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Abstract
In this work, a graphene photodetector hybrid with lead sulfide quantum dots (PbS QDs) is introduced, aiming to take both 
the advantages of broad-spectrum absorption of PbS QDs and ultrafast carrier mobility of graphene. Through coating the 
PbS QDs on the graphene, a hybrid photodetector was successfully fabricated, and the optical response of this device to 
the photo illumination was observed from 405 to 980 nm. The experimental results show that the photoresponsivity of the 
hybrid photodetector is 7.7 ×  102 A·W−1, 6.4 ×  102 A·W−1, 5.4 ×  102 A·W−1 and 2 ×  102 A·W−1 under 0.16 mW/cm2 laser 
illumination of 405 nm, 515 nm, 650 nm and 980 nm, respectively. The maximum photoresponsivity of this device is 7.7 ×  102 
A·W−1 (8.93 ×  109 Jones). The photoconductive gain is 3 ×  107. Moreover, the device can maintain steady photoresponse for 
more than 250 s and 25 on/off switching cycles at least. It is believed that such a device fabricated by controllable graphene 
film and PbS QDs with long-time photoresponse stability in broadband spectrum will stimulate the development of novel 
graphene photodetectors.

1 Introduction

Graphene has promising potential in fabricating phototran-
sistors and photodetectors owing to its unique electronic 
band structure with prominent optoelectronic and charge 
transport properties, such as mechanical strength and flex-
ibility, air stability, heat and electrical conductivity, optical 
transparency, and high room temperature charge mobilities 
of  105  cm2/V·s [1–4].

So far, the fabrication of graphene photodetectors still 
encounters certain complications and difficulties, especially 
the technical challenges in forming a large-area detector 
array. Though mechanical exfoliation of graphene is a rela-
tively simple method, it still confronts limitations in terms of 
size, yield, and thickness control, and is unsuitable for indus-
trialization [5]. In contrast, graphene based on chemical 
vapor deposition has become the alternative [6]. However, 
the inevitability of wrinkles and the transfer process-induced 

polymer residue often limit the performance and reliabil-
ity of optoelectronic devices fabricated from CVD-grown 
graphene [7]. Therefore, research on the reliability of pho-
todetectors based on large-area graphene film field effect 
transistor features a significant importance in the application 
of photodetection [8, 9].

Besides, pure graphene photodetector with low absorb-
ance (optical absorbance of single sheet is about 2.3% at 
550 nm [10]) has a huge negative influence for photodetec-
tion. Numerous approaches have been reported to improve 
the performance of graphene devices, including graphene-
quantum dots hybrid detectors, a graphene semiconductor 
heterojunction [11], graphene p–n junction, etc. [11–13]. 
Graphene hybrid with quantum dots can ideally improve the 
photoresponsivity and strengthen the light absorption. High-
quality PbS QDs have high molar absorption coefficients 
(≈106  M−1  cm−1) [14] and can offer a wide range of band-
gaps (0.6–1.6 eV) [15]. Moreover, the electronic properties 
of PbS QDs can be easily modified by surface ligand chem-
istry [16]. All these features promote PbS QDs as superior 
candidates for low-cost broad-spectrum photodetectors [17]. 
The hybrid structure comprising graphene and PbS QDs is 
atomically thin, forming a flexible and transparent device. 
Particularly, the fabrication of graphene–PbS QDs hybrid 
structure is a solution-based process, which additionally 
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possesses the merits of simplicity, inexpensiveness, and 
suitability for large-scale production [18].

In this paper, a hybrid photodetector, which consists of 
graphene–PbS QDs hybrid structures, is successfully fab-
ricated and demonstrated to possess excellent electrical 
properties. Specifically, the graphene film is directly grown 
on the target substrate with no metal transfer by means of 
plasma-enhanced chemical vapor deposition (PECVD). 
Physical mask is used to sputter the electrode, which has a 
higher successful rate compared with the photolithography 
technology. As a result, our device displays a clear photore-
sponse to incident laser in the wavelength at least ranging 
from 405 to 980 nm. It can maintain the detection ability 
under laser radiation for more than 250 s (> 25 cycles); what 
is more, the photocurrent of each cycle keeps nearly the 
original shape.

2  Experimental details

A structural diagram of the graphene–PbS QDs hybrid pho-
todetector is shown in Fig. 1a. The prepared device consists 
of multiple layers of, in the following order, p-doped silicon 
(Si, 450 ± 25 μm), silica  (SiO2, 300 nm), graphene films 
(1 ~ 4 layer), source and drain electrodes (Cu, 200 nm), and 
PbS quantum dots (QDs, 10.26 ± 0.1 nm). The graphene film 
is deposited on  SiO2/Si wafer by using the radio-frequency 
plasma-enhanced chemical vapor deposition (RF-PECVD) 
method [7]. During the growth process, a gasket should be 
put under the  SiO2/Si sheet, since the growth of graphene 
is in a 360-degree direction. Setting the RF plasma power, 
passing the mixed gas of  CH4 and  H2 to the reaction cham-
ber, and adjusting the gas proportion and the power level, 
monolayer graphene films or few layers of graphene films 
will be obtained.

The PbS QDs are synthesized through a hot injection 
route [19]. Typically, 0.18 g PbO, 4 mL OA and 12 mL 
octadecene (ODE) were mixed and heated to 120 ℃ for 
50 min under vacuum. Then 4 ml ODE of 0.0128 g S pow-
der was quickly injected into the reaction flask and allowed 
to cool naturally. Finally, the PbS QDs with oil solubility 

were precipitated and dispersed in cyclohexane to produce 
a 20 mg/mL solution. The PbS QDs have oil capacity, and 
the proportions of ligands and quantum dots are 38.7% and 
61.3%, respectively. The Cu source/drain electrodes are 
deposited by direct-current sputtering with a thickness of 
200 nm. The optical image of the photodetector is shown in 
Fig. 1b. The active channel width and length are 1000 μm 
and 30 μm, respectively. All of the active channels and 
source/drain electrodes are patterned using nickel shadow 
masks.

In the experiment, the Raman spectrum was measured 
with a Raman spectrometer (EZM-785-A2) with laser exci-
tation at 532 nm (2.33 eV). The surface morphology of 
graphene was measured with field emission scanning elec-
tron microscopy (SEM, Hitachi S-4800). High-resolution 
transmission electron microscope (TEM) image was meas-
ured with field emission transmission electron microscope 
(Hitachi H-7000). The absorbing spectrum was measured 
with a UV–Vis–NIR spectrophotometer (PerkinElmer 
Lambda 950). Both the electrical and optoelectronic perfor-
mance tests of the device were performed with a probe sta-
tion using a Keithley 4200 A with a series of laser sources. 
All the measurements were performed at room temperature 
in air without any device encapsulation.

3  Results and discussion

The Raman spectra of different layers of graphene films on 
 SiO2 are shown in Fig. 2a. The ratio of the intensity of the 
2D peak at ∼2692  cm−1 to that of the G peak at ∼1591  cm−1 
for graphene is larger than 2, implying that a monolayer gra-
phene film is obtained. Similarly, the four-layer result can be 
obtained as shown in Fig. 2a. The D peak reflects the degree 
of disorder in the crystal structure, so the weak D peak indi-
cates the graphene fabricated by the PECVD method has lit-
tle defects [20]. The representative SEM image of graphene 
surface is shown in Fig. 2b. The graphene film has a hexago-
nal shape. The graphene has a large area of 50 μm × 50 μm, 
which benefits from the advantage of the PECVD method. 
The TEM image of PbS QDs is exhibited in Fig. 2c and the 
SEM image of PbS QDs on Si/SiO2 substrate is shown in 
Fig. 2d.

The SEM image of PbS QDs on Si/SiO2 substrate is 
shown in Fig. 2e. It can be observed that the QDs are quite 
uniform and disperse well on the substrate. The optical 
absorption spectrum of PbS QDs in the UV and near-infra-
red (NIR) region is shown in Fig. 2f. It is obvious from 
this figure that the PbS QDs have absorption of UV light, 
and the absorbance decreases with the increase of wave-
length. In particular, there is an obvious absorption peak at 
1464 nm. Compared with the absorption spectrum of single-
layer graphene shown in Fig. S1, PbS QDs have obvious 

Fig. 1  a Schematic configuration of the graphene–PbS QDs hybrid 
photodetector. b The optical image of the photodetector
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absorption enhancement from visible to near-infrared wave. 
At this point, graphene–PbS photodetector has the capability 
of broadband photodetection under the irradiation from the 
UV to NIR band.

Figure 3a shows the relationship curves between current 
Ids and voltage Vds of drain and source when the gate volt-
age Vgs is 0 V. The two Ids–Vds curves represent the con-
dition of the device with and without light illumination, 
respectively. The larger slope curve is measured under 
the light of 405 nm with an illumination power of 0.16 
mW/cm2. It can be clearly observed that the source and 
drain currents are in both cases proportional to the source 
and drain voltages, which indicates that the electrodes of 
the device make perfect Ohmic contact with the channel. 
Additionally, the proportional coefficient of the Ids–Vds 
curve increased and the curve became steeper when the 
device was exposed to the 405 nm laser, revealing that 

the generation of photocurrent increases the total current 
under the same source–drain bias voltage, resulting in the 
change of the proportional coefficient of the Ids–Vds curve.

Figure 3b shows the transfer curve of the hybrid photo-
detector when the bias voltage of source and drain is 0.2 V. 
From this curve, the Dirac point shift from 3.7 to 5.3 V 
before and after the light illumination. Under dark condi-
tion, holes in PbS QDs are transferred to graphene leads 
to p-doping of graphene due to the built-in electric field 
formed by energy band mismatch. Under illumination, the 
PbS QDs absorb photon energy and generate electron–hole 
pairs. Electron–hole pairs are separated and photo-gener-
ated holes enter graphene, while photo-generated electrons 
remain in the PbS QDs, further inducing more photo-gen-
erated holes into graphene, which causes the Dirac point 
to continue moving to the right until the production and 

Fig. 2  a Raman spectrum 
of monolayer and four-layer 
graphene films on  SiO2. b SEM 
original images of graphene 
grown by PECVD on Si/SiO2 
substrate. c TEM image of PbS 
QDs. d SEM image of PbS QDs 
on Si/SiO2 substrate. e The size 
distribution of PbS QDs. f The 
optical absorption spectrum of 
PbS QDs
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recombination rates in the system remain in balance. The 
energy band diagram is shown in Fig. 3c [21].

Furthermore, Fig. 3d shows the single period photo-
generated current response curve of the graphene–PbS QDs 
hybrid photodetector under 405 nm laser illumination. The 
current results from the electron–hole pairs excited by the 
405 nm illumination light with photon energy larger than 
the PbS QDs band gap. The current of the hybrid photo-
detector rapidly increases when the 405 nm laser source is 
switched on at 2.1 s and decays after the laser source is 
switched off at 6.6 s. The photocurrent (Iph = Ilight—Idark) can 
be approximately calculated as 0.037 mA, which is about 
5 times to pure graphene photodetector as shown in Fig. 
S2. It is indicated that thin films of PbS QDs can greatly 
enhance the optical absorption and improve the photocurrent 
of the device. Furthermore, the rising time of the photocur-
rent is 0.2213 s and the decay time of the photocurrent is 
0.6282 s when the laser source is switched on and off. Since 
long oleic acid ligand was used without ligand exchange, 
the response speed of this device is slower than other PbS-
graphene devices using short ligands, but it can fulfill some 
normal requirements.

To demonstrate the broadband spectral response char-
acteristics of the hybrid photodetector, a series of lasers 
with different incident wavelengths were used to illuminate 
the graphene–PbS QDs hybrid photodetector. The results 
are shown in Fig. 4a–d measured under 405, 515, 650, and 
980 nm laser illumination, respectively. It can be clearly 

seen from these four species that the hybrid photodetector 
successfully features a clear photoresponse to incident laser 
in the wavelength range from 405 to 980 nm, exhibiting a 
broadband photoresponse characteristic. Furthermore, the 
hybrid photodetector also keeps a repeatable photocurrent 
and response speed for all illumination light after 6 on/
off switching cycles, which indicates the excellent repro-
ducibility and stability of the graphene–PbS QDs hybrid 
photodetector.

In addition to the broadband photodetection, the pho-
toresponsivity also needs to be considered at different 
wavelengths. The photoresponsivity characteristics of the 
graphene–PbS QDs hybrid photodetector are measured at 
1 V source–drain bias and zero gate voltage by illumi-
nating the whole device at various wavelengths at room 
temperature. For rigorous comparison, laser sources at 
the visible (405 nm, 515 nm and 650 nm) and the NIR 
(980 nm) were set to the same power (0.16 mW/cm2) in the 
photoresponsivity measurements. The photocurrent (Iph) 
depends on the current change before and after illumi-
nations. According to Fig. 4a–d, According to Fig. 4a–d, 
we get the photocurrent spectrum of the device shown 
in Fig. 5a. It can be observed that the Iph are 0.037 mA, 
0.032 mA, 0.027 mA, and 0.01 mA, corresponding to the 
wavelength of 405 nm, 515 nm, 650 nm, and 980 nm, 
respectively. Apparently, the values of photocurrent vary 
greatly when under different incident lasers and the pho-
tocurrent increases monotonically with the decreasing of 

Fig. 3  a Source–drain Ids–Vds 
curves of graphene–PbS QDs 
hybrid photodetector with 
and without light illumina-
tion (wavelength: 405 nm). b 
Transfer curves of graphene–
PbS QDs hybrid photodetec-
tor before and after the light 
illumination, and the Vds is 
0.2 V. c The electronic band 
diagram of PbS QDs and 
graphene with light illumina-
tion. d Temporal photocurrent 
response at 405 nm. The rise 
time is 0.2213 s. The fall time is 
0.6282 s
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incident wavelengths, which is in agreement with the opti-
cal absorption spectra of the PbS QDs thin films.

The responsivity (R) and detectivity (D*) are calculated 
by the following formula [22]:

where Iph is the photocurrent, Pi is the incident light irradi-
ance, S is the active area of the phototransistor, A is the 
active area of illumination, q is the electron charge and 
Idark is the dark current. By calculation, the R and D* of 
the hybrid photodetector are 7.7 ×  102 A·W−1 (8.93 ×  109 
Jones), 6.4 ×  102 A·W−1 (7.44 ×  109 Jones), 5.4 ×  102 A·W−1 
(6.27 ×  109 Jones) and 2 ×  102 A·W−1 (2.32 ×  109 Jones) at 
the 405 nm, 515 nm, 650 nm and 980 nm, respectively. 
The variation curve of responsivity with different wave-
lengths is shown in Fig. 5b. The results signify the high 
photoresponsivity and detectivity of the hybrid photodetec-
tor in the whole tested wavelength range. In particular, the 
maximum R of 7.7 ×  102 A·W−1 is achieved under 405 nm 
laser illumination. This value is much higher than those 
reported in the literature based on pure monolayer graphene 
photodetectors [23].

(1)R =
Iph

PiS
,

(2)D∗ =
R
√

A
√

2qIdark

,

Fig. 4  Photoswitching charac-
teristics of the graphene–PbS 
QDs hybrid photodetector 
under alternating dark and 
light illumination. The channel 
length was 30 μm, illumina-
tion power Pi = 0.16 mW/
cm2, Vds = 0.2 V, Vgs = 0 V. 
a Wavelength = 405 nm. 
b Wavelength = 515 nm. c 
Wavelength = 650 nm. d Wave-
length = 980 nm
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Fig. 5  a The photocurrent spectrum of the graphene/PbS hybrid pho-
todetector. b Responsivity and detectivity as a function of four differ-
ent wavelengths of 0.16 mW/cm2
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Also, the external quantum efficiency (EQE) is defined as 
(1.24 × R)/ λ, where R is the photoresponsivity and λ is the 
incident light wavelength. The value of EQE is 2.53 ×  102% 
at 980 nm. The high R and EQE can be attributed to photo-
conductive gain (G) which is determined by the ratio of the 
lifetime of carriers (τ) and transit time (τt).

The carrier mobility (μ) can be obtained from the transfer 
characteristic according to the formula [24]:

where W and L are the width and length of the channel, 
respectively. Cox is the capacitance per unit area of the gate 
medium. Here, W = 3000 μm, L = 30 μm, Vds = 0.2 V, Cox ~ 3 
fF/μm2, and (∂Ids/∂Vgs)max = 0.8 mA/V, which is calculated 
by fitting Fig. 3b, we calculate the carrier mobility μ = 1600 
 cm2/V·s. The transit time of L = 30 μm long device from 
Fig. 1b is about 28 ns (τt = L2/(μ·Vds)) [22]. This results in 
a gain of 3 ×  107, considering the lifetime (τ) of about 1 s. 
This gain value is higher than photodetectors with transi-
tion metal dichalcogenides hybrid structures (~ 3 ×  104), and 
carbon nanotube structures (~  105) [25, 26].

To test the stability of the hybrid photodetector under 
light illumination, we deliberately increased the on/off 
period (> 25 cycles) when measuring the response of the 
device to the laser at wavelengths of 405 nm, 515 nm, 
and 650 nm. The results are shown in Fig. 6. Obviously, 
the device can maintain a stable photoresponse for more 
than 250 s at least when the laser is periodically switched 
on and off 25 times, and the photocurrent of each cycle 
remains consistent, indicating that the device has excellent 
reproducibility and stability. Also, it should be pointed out 
that, although the device has an obvious response to the 
illumination of the 980 nm laser source, the photocurrent 

(3)� =
L

WCoxVds

�ID

�Vgs

,

sharply will decrease after about ten periods due to the 
strong thermal effect of the 980 nm laser. We are consider-
ing and trying an effective way to reduce the thermal effect 
and improve the response performance of the device under 
infrared laser illumination.

Lastly, a nonnegligible phenomenon can be found that 
the saturation source–drain current of the device is gradu-
ally increasing. From Fig. 6, the maximum source–drain 
current of the device with 515 and 650 nm laser illumi-
nation increases with the increase of illumination time, 
but the maximum source–drain current of the device with 
405 nm laser illumination gradually stabilizes over time 
and tends to be stable. We think the gradual increase of 
the saturation source–drain current of the device may be 
caused by the capacitance effect [27]. It can be deduced 
that the capacitance effect is likely to occur during the 
initial migration of the carriers from the channel to the 
source and drain electrodes. Therefore, when the time-
dependent photocurrent of the device was measured, the 
charge released by the capacitance effect will increase the 
source–drain current, resulting in the gradual rise of the 
rectangular pulse. Then in the subsequent photoresponse 
measurements, the optical switching characteristics of the 
device were restored as the disappearance of the capaci-
tance effect.

4  Conclusion

In summary, a high-performance graphene–PbS QDs 
hybrid photodetector with broadband response and long-
time stability was demonstrated in detail. The results show 
that the hybrid photodetector has an obvious response to 
illumination laser from 405 to 980 nm, exhibiting excel-
lent broadband photoresponse performance. The maxi-
mum photoresponsivity of this device is 7.7 ×  102 A·W−1 
(8.93 ×  109 Jones), under the 405 nm laser illumination, 
and the photoconductive gain is 3 ×  107. The hybrid pho-
todetector can also maintain stable photoresponse for more 
than 250 s and 25 on/off switching cycles at least, indicat-
ing the excellent reproducibility and stability of the device.
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