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 ABSTRACT 

Graphene is being actively explored as a candidate material for flexible and

stretchable devices. However, the development of graphene-based flexible 

photonic devices, i.e. photodetectors, is hindered by the low absorbance of the 

single layer of carbon atoms. Recently, van der Waals bonded carbon nanotube

and graphene hybrid films have demonstrated excellent photoresponsivity, and

the use of vein-like carbon nanotube networks resulted in significantly higher 

mechanical strength. Here, we report for the first time, a flexible photodetector

with a high photoresponsivity of ~ 51 A/W and a fast response time of ~ 40 ms 

over the visible range, revealing the unique potential of this emerging all-carbon

hybrid films for flexible devices. In addition, the device exhibits good robustness

against repetitive bending, suggesting its applicability in large-area matrix-array 

flexible photodetectors. 

 
 

1 Introduction 

One-dimensional carbon nanotubes (CNTs) and 

two-dimensional graphene, the two most extensively 

investigated carbon allotropes for photonic applications 

[1, 2], exhibit advantageous properties such as high 

carrier mobility, broadband optical absorption, and 

environmental robustness [3–6]. Owing to the com-

patibility with large-scale processing, CNT thin films 

(or networks) and chemical vapor deposition (CVD) 

grown graphene are the most preferred material forms 

for practical applications involving high-volume 

production [7–10]. Compared with individual CNTs, 

which exhibit room-temperature mobility as high as 

79,000 cm2/(V·s) [11], CNT networks typically exhibit 

lower mobility (~ 10–100 cm2/(V·s)) and operating 

speeds, due to the existence of inter-tube Schottky 

barriers, and other morphological factors [12–16]. 

On the other hand, the low optical absorption and 

the ultrafast photocarrier recombination in graphene 

severely limit its photoresponsivity [17, 18]. 

Recently, ultra-thin all-carbon nanostructures com-

prising single-walled carbon nanotubes (SWNTs) and 

graphene heterostructures bonded covalently [19–21] 

or by van der Waals forces [22–24] have been developed, 

and they display superior properties compared with 
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the individual constituent materials. Current efforts 

are focused on the synthesis of a graphene-SWNT 

hybrid system with tailored microscopic morphology. 

The successful syntheses of both “rebar graphene” [20] 

and “rivet graphene” [21] illustrates the feasibility  

of flexible tuning of the physical properties of the 

graphene-SWNT hybrid. Another equally important 

route is to explore device applications based on such 

all-carbon membranes [23, 24]. Graphene-based photo-

detectors have been widely investigated. Even though 

high-speed devices employing intrinsic graphene have 

been operated at several tens of GHz, the relatively 

low responsivity (~10–3 A/W) [17] remains a deterrent 

for practical applications. Photogating of graphene 

has been the most successful approach for achieving 

enhanced photoresponsivity; by employing a quantum 

dots layer, photoresponsivity up to 107 A/W has been 

demonstrated. However, it invariably leads to a 

compromised response time [25]. A high-performance 

photodetector with a balanced overall performance 

was recently achieved by preparing van der Waals 

heterostructures of graphene-SWNT on a SiO2/Si 

substrate. The device exhibited a photoconductive 

gain of 105 together with a fast response time (~100 μs), 

thus illustrating the potential of the graphene-SWNT 

hybrid for light harvesting applications that require 

large sensing area, high photoresponsivity and high 

speed [23]. The interfacial charge transfer dynamics 

within such hybrid nanostructures is also resolved 

through a combination of Raman and photocurrent 

spectroscopy techniques [26].  

Flexible devices with optoelectronic functionalities 

integrated on bendable plastic substrates have attracted 

significant attention for their wide applicability in 

paper displays, smart windows, and wearable devices 

[27–32]. In contrast to rigid devices, the designing of 

flexible devices requires intrinsically stiff and bendable 

substrates that are engineered to withstand high levels 

of strain [33]. Remarkably, graphene-SWNT assemblies 

exhibit extraordinary mechanical flexibility and 

stretchability as well as electrical and optical conduc-

tivity, making them promising candidates for flexible 

optoelectronics [24, 34, 35]. In this work, we demonstrate 

for the first time, a fully flexible photodetector utilizing 

a graphene-SWNT hybrid film as the light harvesting 

layer. The photodetector on the flexible platform 

exhibits a high photoresponsivity of ~51 A/W and   

a fast response speed of ~40 ms over the visible 

wavelength range. In addition, our devices are stable 

under severe bending conditions, and are free from 

pronounced degradation even after a large number 

of bending cycles.  

2 Results and discussion  

The fabrication process of the graphene-SWNT hybrid 

films on polyethylene terephthalate (PET) substrate is 

shown in Fig. 1(a). As an initial step, homogeneous 

SWNT solutions with appropriate densities were 

spin-coated onto the PET substrate, which formed 

sparse network-like SWNT thin films. Subsequently, 

CVD-grown monolayer graphene was transferred 

atop the SWNT networks. We used a suitable geometry 

to avoid the degradation of charge transfer at the 

graphene-nanotube interface caused by the residual 

polymethyl methacrylate (PMMA) used for the transfer 

of graphene [36]. The morphology of the fabricated 

hybrid films on the PET substrate was examined by 

scanning electron microscopy (SEM) and the images 

are shown in Fig. 1(b). The SWNTs were sparsely 

distributed on the PET substrate and covered by a 

large flake of graphene sheet. The Raman spectrum 

of the hybrid films on the PET substrate (Fig. 1(c)) also 

showed pronounced peaks of the graphene-SWNT 

heterostructures, which are similar to the signatures 

on the SiO2/Si substrate reported previously [23, 26]. 

As can be seen from Fig. 1(d), the resulted hybrid thin 

films on the PET substrate exhibit high transparency 

over the entire visible range. Typically, the tran-

smittance of the hybrid thin films on the PET substrate 

reaches up to ~83% at the wavelength of 532 nm, 

which is approximately 5% lower than that of the pure 

PET substrate. Enhanced absorption in the ultra-violet 

range was also observed, which is an inherent feature 

of carbon nanomaterials [23]. The inset of Fig. 1(d) 

presents a photograph that manifests the good trans-

parency of the graphene-SWNT hybrid films on the 

PET substrate.  

Figure 2(a) schematically illustrates the flexible 

photodetector based on the graphene-SWNT hybrid 

films fabricated on the PET substrate. Characteristics 

of the photoresponse of the flexible devices were 



 

 | www.editorialmanager.com/nare/default.asp 

1882 Nano Res. 2017, 10(6): 1880–1887

measured using a laser diode operating at 532 nm 

under vacuum. Figure 2(b) shows the photocurrent 

as a function of the source-drain voltage (VSD) under 

different illumination levels. It is clear that the 

photocurrent depends linearly on the VSD. A high 

bias voltage increases the carrier drift velocity, and 

 

Figure 1 Characterization of the as-fabricated graphene-SWNT hybrid films on the PET substrate. (a) Schematic procedure for the 
preparation of the graphene-SWNT hybrid films on the PET substrate. (b) SEM image of the hybrid thin films on the PET substrate
(scale bar: 1 μm). (c) Raman spectra obtained using 514 nm excitation laser. The red dots denote the pronounced peaks of the graphene-
SWNT hybrid films. (d) Vis–NIR transmittance spectra of the graphene-SWNT hybrid films. The photograph in the inset shows the 
good visible transparency of the hybrid films on the PET substrate. 

 

Figure 2 Characterization of the photoresponse of the flexible graphene-SWNT photodetectors. (a) Schematic illustration of the 
flexible photodetector based on the SWNT-graphene hybrid films fabricated on the PET substrate. (b) Dependence of the photocurrent
on the source-drain voltage under the illumination of 532 nm laser. (c) Responsivity and photocurrent of the devices as functions of the
incident light power at 532 nm and a source-drain voltage of 1 V. Inset: microphotograph of the fabricated device; the dashed square 
represents the graphene-SWNT channel (scale bar: 50 μm). (d) Time-dependent photoresponse of the flexible devices at 532 nm and a 
source-drain voltage of 0.01 V. (e) The enlarged rise and decay edges of a cycle. The rise time is defined as the time interval for the
response to rise from 10% to 90% of its saturated value, so as the decay time. (f) Photoresponsivity as a function of the incident light
power at wavelengths of 405, 532, and 650 nm, respectively. 
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reduces the carrier transfer time across the channel, 

giving rise to more effective separation and capture 

of the photogenerated carriers. The dependence of the 

photocurrent and the responsivity on the incident 

power is plotted in Fig. 2(c). As typically seen for 

graphene-based hybrid phototransistors [37], the 

photocurrent increases with increase in the incident 

power, while the corresponding photoresponsivity 

decreases due to the saturated absorption of illumination 

and the screening effect. It is worth noting that the 

responsivity of our detectors reaches ~51 A/W under 

a low illumination power of 0.5 μW at 532 nm, which 

is on a par with that of the gold oxide-graphene 

heterojunction device (58 A/W at 500 nm) [38]. The 

graphene-SWNT hybrid films generally exhibit faster 

speeds when compared with devices employing 

hybrids of graphene/transition metal dichalcogenides 

[39–43]. The drastically enhanced photoresponsivity 

is the result of the effective built-in electrical field at 

the graphene-SWNT junctions, which facilitates the 

separation of the photogenerated electron–hole pairs 

and reduces the charge carrier recombination at the 

interface [23]. The temporal response is measured by 

periodically turning the 532 nm light on and off at   

a bias voltage of 0.01 V, as presented in Fig. 2(d). The 

current level was invariant after several light irradiation 

cycles, indicating the good reversibility and the 

reliability of the devices. From Fig. 2(e), the response 

time was estimated to be ~40 ms, which is faster com-

pared with the previously reported flexible graphene 

photodetectors (on the order of seconds) [44–46]. Such 

a prominent increase in the speed is attributed to the 

fast transfer of the carriers between the two carbon 

allotropes with intimate electronic coupling [23, 26]. 

Characteristics of the photoresponse of the devices 

in the ambient condition were also investigated. The 

results are very similar to those obtained in vacuum, 

except for a slightly lower dark current. With further 

optimization, the performance of the devices based 

on the all-carbon films may approach that of the 

InP nanowire-based devices which exhibit the best 

responsivity and temporal characteristics [47].  

Furthermore, the broadband photoresponsivity 

was investigated in the visible range (by using diodes 

at 405, 532, and 650 nm) and the results are shown in 

Fig. 2(f). Higher responsivities were always observed 

at low values of the incident power, and the photores-

ponsivity was higher at shorter wavelengths. Such a 

spectral response is compatible with the absorption 

of the graphene-SWNT hybrid, which is fundamentally 

determined by the saddle-point exciton resonance in 

the ultra-violet region [23]. As with all the graphene- 

based photodetectors, our devices are expected to 

operate in the UV range, with enhanced performance. 

Flexible optoelectronics are subject to a variety of 

mechanical deformations, thus, the mechanical flexibility 

and the durability under a bending stress are important 

figure-of-merits concerning practical applications. In 

order to assess the bending stability of the flexible 

graphene-SWNT hybrid photodetectors, the flexible 

devices were arranged on a cylindrical apparatus 

with three different radii of curvatures (k, k = 0.3, 0.6, 

and 0.9 cm–1), and the photoresponse was measured 

while the devices were bent, as shown in Fig. 3(a). 

The I–V curves showed no discernible changes under 

the three different bending curvatures (Fig. 3(b)), 

which indicates the good adhesion to the substrate 

and the stable Ohmic contact between the electrodes 

and the graphene-SWNT channel under harsh bending 

conditions. It is to be noted that a good Ohmic 

contact is crucial for the unobstructed injection of the 

carriers at the junction between the channel and the 

electrodes [48]. Figure 3(c) displays the photocurrent 

dependence of the flexible devices under different 

bending curvatures. The photocurrent is almost 

invariant when compared with the original value. 

Significantly, the temporal photoresponse did not show 

degradation even under the maximum curvature of 

bending (k = 0.9 cm–1) as illustrated in Fig. 3(d). These 

results indicate that the heterogeneous integration of 

the SWNTs and the graphene film on the thin pliable 

substrate has the potential for real-world applications 

in the areas of portable or wearable optoelectronics. 

Durability is another equally crucial aspect concerning 

the practical applicability of the flexible devices.  

The fatigue cycling performance of our devices was 

evaluated as shown schematically in the inset of 

Fig. 4(a). The flexible devices were bent consecutively 

with a bending radius of 1.6 cm and their photores-

ponse was investigated under the illumination of 

532 nm laser. The devices exhibited no delamination 

or cracks after the repeated bending tests, as confirmed 
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by the optical and the SEM images. Compared with 

the initial state, the parameters of the flexible devices 

were only slightly degraded even when the devices 

were subjected to 500 bending cycles, as shown in 

Figs. 4(a) and 4(b). These results demonstrate that  

the assembled flexible devices are not susceptible   

to strain and are electromechanically robust against 

repetitive bending.  

3 Conclusions 

In summary, a large-area, transparent and flexible 

photodetectors based on graphene-SWNT hybrid films 

on a PET substrate was demonstrated for the first 

time. These devices exhibited high photoresponsivity 

(~51 A/W) and fast response time (~40 ms) upon visible 

irradiation and are expected to operate well in the UV 

range. The fabricated devices show superior flexibility, 

good folding strength under harsh strain and bending 

states. It demonstrates that the all-carbon hybrid film 

is a highly robust material for practical applications 

in large-scale photosensors, flexible solar cells, etc. 

Furthermore, such a hybrid architecture will be fully 

compatible with graphene-based flexible electronic 

 

Figure 3 Photoresponse of the flexible graphene-SWNT photodetectors under different values of flexural strain. (a) Optical image of
the set-up for the bending test of the flexible photodetectors. (b) I–V curves of the flexible devices under three different bending 
curvatures (k, k = 0.3, 0.6, and 0.9 cm–1). (c) Characteristics of the photocurrent under different bending conditions at 532 nm. (d) 
Time-dependent photoresponse as a function of different bending curvatures under the illumination of 532 nm laser. 

 

Figure 4 Performance of the flexible graphene-SWNT photodetectors under cyclic fatigue tests. (a) Responsivity as a function of the
number of bending cycles at the radius (r) of 1.6 cm under the illumination of 532 nm laser. The inset shows the schematic diagram of 
the bending process. The flexible devices are attached to a glass vial on one end and pressed by a force on the other end. (b) Response
time as a function of the bending cycle at 532 nm. 
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components, facilitating the integration of large-scale 

optoelectronic functionality. 

4 Methods 

4.1 Fabrication of graphene-SWNT hybrid films 

and photodetectors 

SWNT powders (purity: >90%, Carbon Solutions Inc.) 

were dispersed in N-methyl-2-pyrrolidone with a 

concentration of 0.1 mg/mL by ultrasonication for 3 h, 

followed by centrifugation at 10,000 g for 1 h. The 

CVD-grown monolayer graphene coating with PMMA 

on copper was immersed in ammonium persulfate 

for 3 h and deionized water for 30 min, respectively. 

Subsequently, the graphene film supported by the 

PMMA was transferred onto the SWNT/PET substrate. 

The PMMA was immediately removed using hot 

acetone (60 °C). The devices were fabricated using 

standard photolithography, metal deposition by electron 

beam evaporation, and lift-off. The electrodes were 

asymmetric; the source was Pd/Au (10 nm/40 nm) and 

the drain was Ti/Au (10 nm/40 nm). The graphene-SWNT 

channel was patterned using another photolithography 

technique and oxygen plasma etching.   

4.2 Characterization and measurement of 

photoresponse 

The Raman spectroscopy measurements were carried 

out on a Horiba Jobin Yvon LabRAM HR-800 Raman 

spectrometer with a 514 nm argon ion laser operated 

at 1 mW. The morphology of the coating was studied 

using SEM (JSM-7000F). The transmittance measure-

ments were performed with a conventional tungsten 

halogen lamp (SLS202, Thorlabs) as the light source, 

and a monochromator (iHR 320, Horiba) was used in 

the wavelength selection mode. The photoresponse 

measurements were performed in a closed cycle 

cryogenic probe station under vacuum (<10–5 Torr) at 

room-temperature and the data were collected using 

a semiconductor parameter analyzer (Keithley 4200).  
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