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The weak photon absorption and fast carrier kinetics of graphene limit its application in

photodetection. This limitation can be overcome by introducing photosensitive nanostructures to

graphene. Herein we report the synthesis of a ZnO nanorod/graphene heterostructure by a facile in situ

solution growth method. By combining the attributes of photosensitive ZnO nanorods and highly

conductive graphene, we for the first time demonstrate a highly sensitive visible-blind ultraviolet (UV)

sensor based on graphene related heterostructure. The photoresponsibility of the UV sensor can reach

22.7 A W�1, which is over 45,000 fold higher than that of single graphene sheet based photodetectors.
1. Introduction

Graphene is a novel carbon nanomaterial with a unique two-

dimensional conjugated structure and electronic properties, and

has been intensively studied for applications in electronic devices,

nanocomposites, solar cells and sensors.1–17 Very recently,

a rapidly increasing interest has been focused on graphene based

photodetectors. For example, an all-spectrum ultrafast photo-

detector was developed from mechanically exfoliated single layer

graphene, while the photoresponsibility was only limited to

0.1–0.5 mA W�1 because of the weak light absorption and fast

charge carrier kinetics of graphene.18 To increase the photosensi-

tivity, photo-sensitive nanomaterials such as quantum dots (QDs)

or nanoparticles were introduced to graphene to form functional

composite materials.10,19,20 For instance, we have demonstrated

that in situ grown CdS QD/graphene heterostructures could

work as efficient photoelectrochemical cells which had a high on-
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off optical switch.10 Geng et al. prepared non-covalently linked

CdSe QD/graphene hybrids that exhibited rapid photo-responsive

properties.20 All these graphene based heterostructures or

composites were developed for the detection of visible light.

However, to the best of our knowledge, no work is reported on

the detection of ultraviolet (UV) light with graphene based het-

erostructures or composites to date, although UV sensors are

highly desirable in many fields such as flame detection, envi-

ronmental studies, medical and communication equipment.21,22

Herein, we demonstrate for the first time the development of

visible-blind, UV sensors on the basis of thin films of ZnO

nanorod/graphene heterostructures, which are synthesized by

a facile in situ aqueous seeded growth method. Because of the

wide bandgap (�3.37 eV), ZnO nanostructures are ideal UV-

sensitive semiconductors for optoelectronic applications.23–27 In

the heterostructure reported here, ZnO nanorods function as UV

absorbing and charge carrier generating materials, while gra-

phene obtained by chemical reduction of graphene oxide is used

as a charge transporting, highly conductive matrix. The photo-

responsibility of the as-made UV sensor can reach 22.7 A W�1 at

20 V bias, which is over 45,000 folds higher than that of single

graphene sheet based photodetectors (�0.1–0.5 mA W�1).18

More importantly, our device shows little response to visible

light, critical for sensitive and selective UV sensors.
2. Results and discussion

2.1 Preparation of ZnO nanorod/graphene heterostructure

Fig. 1 shows a schematic illustration of the fabrication of ZnO

nanorod/graphene heterostructures. Firstly, highly water

soluble, chemically derived graphene was synthesized by

a method we developed previously.28 In the meantime, ZnO QDs

were synthesized by a non-aqueous method in methanol. The
This journal is ª The Royal Society of Chemistry 2011
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graphene was then mixed with ZnO QDs in a certain ratio to

form a mixture solution, which is subsequently cast onto

different substrates including glass, quartz, SiO2/n-Si and poly-

ethylene terephthalate (PET), to yield thin films of ZnO QD/

graphene. The films were annealed at a low temperature (100 �C)

to evaporate the water and to enhance the adhesion to substrates.

The sample was then immersed in a zinc nitrate solution for

in situ growth of ZnO nanorods from the ZnO QD seeds to yield

the ZnO nanorod/graphene heterostructures (Fig. 1A). Finally,

the sample was rinsed extensively with water several times to get

rid of the loosely attached ZnO nanorods. For UV sensor

fabrication, gold electrodes with 100 mm channel length were

patterned onto ZnO QD/graphene before the in situ hydro-

thermal growth of ZnO nanorods (Fig. 1B).
Fig. 1 Schemes for facile synthesis of ZnO nanorod/graphene hetero-

structures from solution processable ZnO QD/graphene hybrid (A) on

various substrates and (B) on SiO2/n–Si substrate for thin film opto-

electronic devices. Upon irradiation with ultraviolet photons, photo-

generated electrons will be transported from ZnO nanorods to graphene

and further transported to electrodes by graphene with high efficiency.

Therefore the ZnO nanorod/graphene heterostructure here can work as

a prototype ultraviolet sensor.

Fig. 2 Tapping mode AFM image (A) and depth profile (B) of SDBS-

graphene on Si substrate; (C) TEM micrograph and electron diffraction

pattern (Inset) of SDBS-graphene; (D) digital image of 1 mg mL�1 SDBS-

graphene aqueous solution.

This journal is ª The Royal Society of Chemistry 2011
For facile device fabrication and application purposes, it is

very important to obtain highly soluble and large size graphene.

In our synthetic strategy, graphite oxide was exfoliated and

reduced at the presence of sodium dodecylbenzene sulfonate

(SDBS) into chemically reduced graphene (SDBS-graphene).28

The single layer SDBS-graphene is typically �10 mm in size, and

thicker than the mechanically exfoliated one due to the absorp-

tion of SDBS (Fig. 2A).28 Measured by tapping mode atomic

force microscopy (AFM), single layer and bilayer SDBS-

graphene are ca. 2.5 and 5.3 nm thick, respectively (Fig. 2B).

Transmission electron microscopy (TEM) and its diffraction

analysis (Fig. 2C) confirms the high-quality monolayer structure

in most of our samples.29 Importantly, the SDBS-graphene can

be readily dissolved in water because of the electrostatic charges

on the graphene surface induced by SDBS, to form an aqueous

solution as concentrated as 1 mg mL�1 (Fig. 2D).28,30,31

The SDBS-graphene was mixed with ZnO QDs in a weight

ratio of 1.5 (ZnO to SDBS-graphene) in a methanol–water

mixture to yield a grey color solution. The ZnO QDs prepared by

non-aqueous method have diameters of 5–10 nm with a lattice

spacing of 0.286 nm (Fig. S1, ESI†).32 The mixture was centri-

fuged and washed several cycles to remove the excess amount of

ZnO QDs. TEM images shows that ZnO QDs are indeed
Fig. 3 TEM micrograph of ZnO QD/graphene hybrid at low resolution

(A, B) and high resolution (C), inset, electron diffraction of ZnO QDs on

graphene.

Nanoscale, 2011, 3, 258–264 | 259
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Fig. 4 Low (A) and high (B) resolution SEM micrographs of ZnO QD/

graphene hybrid film; low (C) and high (D) resolution SEM micrographs

of ZnO nanorod/graphene heterostructure; low (E) and high (F) resolu-

tion TEM micrographs of ZnO nanorods, inset of (F), electron diffrac-

tion pattern of a single ZnO nanorod.
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uniformly dispersed on the SDBS-graphene surfaces, and few

free ZnO QDs is found (Fig. 3A–3C). The diffraction pattern of

ZnO QDs on graphene further shows a crystal structure of ZnO

QDs (inset in Fig. 3C).33 The fact that ZnO QD/graphene hybrids

can be well-preserved after extensive rinsing and centrifuge

indicates a strong binding between the ZnO QDs and SDBS-

graphene. Considering that the preparation conditions are mild

and both the ZnO QDs and SDBS-graphene are negatively

charged, we believe that the strong binding force should be

attributed to hydrogen bonds and van der Waals interactions.

We also believe that the hybrid formation is assisted by the highly

wrinkled nature and great flexibility of graphene (due to its two-

dimensional sheet structure with one-atom thickness) so that

conformal contact between ZnO QDs and SDBS-graphene can

be readily made. The ZnO QD/graphene hybrid has a broad

UV-vis absorption ranging from 225 nm to 550 nm, in which the

320 nm shoulder peak is attributed to the adsorption of ZnO

QDs while the rest of the majority is attributed to the adsorption

of SDBS-graphene (Fig. S2A†).

ZnO QD/graphene hybrid film was readily made by casting the

mixing solution onto substrates by methods including drop-

casting, spincoating, and dip-coating. Typically, we found spin-

coating and dip-coating of ZnO QD/graphene end up with very

thin films of poor coverage of the substrate. Therefore, we

adopted drop-casting technique to generate hybrid thin films of

ten to several tens of nanometres thick to ensure the formation of

a continuous film over 100 mm, which is the distance between

gold electrodes of UV sensor as discussed below. The as-made

hybrid film is very rough and has many wrinkles through all the

surfaces (Fig. 4A and 4B). The thin films were then annealed at

100 �C in an oven for �30 min to evaporate the solvent and to

enhance the adhesion to the substrates. Note that this step is

critical to prevent the scaling of hybrid films from the substrates,

which ensure success of the subsequent growth of ZnO nanorods.

ZnO nanorods can grow in situ from ZnO QDs of the hybrid to

form ZnO nanorod/graphene heterostructures.34 As a proof-of-

concept, the ZnO QD/graphene coated substrate was immersed

in an aqueous solution containing 0.025 M Zn(NO3)2 and 0.025 M

hexamethylenetetramine (HMTA) at 90 �C for 1 h. Because of

the wrinkled and rough morphology of the hybrid template, ZnO

nanorods grew upward to all the directions (Fig. 4C and 4D).

The ZnO nanorods have a diameter of 50–200 nm and length of

500 nm–1 mm. High resolution scanning electron microscopy

(SEM) image shows an enlarged single ZnO nanorod with

hexagonal section morphology, indicating a good degree of

crystallization of the nanorods (inset in Fig. 4D). TEM micros-

copy further confirm that the ZnO nanorods are single crystals

and they grow along the c-axis with a lattice spacing of 0.525 nm

(Fig. 4E and 4F), typical of single crystal ZnO nanorods.35 We

observe some random ZnO nanorods on top of substrate

surfaces that are not covered with ZnO QD/graphene. We believe

that it is induced by some residue ZnO QDs on the substrate

which initiates the ZnO nanorods growth. We also observe that

the ZnO nanorods only grow from the top layer of the hybrid

film. Considering of a large amount of ZnO QDs embedded in

the hybrid film, a possible explanation is that the hybrid film

becomes highly compact after thermal annealing, and the surface

growth of ZnO nanorods suppresses the diffusion of Zn2+ and

HMTA into the inner layers.34 Importantly, the ZnO nanorods
260 | Nanoscale, 2011, 3, 258–264
have a strong absorption ranging from 305 nm to 375 nm with

a peak centered at 350 nm (Fig. S2B†). Compared with ZnO

QDs, such a red shift in absorption is more desirable for appli-

cations as near UV sensors. More importantly, the absorption at

visible light regime is much lower than that at UV regime, indi-

cating that the heterostructure should have high selectivity in the

photoresponsibility of the UV regime.

2.2 Fabrication and performance of ZnO nanorod/graphene

UV sensor

The heterostructure is ideal for use as the active layer in visible-

blind, UV sensitive photodetectors. Therefore, we tested the

hypothesis by fabricating ZnO nanorod/graphene based sensors

using a photoconductor configuration, in which the substrate

was SiO2/n–Si, and the electrodes were gold. Typically, the ZnO

QD/graphene hybrid film was prepared on SiO2/n–Si substrates

by the above procedures, followed by thermal evaporation of

gold through a patterned mask to generate patterned gold elec-

trodes of 100 mm long and 2 mm wide (Fig. 1B). The ZnO

nanorod/graphene heterostructure was then formed in the

channels by in situ seeded growth method described above. As

a proof-of-concept, we use the as-made optoelectronic device to

detect 370 nm light by exposing the device under control light

intensity while recording the output current (I) of the gold elec-

trodes. In a typical experiment, I was recorded to be �300 mA at

20 V bias when the device was not irradiated with the UV light.
This journal is ª The Royal Society of Chemistry 2011
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Upon radiation, I increased monotonically as the 370 nm light

power was raised from 0 to 1.084 mW cm�2 (Fig. 5A and 5B). For

example, I increased by 16 mA and 52.7 mA at 20 V bias when the

UV light power are 65.2 mW cm�2 and 1.084 mW cm�2, respec-

tively. The UV sensor can achieve 6–7 folds higher photocurrent

(both in 20 V and �0.8 mW cm�2 radiation) than almost the best

pure ZnO nanomaterials based traditional metal-semiconductor-

metal photodetectors.36 The current increase can be explained by

the addition of photogenerated electrons from ZnO nanorods

and efficient charge collection and transport of graphene. When

the ZnO nanorods are irradiated with UV light, hole and electron

pairs will be generated. Because ZnO is an electron transporting

material, photogenerated electrons can readily flow into the

SDBS-graphene through graphene/ZnO junctions. The SDBS-

graphene can then transport the photogenerated charge carriers

effectively to the gold electrodes because of its high electronic

mobility and conductivity.10,19,20 As a result, a net increase in the

output current is recorded.

Having proven that the ZnO nanorod/graphene hetero-

structure is highly responsive to 370 nm UV light, we then

systematically examined the device performance. The amount of

current increase under radiation (compared with the current in

dark at 20 V) is plotted against the power of the incident UV

light. This calibration curve shows a strong linear relationship

with a linear coefficient R2 ¼ 0.99 (Fig. 5C), indicating that our

ZnO nanorod/graphene based optoelectronic device can poten-

tially be utilized as a quantitative UV sensor. Importantly, the

device does not have photoresponse to visible 590 nm light,

which is attributed to the wide energy bandgap in ZnO so that no

carrier is excited at low-energy visible photons (Fig. 5D). This

characteristic is critical to the applications in highly selective

visible-blind UV sensors. The device achieves as high as 22.7 A W�1

efficiency at 20 V bias, over 45000 folds higher than that of single

layer graphene photodetectors (�0.1–0.5 mA W�1).18 Compared
Fig. 5 (A) Current versus voltage curves for ZnO nanorod/graphene

heterostructures under dark and different power 370 nm photon radia-

tion from 0 to 1.084 mW cm�2, (B) an enlarged view of (A) with Vbias from

15 V to 20 V, (C) photocurrent (the current increase under photon

radiation) as a function of incident optical power at 20 V bias, (D)

Current versus voltage curves for ZnO nanorod/graphene heterostructure

under dark and 108.5 mw/cm2 590 nm photon radiation. Inset: enlarged

view of (D) with Vbias from 18 V to 20 V.

This journal is ª The Royal Society of Chemistry 2011
with photodetector using pure ZnO nanostructures as the active

layer (which achieved 61 A W�1 at 120 V),36 our UV sensor can

maintain relatively high efficiency under a low driving voltage,

which is a significant advantage in areas such as flexible elec-

tronics and wearable electronics.

As control, on the other hand, ZnO QD/graphene hybrid film

shows much weaker photoresponse to 370 nm light. With the

same device architecture and testing method, only 820 nA

increase in photocurrent is recorded at 20 V bias, corresponding

to a photoresponsibility of 0.35 A W�1 (Fig. 6A and 6B). The

weakening in UV absorption can be partly attributed to the weak

absorption of ZnO QDs at 370 nm. As expected, there is no

photoresponse to visible 590 nm photons for ZnO QD/graphene

hybrid either (Fig. S3†). Further control experiments show that

pure SDBS-graphene film has no responses to either 370 nm or

590 nm photons (Fig. 6C, 6D and Fig. S4†). Therefore, we can

conclude that the majority of photogenerated current comes
Fig. 6 Current versus voltage curves for ZnO QD/graphene hybrid (A,

B) and pure SDBS-graphene (C, D) in the dark and under 1.084 mW cm�2

370 nm photon radiation.

Fig. 7 Background-subtracted time-resolved photoresponses of pure

SDBS-graphene, ZnO QD/graphene hybrid and the ZnO nanorod/gra-

phene heterostructure at 1.084 mW cm�2 370 nm radiation with Vbias of

5 V. Inset, an enlarged view of the exact starting point when light is on.

Nanoscale, 2011, 3, 258–264 | 261
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from the ZnO nanorod/graphene heterostructures, rather than

ZnO QDs or SDBS-graphene.

We further investigated the kinetic behavior of photoresponses

in more detail. Time-resolved photoresponses of ZnO nanorod/

graphene, ZnO QD/graphene, and pure SDBS-graphene films

were recorded at 5 V bias with 1.084 mW cm�2 power 370 nm

light. Fig. 7 shows the background-subtracted time-resolve

photoresponse curves of the three devices. As expected, devices

with pure SDBS-graphene does not show any increase in

photocurrent. A much faster photoresponse for the ZnO nano-

rod/graphene heterostructure is observed, compared with that of

ZnO QD/graphene hybrid. Immediately after irradiation, a very

steep current increase is observed for ZnO nanorod/graphene

heterostructure based device, with a tangent angle of almost 90�.

On the other hand, the current increase of ZnO QD/graphene

based device is much more gentle. Several situations may

contribute to the faster responses of ZnO nanorod/graphene

heterostructure under 370 nm. First, similar to the case of in situ

grown CdS QD/graphene heterostructure, in situ hydrothermal

growth of ZnO nanorods on graphene will obtain better

connection between ZnO nanorods and graphene than the

connection between ZnO QDs and graphene formed by simple

mixing.10 Second, we find the dark current of the same device

increase by 50–150% after hydrothermal growth of ZnO nano-

rods in 90 �C solution. This may be induced by further reduction

and conductivity improvement of SDBS-graphene in the process

of hydrothermal growth of ZnO nanorods.37–39 The higher elec-

tron conductivity of graphene will facilitate the photogenerated

electrons transport to electrodes. Note that time-resolved
Fig. 8 (A) Time-resolved photoluminescence spectra of ZnO nanorods

in ZnO nanorod/graphene heterostructure on quartz substrate with 1 to

100 ps time delay after excitation at 267 nm. (B) Photoluminescence

decay at 385 nm of pure ZnO nanorods and ZnO nanorods in ZnO

nanorod/graphene heterostructures on a quartz substrate.

262 | Nanoscale, 2011, 3, 258–264
photoresponse further confirmed that there are no photocurrent

generation for ZnO nanorod/graphene heterostructure, ZnO

QD/graphene hybrid and pure SDBS-graphene films under

590 nm radiations (Fig. S5†).

Another aspect for the time-resolved photoresponses in ZnO

nanorod/graphene heterostructure is the slow photocurrent

decay after the UV light is turned off (Fig. S6†). To explore this

issue, time-resolved photoluminescence (PL) of ZnO nanorod/

graphene heterostructure were investigated on quartz substrate

by ultrafast time-resolved emission spectroscopy experiments as

we described elsewhere (Fig. 8).40–42 Energy gap PL emission at

385 nm was observed and it decayed dramatically in the time-

resolved PL spectra from 1 to 100 ps probe time delay (Fig. 8A).41

No obvious defect emission at 450–700 nm was observed because

of the high quality single crystal structure of the ZnO nanorods

(Fig. 4E and 4F).43 The PL decay dynamics in Fig. 8B shows that

the ZnO nanorods in ZnO nanorod/graphene heterostructures

(averaged time constant, 9.2 ps) have almost the same decay

properties as the pure ZnO nanorods (averaged time constant,

8.5 ps), which is consistent with a previous report in the averaged

time constant of ZnO nanorods.41 Previously, both we and Cao

et al. have reported the rapid PL decay of CdS QDs in the in situ

grown CdS QD/graphene heterostructures, compared with the

pure CdS QDs. The faster decay was attributed to the large

contact areas between in situ grown CdS QDs and graphene, and

the resulting efficient quenching.10,19 In the present ZnO nano-

rod/graphene heterostructure, 500 nm to 1 mm long nanorods

only contact the SDBS-graphene with one end, a very small part

of the nanorods. Therefore the photogenerated carriers may be

kept trapped within the ZnO for a long time before it is injected

into SDBS-graphene, leading to the slow saturation in photo-

current and the slow decay in output current when the light is

turned off.
3. Conclusions and outlook

In summary, we have demonstrated the facile synthesis of ZnO

nanorod/graphene heterostructures on various substrates via

a seeded solution growth method. Thin-film photoconductors

based on ZnO nanorod/graphene heterostructure were for the

first time explored as visible-blind UV sensors, which reached

a photoresponsibility of 22.7 A W�1 at 20 V. Such a high sensi-

tivity is attributed to the UV absorbing properties of ZnO and

the high electron accepting and transporting properties of gra-

phene. Importantly, the UV sensor had no response to visible

light and can be used in UV only photodetectors. More impor-

tantly, the whole fabrication procedure was carried out in solutions

and at mild temperatures. Further considering the transparent

and flexible attributes of graphene, our approach should be

adaptable to flexible and wearable electronic devices. Note that

the prototype UV sensor was tested for 370 nm photons due

to the feasibility and availability of the equipment. But according

to the absorption spectrum of ZnO nanorods in Fig. S2B,† the

UV sensor should have better performance to 350 nm and deeper

UV light. Currently, the detection limit is �65.2 mW cm�2, i.e.,

130.4 nW taking into account the device architecture. We believe

that this method can be extended for developing other photo-

sensitive heterostructures (infrared or deep-UV) between gra-

phene and many one-dimensional nanomaterials, for instance,
This journal is ª The Royal Society of Chemistry 2011
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PbS, Si and GaN nanowires by choosing proper nucleation

templates on graphene.
4. Experimental

Materials and chemicals

Graphite powder (325 mesh, 99.95%) and SDBS (PB, 97%) were

purchased from Alfa Aesar (USA). Methanol, zinc nitrate

(Zn(NO3)2), and zinc acetate (Zn(AC)2) were purchased from Uni-

Chem Chemical Reagents with 99% purity. Hexamethylenetetra-

mine (HMTA) (99% purity) was purchased from Sigma-Aldrich.

Other reagents were purchased from Beijing Chemicals Co. Ltd.

(China) with analytical grade. All reagents were used as

received. Deionized (DI) water was used in all the aqueous

solutions.
Synthesis of SDBS-graphene and ZnO QDs

Graphite was first oxidized to graphite oxide by Hummer

method, and then exfoliated by sonication in the presence of

SDBS to form graphene oxide.9,10,28 The graphene oxide was then

chemically reduced by hydrazine to form SDBS-graphene

following the method we previous published.22 In brief, 1 mg mL�1

graphite oxide solution was ultrasonicated in the presence of

1–12 mg mL�1 SDBS for 2 h until no obvious sediment of

graphite oxide. The above exfoliated solution was chemically

reduced by hydrazine at 100 �C for 12 h. The black precipitate,

being SDBS-graphene, was collected by filtration followed by

washing with deionized water thoroughly. ZnO QDs were

synthesis following a literature procedure.26 In general, 62.5 mL

0.01 M Zn(AC)2 methanol solution was kept at 60 �C and 32.5 mL

0.03 M NaOH was added to the solution drop by drop with strong

stirring. The reaction last for over 3 h to ensure the formation of

ZnO QDs.
Preparation of ZnO QD/graphene hybrid and ZnO nanorod/

graphene heterostructures

175 mL 1 mg mL�1 SDBS-graphene aqueous solution was added

to 1 mL ZnO QDs methanol solution followed by vigorous

shaking. The ZnO QD/graphene hybrid was centrifuged and

washed with DI-water and methanol several times, and re-

dispersed in methanol–water solution. The mixture solution of

ZnO QD/graphene can form thin films by drop casting on

various substrates such as silicon, glass, quartz and polyethylene

terephthalate (PET). The hybrid film was further annealed at

100 �C for ca. 30 min to enhance its adhesion to the substrate.

ZnO nanorods were then in situ grown from the graphene using

the ZnO QD seeds. The growth of ZnO nanorod/graphene het-

erostructure was conducted in the 0.025 M Zn(NO3)2 and 0.025 M

HMTA at 90 �C for 1 h.34 To fabricate UV sensors, the thin film

of ZnO QD/graphene hybrid was prepared on SiO2/n–Si

substrate followed by 100 �C annealing. Then it was patterned by

gold electrodes with 100 mm channel length and 2 mm width. The

patterned ZnO QD/graphene hybrid thin film was placed in the

solution of 0.025 M Zn(NO3)2 and 0.025 M HMTA at 90 �C for

1 h to grow ZnO nanorods.
This journal is ª The Royal Society of Chemistry 2011
Characterizations and measurements

The samples for AFM characterization (tapping mode) were

prepared by dropping diluted SDBS-graphene solution on a Si

substrate followed by gentle drying. Transmission electron

microscopy (TEM) images were collected by JEM-2010 (JEOL)

with accelerated voltage of 120 kV. The SEM micrographs were

recorded by scanning electron microscopy (SEM) JSM-6301F

(JEOL). The UV-Vis spectra were obtained from a Perkin–Elmer

spectrophotometer. The experimental setup for time-resolved

photoluminescence measurements was described elsewhere.40–42

The thin film device measurements for photonic responses were

conducted in nitrogen atmosphere to exclude the influence of

oxygen for the convenience of understanding the device physics.

The photon irradiation was provided by 370 nm or 590 nm light-

emitting diodes (LEDs). No degradation of graphene or damage

of devices was found after irradiation (Fig. S7†). The electronic

and optoelectronic data of the UV sensors was recorded by an

Agilent 4156C Precision Semiconductor Parameter Analyzer.

For ultrafast photoluminescence measurements, the samples

were prepared on quartz substrates.
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