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Hybrid graphene-PbS quantum dot devices are fabricated on an n-type silicon substrate capped with

a thin SiO2 layer and are characterized by photoelectrical measurements. It is shown that the

resistance of the graphene channel in the devices exhibits detectable changes when a laser beam is

switched on and off on the quantum dots. The model that explains the observed photoresponse

phenomenon is illustrated. We also show that the photoresponse signal, i.e., the photoinduced

change in the resistance of the graphene channel can be tuned in both magnitude and sign with a

voltage applied to the back gate of the devices and is related to the derivative of the transfer

characteristics of the graphene channel. Our work shows that the simple hybrid graphene-PbS

quantum dot devices can be employed for photodetection applications. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824113]

Graphene, a honeycomb lattice of single layer carbon

atoms, has attracted great attention in recent years, because

of its unique electronic structure1,2 and two-dimensional na-

ture of electron transport.3–6 The valence and conduction

bands in graphene touch at a Dirac point and show a linear

dispersion relation around the Dirac point. Thus, carriers in

graphene behave as relativistic massless Dirac fermions.

Given the fact that the carriers in graphene have an

extremely high mobility and that photogenerated electrons

and holes in graphene have a very short recombination time,

graphene layers have been employed to realize ultrafast pho-

todetectors with an operation bandwidth of 40 GHz

demonstrated.7–10

However, a single pristine graphene layer is only able

to absorb about 2% of incident light,11 which limits its

applications in optoelectronics. Efforts have been made to

improve the sensitivity of photodetection by either engineer-

ing the graphene carrier dynamics or coupling the graphene

to optical absorption media.12–16 For example, photoactive

materials, such as inorganic semiconductors,12 have been

brought to contact with graphene. These materials interact

strongly with light and can act as efficient photon absorbers.

Other studies have demonstrated enhanced photoresponse

signals under light excitation at a graphene junction, sug-

gesting that hot carrier and photothermoelectric effects may

play a role in the photoresponse of graphene based devi-

ces.15,16 Surface plasmons have also been employed to

enhance the optoelectronic response and to reshape the

spectral responsivity in graphene.17,18 However, due to the

lack of a carrier multiplication process, the efficiency of

photoresponse of pristine graphene devices is still limited to

small values of up to quantum efficiency. Recently, hybrid

graphene-quantum dot devices have received an increasing

interest.19–22 Due to a long lifetime of the trapped charge

carriers in quantum dots and ultrahigh carrier mobility in

graphene, a gain of up to 108 electrons per photon and a

photonic responsivity of �107 AW�1 were demonstrated

with these hybrid systems.19 Later on, similar experiments

were carried out on CVD-grown graphene, revealing poten-

tial for practical applications.20 However, a systematic study

of the tunability of the devices and the physical process that

governs the photoresponse in such hybrid devices still need

to be carried out.

In this letter, we report on the realization of graphene-

PbS quantum dot (QD) hybrid photodetection devices and

the measurements of their photoelectrical response. The

measurements show that the photoresponse signal can be

sensitively controlled by applying a voltage to the gate fabri-

cated on the back side of the substrate and is related to the

derivative of the transfer characteristics of the graphene

channel in the devices. We explain our experimental results

based on a polarity-dependent carrier transfer model in

which photoinduced carriers of one charge polarity in QDs

are transferred to the graphene, leading to an accumulation

of carriers of the opposite charge polarity in the QDs and

thus a change in the carrier density in the graphene, i.e., a

photoinduced gating effect on the graphene.

In the hybrid devices, graphene sheets were obtained by

a mechanical exfoliation method using bulk Kish graphite

and transferred onto a heavily doped, n-type Si substrate with

a 280-nm-thick SiO2 cap layer on top and a predefined back-

gate electrode at bottom. The single-layer nature of graphene

sheets was confirmed by Raman spectroscopy measurements.

The transferred graphene sheets were patterned to a ribbon

structure, with a channel width of 1.0 lm and a length of

1.0 lm, using electron-beam lithography (EBL) followed by

reactive ion etching. The source and drain contact electrodes

were then defined to the graphene (to realize the graphene

transistor structures) using a second step of EBL, evaporation
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of Ti/Au, and a lift off process. The colloid PbS QDs, which

were coated with oleic acid to avoid aggregation, were origi-

nally dispersed in toluene with a concentration of 5 mg/ml.

The deposition of the QDs on the as-prepared graphene tran-

sistors were achieved by directly castdropping the QD solu-

tion and letting it dry in air or a stream of N2 gas. The

deposition process was monitored by the measurements of re-

sistance changes of the graphene transistors. To improve the

coupling between the QDs and the graphene sheets, a small

amount of ethanol was also applied to the devices. The above

QD deposition process was repeated in other two times before

following-up measurements. The resulting density of QDs on

the devices was estimated to be �25 lg/cm2. Figure 1(a) dis-

plays a schematic for the fabricated graphene-QD hybrid

structures, where a graphene field effect transistor (FET) and

overlying colloid QDs, serving as conducting path and photon

absorber, respectively, are shown. Figure 1(b) shows the

results of room-temperature photoluminescence (PL) meas-

urements of the PbS QDs before their deposition on the gra-

phene. Here, an IHR550 grating spectrometer with a liquid

N2 cooled InSb diode was used for photon detection and a

442 nm wavelength He-Cd laser was used for excitation. In

Fig. 1(b), a characteristic PL peak of the PbS QDs at about

1400 nm can be clearly identified.

The photoelectric response measurements of the fabri-

cated graphene-PbS QD hybrid devices were preformed using

the same laser source for excitation, and a standard DC or

lock-in amplification technique for the record of photoelectric

response. The laser beam was attenuated and projected onto

the devices with a spot size of about 1 mm in diameter. All

the measurements were performed at a room temperature,

ambient environment.

Figure 2(a) shows the response of the resistance of an as-

fabricated hybrid device in the linear transport regime using

the lock-in technique by switching the illumination laser light

on and off repeatedly. Here a voltage of Vg ¼ �10 V was

applied to the back gate of the device and the graphene was

in the hole conduction condition. It is seen that when the de-

vice was illuminated, the resistance was rapidly dropped and

stayed at a low value level (ON state). The device resistance

recovered to its high value level once the illumination laser

beam was turned off (OFF state). The observed resistance

response was highly reproducible and no significant degrada-

tion in the transition of the resistance was seen after many

cycles of on and off operations. The overall resistance is seen

FIG. 1. (a) Schematics of the architecture of the hybrid PbS quantum dots/

graphene device. (b) Photoluminescence spectra acquired from the PbS QDs

sample used in our experiments with 442 nm laser excitation.
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FIG. 2. (a) Temporal resistance response of a typical hybrid PbS quantum

dots/graphene device while switching the laser light on and off, taken at gate

voltage of Vg ¼ �10 V and source-drain bias of Vsd ¼ 100l V. (b)

Schematic diagram of the photoresponse mechanisms of hybrid device under

laser illumination and in the dark.
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in Figure 2(a) to decrease with time in the device. This could

be attributed to a temporal effect of slow release of deep

trapped charge carriers from the quantum dots to the gra-

phene channel. We note that a similar resistance switching

behavior has recently been reported for graphene-QD hybrid

devices.19–21 We also note that we have measured graphene

FET devices made without deposition of PbS QDs and no

photoinduced change in the resistance was observed in a

sequence of laser illumination pulses, confirming that the

observed photoelectrical response under the laser illumination

was indeed due to the presence of the PbS QDs in our fabri-

cated hybrid devices.

Figure 2(b) shows a schematic illustration for the mech-

anism of the resistance response of the measured graphene-

PbS QD hybrid device. The upper panel in the figure shows

the physical process when the device is in an ON state.

Under laser illumination, the PbS QDs on top of the gra-

phene were excited and electron-hole pairs were created in

the QDs. Due to the presence of an electric field, as indicated

schematically in the panel, in the hole transport regime, a

significant amount of photoinduced hole carriers were trans-

ferred to the graphene, leading to a decrease in the Fermi

energy in the graphene, an increase in the hole carrier den-

sity, and thus an increase in the conductance (or, equiva-

lently, a decrease in the resistance) of the graphene.

Furthermore, this hole carrier transfer process resulted in an

effective accumulation of electrons in the PbS QDs. As a

consequence of this, the Fermi energy in the graphene was

further decreased and thus the conductance of the graphene

was further increased (a photoinduced electric gating effect).

The lower panel in Fig. 2(b) shows the physical situation

when the device was in an Off state. When the laser beam

was turned off, the process of recombination of electrons and

holes took place in the PbS QDs. This led to a decrease in

the photoinduced electric gating effect and thus an increase

in the Fermi energy. As a result, hole carriers were trans-

ferred back to the QDs from the graphene and the conduct-

ance of the graphene was decreased. The recovery process

continued until the system returned to its original equilib-

rium condition. As shown in Figure 2(b), we assumed the

presence of a built-in electrical field at the graphene-PbS

quantum dot interface as a result of charge transfer when the

QDs were brought to contact with graphene. The orientation

of the built-in electrical field was assumed to be in the direc-

tion from PbS quantum dot layer to the graphene, which is

consistent with our observed shifts of the charge neutrality

point toward negative gate voltage side after the QDs deposi-

tion. The strength of the built-in field should depend on the

Fermi level in the graphene and thus on a voltage applied to

the back gate.

Figure 3 shows the photoelectrical response measure-

ments of the hybrid graphene-PbS QD device at various

back gate voltages Vg in the hole transport region of the gra-

phene channel. Here, the measured electrical current passing

through the graphene channel under a source-drain voltage

bias of Vsd ¼ 0:1 mV is plotted. It is clearly seen in Fig. 3

that the photocurrent, defined as the ON state current minus

OFF state current (DIph ¼ ION � IOFF), was strongly modu-

lated by the back gate voltage Vg. At Vg ¼ �2 V; DIph was

found to be 0.2 nA. As Vg was decreased, the magnitude of

the photocurrent DIph appeared to be gradually increased.

For example, DIph was found to be 0.46 nA at Vg ¼ �4 V

and reach a value of �1:36 nA at Vg ¼ �8 V. After crossing

this point, the magnitude of DIph was found to decrease, as

Vg was further decreased, and dropped to an indiscernible

level at Vg ¼ �12 V. It is evident that the sensitivity of the

photoresponse of our device was back gate voltage-

dependent.

Because of the unique ambipolar nature of graphene,

charge carriers can be tuned continuously between electrons

and holes by changing the gate voltage. When the Fermi

level of graphene is turned to the electron transport region,

carrier density is reduced with photoinduced lowering of the

Fermi energy, in contrast to hole transport region. Therefore,

the same photocurrent signal DIph, but with an opposite sign,

is expected to be observed in the electron transport region of

the graphene channel in such hybrid devices. Figure 4(a)

shows the photoresponse measurements of the linear

response resistance (DRph ¼ RON � ROFF) of a device using

the lock-in technique under a large range of back gate volt-

age Vg in which both the hole and the electron transport

region of the graphene channel were covered. In the meas-

urements, the laser beam was switched on and off for three

times with a light and a dark duration time of 10 s each at ev-

ery back gate voltage point. Thus, three sets of DRph are pre-

sented in the figure and each is plotted as a function of Vg.

The results show a good consistency between the three sets

of data, indicating that the device exhibited a good

repeatability and a capability for a long time operation. As

seen in Fig. 4(a), the photoresponse signal showed a negative

and a positive maximum at Vg � �10 V and Vg � 22 V,

respectively. In the region between the two maxima, the

response signal gradually disappeared as Vg approached to

the Dirac point (VD ¼ 6 V). The photoresponse signal also

slowly approached to zero when Vg moved from the

two maxima towards the large bias directions. The same

photoresponse behavior was also observed in the measure-

ments of several other fabricated graphene-PbS QD hybrid

devices.

FIG. 3. Time dependence of the photocurrent with switching on/off the laser

illumination at various applied gate voltages. The solid curves indicate the

gate modulation of photoresponse and the appearance of photocurrent peak

around gate voltage of Vg ¼ �8 V (The background current in OFF state is

subtracted for clearance.).
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Clearly, the overall line shape of the photoresponse sig-

nal was antisymmetric with respect to the Dirac point VD.

Based on the physical processes shown schematically in

Fig. 2(b), the antisymmetric characteristics of the photores-

ponse signal were expected to be closely related to the dif-

ferential of the transfer characteristics of the graphene

channel. To verify this, we plot in Fig. 4(b) the measured

transfer characteristics of the graphene channel in the device

and its first-order derivative (�dR=dVg) with respect to Vg.

As can be seen by comparison the results shown in Figs.

4(a) and 4(b), the photoresponse signal had the same line

shape as �dR=dVg with the positive and negative extrema

and the polarity reversing point all coincided with that in

�dR=dVg. The photoinduced change in the graphene resist-

ance could be written as

DRph ¼
dR

dVg
Vef f ; (1)

where Vef f is a light-induced effective voltage which would

be applied to the back gate. In our devices, this effective

voltage Vef f originated from the transfer of photoinduced

carriers of one polarity from PbS QDs to the graphene and

an accumulation of photoinduced carriers of the other polar-

ity in QDs. It is evident that Vef f is a function of the excita-

tion power of the laser beam, the back gate voltage, and the

capacitive coupling between the PbS QD layer and the gra-

phene layer. An increase in the magnitude of Vef f can be

achieved by increasing the excitation power of the laser

beam on the device. While at a fixed excitation power, Vef f

depends on the amount of carriers which could be transferred

to the graphene layer from the PbS QDs and thus on the back

gate voltage. The latter influences the Fermi energy of the

graphene and the potential profile across the QD and gra-

phene layers. Furthermore, an effectively large Vef f could

also be achieved by placing QDs as close as possible to the

graphene layer. A large Vef f is desired for a high photores-

ponse sensitivity of the hybrid device as can be seen in

Eq. (1). However, the antisymmetric characteristics of the

photoresponse signal DRph are predominantly related to the

transfer characteristics of the graphene channel as is seen in

Fig. 4. Thus, to achieve an efficient operation with a fabri-

cated graphene-PbS QD hybrid device, it is necessary to tune

the back gate voltage to a desirable point in which the mag-

nitude of dR=dVg is large.

In summary, we have fabricated hybrid graphene-PbS

QD devices and measured their photoelectric response char-

acteristics. The measurements showed that the photores-

ponse signal, i.e., the change in the resistance of the

graphene channel in each device can be tuned in both mag-

nitude and sign with a voltage applied to the back gate of

the devices. The measurements also showed that the charac-

teristics of the photoresponse signal DRph are predominantly

related to the transfer characteristics of the graphene chan-

nel. A model that explained the physical processes for the

observed photoresponse characteristics has been illustrated

and discussed. Our work shows that the simple graphene-

PbS QD hybrid devices have potential in photodetection

applications. The work also demonstrates that the electrical

properties of a graphene layer can be effectively modulated

using a laser beam and thus provides an additional, optical

means of tuning in the study of the transport properties of

graphene.
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