n+ Si/SiO2 wafers 
(SiO2 1000  nm) were purchased from commercial suppliers and used 
as received unless noted otherwise. Chemical vapor deposition (CVD) 
graphene was grown on a polycrystalline copper foil (Alfa Aesar, 
99.999% purity, 25 µm thickness) using a hot-wall chamber supplied by 
planarGROW-2B, planarTECH. In an atmosphere of H2 (g, 40 mTorr), the 
copper foil was annealed and stabilized at 1035 °C. Then the graphene 
was grown at the surface of the annealed copper by introducing 35 sccm 
CH4 (g, 500 mTorr) for a desired period.

Graphene Field-Effect Transistor Fabrication: Prior to transfer 
the graphene and deposition of active layer, the silicon wafer was 
ultrasonically cleaned in acetone, ethanol, and deionized water, and then 
were dried by blowing high-pure N2. Polymethyl methacrylate (PMMA) 
was employed to assist the transfer of graphene onto a silicon wafer 
(topping with a 1000 nm thick oxide layer). PMMA was spin-coated onto 
the as-grown CVD graphene to form a carrier film after curing. Then the 
underlying copper was etched in ammonium persulfate solution and 
rinsed in deionized water to leave the PMMA–graphene layer floating on 
water. PMMA–graphene was transferred onto silicon wafer cleaned by 
acetone, isopropanol and deionized water, respectively. Graphene was 
exposed by removing PMMA using acetone and isopropanol.

For the active layer fabrication of each device, different organic 
films were vacuum deposited using thermal evaporation technology 
under vacuum conditions (3.0 × 10–4  Pa). The crucible temperature 
was then ramped up for C60 (0.2 Å s−1) and PbPc (0.2–0.3 Å s−1) growth 
at preoptimized growth conditions, e.g., at a growth temperature in 
the range of 420–470  °C. And then Au source/drain electrodes were 
deposited through a lithography mask to define a channel length 
(L)/width (W) of 25 µm/2 mm.

Device Characterization: Raman spectroscopy was measured using 
HORIBA LabRAM HR-800, with 532-nm excitation laser under ambient 
conditions. To minimize the laser induced damage, the Raman laser 
was controlled at a wavelength of 532 nm with the power of 2 mW. AFM 
was conducted by Bruker Dimension Icon using the tapping mode at a 
scan rate of 1 Hz.

Optical and Electrical Measurement: For optical absorption 
measurements, thin films of single layer graphene, C60 (25  nm) and 
PbPc (25  nm), planar heterojunction thin films of graphene/C60 
(25  nm)/PbPc (25  nm), and the bulk heterojunction film of C60:PbPc 
(50  nm) with mixture ratio of 1:1 were deposited on cleaned quartz 
substrates, respectively. The thickness was controlled following the 
process calibration of the thermal evaporator. Absorption spectra 
were measured by TU-1901 spectrometer (TLS3-X150-ZGJLDZ). After 
device fabrication, the samples were immediately transferred into a 
vacuum chamber (vacuum level ≈10 Pa) and were measured by using an 
organic semiconductor characterization system (OSDmeas8.0). For the 
measurements of photo effects, NIR laser diodes with a light intensity of 
200 mW cm−2 for different wavelengths including 405 nm (HW405AD5-
10BD), 532 nm (HW532AD5-22BD), 650 nm (HW650AD5-10BD), 780 nm 
(HW780ADX-10BD), 808 nm (HW808ADX-10BD), 850 nm (HW850ADX-
10BD), 905 nm (HW905AD5-10TBC), 980 nm (HW980ADX-10BD) were 
used. The power and diameter were 5 mW and 10 × 30 mm, respectively. 
The variation of incident optical power density was realized by inserting 
neutral filters before the laser diode. Light response time measurements 
were carried out with a semiconductor parameter analyzer (Agilent 
B1500) with a vacuum condition of 10−3  Torr. A 850  nm NIR-light-
emitting diode (LED) (850  nm LEDs for multispectral sensing) driven 
by a signal generator was used as a light source to illuminate devices 
from the top.

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