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We detail a facile fabrication and testing method of functionalizing single-layer graphenes (SLGs) by

photoactive TiO2 thin films as test-beds for building efficient multifunctional optoelectronic devices.

Interestingly, tuning the photoactivity of TiO2 enables us to realize fast and significant photoswitching

effects in TiO2-graphene devices. More importantly, using the hybrid devices as solid-state gas sensors,

we have demonstrated a reversible and linear electrical sensitivity towards oxygen gas in the full

concentration range (5–100%) at room temperature and ambient pressure, with a calculated minimum

detection limit (MDL) of 0.01% oxygen. The unique oxygen sensitivity of the devices is attributed to the

synergetic effect of the photoactivity of TiO2 and the environmental ultrasensitivity of SLGs. These

results form the basis for new types of future ultrasensitive multifunctional integrated devices for

a variety of possible detection and/or sensing applications.
Introduction

Integrating nanoscale materials, such as nanotubes and nano-

wires, into functional optoelectronic devices capable of con-

verting external stimuli to easily detectable electrical signals is

becoming one of the hottest areas in the fields of micro/nano-

electronics due to their potential applications in switching,

detecting and sensing systems.1 In particular, considerable

interest has been very recently attracted to the incorporation of

the emergent nanomaterial graphene as sensing elements.2,3 This

is because single-layer graphene (SLG) has the simplest chemical

composition and atomic bonding configuration in a two-

dimensional (2D) manner that maximizes its surface-to-volume

ratio. Each carbon atom on the surface of SLG is exposed to the

environment and any tiny changes from the environment could

cause drastic changes in its electrical properties. In conjunction

with its high conductivity, high chemical stability, and ease of

micro/nanofabrication, the environmental ultrasensitivity places
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graphene as a promising platform for creating new types of

sensors and optoelectronic devices.4

Molecular oxygen is a ubiquitous requirement for human life

so monitoring the ambient oxygen level is of crucial importance

for a wide variety of civilian and military applications.

Numerous technologies have been developed for oxygen detec-

tion, including electrochemistry, optical spectroscopy and solid-

state chemically sensitive semiconductors.5 Among the detection

approaches developed so far, some require high operating

temperatures or high vacuum conditions; some suffer from the

complicated fabrication techniques; and others lack high sensi-

tivity. As a result, researchers have worked to develop robust

low-cost device platforms to detect oxygen at room temperature

and ambient pressure. To this end, we describe in this study

a simple method to fabricate efficient stimuli-responsive opto-

electronic devices with unique high oxygen sensitivity. These

functional devices are formed from SLGs that are decorated with

photoactive TiO2 thin films (Fig. 1a). The well-known feature of

unique TiO2 thin films that we utilize here is that UV irradiation

generates free electrons (e�) and holes (h+) as the active centers on

the nanocrystal surface.6 We and others have previously inves-

tigated whether these carriers are able to improve and/or fine-

tune the electrical properties of organic or nanotube-based

transistors.7 Interestingly, the TiO2-decorated SLG transistors

show fast and large conductance decrease upon exposure to UV

light, the decrease reverses when the UV irradiation is switched

off. Importantly, after a preliminary illumination of UV light to

populate carrier traps at the interface between graphene and

TiO2 thin film, the activated devices show a reversible and linear

electrical sensitivity towards oxygen gas in a full concentration
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a) Schematic representation of a SLG transistor decorated by

TiO2 thin films and a pristine SLG transistor as control. (b) An optical

image of a representative SLG device coated by a 5-nm TiO2 thin film and

a control SLG device.
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range (5–100%) when they operate at room temperature and

ambient pressure, which represents a significant step in the

development of practical low-cost detection platforms for

oxygen.
Results and discussion

CVD-grown SLG-based transistors were fabricated using

a nondestructive method through a polymer-mediated transfer

technique and selective oxygen plasma etching developed else-

where.8 This method allows to mass-produce SLG transistor

arrays with high quality and high yield (Fig. S1, ESI†). The

statistical device resistance is in the range of 0.2–1.0 kU (Fig. S2,

ESI†). After the initial electrical characterization, we deposited

a 5 nm-thick TiO2 thin film (150 mm long and 60 mm wide) on

graphene surfaces by electron beam (e-beam) lithography fol-

lowed by e-beam thermal evaporation. High-resolution trans-

mission electron microscopic (TEM) investigations reveal that

these thin films consist of numerous TiO2 nanoparticles with the
Fig. 2 A high-resolution TEM image of a 5 nm-thick TiO2 thin film

formed through e-beam thermal evaporation.

This journal is ª The Royal Society of Chemistry 2011
diameter of less than 5 nm in either anatase or rutile crystalline

form (approximately 2 : 1) (Fig. 2 and S3, ESI†).9 In the two

crystalline forms of TiO2, rutile is the most stable phase, whereas

anatase has the superior optoelectronic and photochemical

properties,6 implying the useful optoelectronic properties

described below. To rule out potential artifacts from Schottky

barrier modification, we narrowed TiO2 thin films to disconnect

them with metal electrodes as demonstrated in Fig. 1b. To aid in

the subsequent analysis of the devices, we kept the neighboring

device pristine as control (Fig. 1b). In this case, we are able to

simultaneously characterize and compare the stimuli-responsive

properties of both functional and control devices at the same

operation conditions, thus ensuring the measurement reliability.

To carry out the measurements efficiently, we designed and made

a novel sealed blackbox, which has a quartz window used for

light stimulation, two channels for gas flow, and multiple

connectors for electrical characterization (Fig. 3). By using this

home-made testing platform, we are able to simultaneously

generate two or more external stimuli, such as light and gas, to

the devices under test. Through a simple wire-bonding method,

the newly-made devices were then incorporated into the testing

system. Before sensing measurements, we purged the system by

a stream of N2 gas to completely remove any trace of air or

oxygen in the chamber.

Fig. 4a shows the source–drain current (ID) as a function of the

gate voltage (VG) at a fixed source–drain bias voltage (VD) for

a representative device in each step of the operations. To elimi-

nate possible artifacts from gate hysteresis, all of the current–

voltage curves (I–V) were acquired on the same measurement

cycle while scanning from positive to negative bias. We observed

very stable I–V curves for these devices in fixed experimental

conditions, thus they can be used to detect photoswitching and

sensing functions. We note that, due to chemical doping and/or

charge transfer induced by etching agents and polymer resists

(iron nitrate and polymethyl methracrylate),8 the resulting gra-

phenes only behave as p-type semiconductors (Fig. 4a). After

TiO2 thin film deposition, the devices showed slight conductance

decrease (red curve in Fig. 4a), most likely due to the scattering

effect for carriers created by TiO2 thin films that are intimately

covered on graphene surfaces. Once SLG transistors were
Fig. 3 Schematic illustration of our home-made blackbox designed for

the purpose of sensing measurements. Inset shows how the devices under

test are connected to the testing system through a wire-bonding method.

Chem. Sci., 2011, 2, 1860–1864 | 1861
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Fig. 4 (a) Device characteristics of a representative device in each step of

sequential operations. Black: pristine graphene; Red: TiO2-decorated

graphene; Blue: after UV exposure; Green: after further oxygen exposure

(high-purity, 99.99%). VD ¼ 400 mV. (b) Simultaneously recorded ID for

a TiO2-decorated graphene (blue) and pristine graphene (black) while UV

light was toggled on and off; VD ¼ 100 mV, VG ¼ 0 V.
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decorated by TiO2 thin films, the device characteristics became

very sensitive to UV light. We observed the reversible, fast, and

significant changes in ID when the devices were measured under

UV irradiation and in the dark. Fig. 4 shows such a photo-

switching effect in a device when a handheld UV lamp (254 nm,

a low intensity of ca. 50 mW cm�2) was switched on and off.

Noticeably, upon UV irradiation, dramatic decrease in ID
occurred regardless of the gate bias (blue curve in Fig. 4a). The

incident UV light generated free electron–hole pairs at the gra-

phene/TiO2 thin film interface.6 It is unlikely that the significant

changes in ID result from Schottky barrier height modification

caused by photoinduced electron–hole pairs or oxygen desorp-

tion at metal-graphene junctions1b,10 because all the measure-

ments mentioned above were performed under the protection of

inert N2 gas using the device structure where TiO2 thin films are

not connected with metal electrodes. Simultaneous control

experiments using pristine graphene transistors did not show

obvious current changes when UV light was switched on and off

at the same condition (black curve in Fig. 4b), thus precluding

the possibility of intrinsic photoresponses of graphenes, that

could be detected by using high-intensity laser lights for building

ultrafast photodetectors.11 Note that we failed to perform

control experiments using only 5 nm-thick TiO2 thin films

because they are insulating due to the uncontinuity. On the basis

of earlier work on photoinduced charge transfer at the semi-

conductor/dielectric interface by Calhoun and ours,7 therefore,

we conclude that the photogenerated electrons at the interface

behave like a Coulomb trap and quench p-type carriers, thus

lowering the carrier mobility in graphene transistors.
1862 | Chem. Sci., 2011, 2, 1860–1864
Remarkably, when kept in the dark after UV irradiation, its

drain current of the same device was essentially restored to its

original value. We found that the back-and-forth photoswitching

effect is rather gradual in time. The blue curve in Fig. 4b shows

five representative switching cycles of the same device when UV

light is toggled on and off. The drain current sharply decreased at

the beginning of UV irradiation and was saturated after �100 s

of exposure when TiO2 thin films reached the maximum of

photogenerated charge separation. On the contrary, after the

low-conductance state was established and the device was kept in

the dark, the device presented a slow current relaxation,

completing the increase after �15 min. This can be explained by

the progressive detrapping of holes on the surface of TiO2 thin

films by electrons that originate from the conductive channel

where the p-type transistors have a very low density of electrons.

These photoswitching phenomena are quite reproducible as the

yield of working devices is very high (almost 30 out of �31

devices). The reliability and mechanistic understanding of the

photoswitching phenomena discussed above set the foundation

for following cyclable gas detection.

Oxygen has been proven to behave as electron traps after

adsorption on many semiconductor surfaces, such as In2O3

nanocrystals and Ga2O3 nanowires,5d,12 by forming the nega-

tively charged ion state. In the current case, TiO2 photoexci-

tation produces excited-state electron–hole pairs, which can

then react with analytes adsorbed onto the surface. Conse-

quently, we suggest that further exposure of UV-activated

devices to oxygen results in the reaction [O2(g) + e� /

O2
�(ad)] and the formation of oxygen anions on the surface.

The formation of oxygen anions removes TiO2 hole traps,

increases the density of hole carriers in graphene and thus leads

to the partial restoration of the device conductance (green

curve in Fig. 4a). From the data before and after oxygen

exposure (high-purity, 99.99%) in Fig. 4a, we calculated the

ratio of the current change (DI) to the initial value (IO). On the

basis of the gate-dependent spectrum of DI/IO in Fig. S4

(ESI†), we estimated the optimized operational gate voltage to

be in the range of 50–80 V. To avoid the possible damage and/

or heating effect at high voltages, we then fixed gate bias at 50

V for the following measurements. We found that the sensing

behavior is fully reversible under the optimized condition.

Fig. 5a shows five representative sensing cycles for a TiO2-

decorated graphene when sequentially exposed to high-purity

oxygen (99.99%) and nitrogen under continuous UV irradia-

tion. The response time, sres, and recovery time, srec, defined as

the time necessary to reach 95% of the final current value,5d are

�130 and 260 s, respectively, which is quite fast considering the

low operating temperature.1a,5d–f The fast sensibility and good

reversibility only with a slight increase of the recovery time

over cycles indicate that TiO2-decorated graphenes experienced

only negligible photodegradation or chemical damage during

operations. Simultaneous control experiment using pristine

graphene devices did not show any response to oxygen at the

same operation conditions (black curve in Fig. 5a). Further

control experiments using either TiO2-decorated or pristine

graphenes but without UV irradiation also showed the negli-

gible changes in ID of devices upon exposure to oxygen

(Fig. S5, ESI†). These results prove that UV illumination is

a prerequisite for oxygen sensing application.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (a) Representative sensing cycles of a TiO2-decorated graphene

(red) and pristine graphene (black) devices upon sequential exposure to

high-purity oxygen (99.99%) and nitrogen under continuous UV irradi-

ation;VD¼ 200 mV,VG¼ 50 V. (b) A concentration-dependent spectrum

of a TiO2-decorated graphene device under UV irradiation. Inset shows

the linear response of the device to oxygen during exposure cycles;

VD ¼ 100 mV, VG ¼ 50 V.
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To summarize the proposed response mechanism (Fig. 6), we

suggest that the photoexcitation of TiO2 thin films activates TiO2

ground-state electrons into an excited state, which subsequently

produce scattering sites for hole carriers that flow through gra-

phenes. These active scattering sites can quench hole carriers and

therefore lower the mobility in p-type semiconductor devices.

However, the introduction of oxygen gas leads to the formation

of negatively charged oxygen anions by the reaction between the

activated electron and oxygen. This decreases the scattering sites,

releases hole carriers back into the conducting channel and

therefore reverses the high conductance state of graphenes.

Using these stable TiO2-decorated graphenes, we are able to

explore their oxygen sensitivity. We found a linear electrical

response to oxygen gas in the nearly full concentration range (5–

100%) (Fig. 5b). To establish the consistent baseline before

measurement, we performed preliminary UV illumination for 8

min to stabilize the devices at the arbitrary low conductance state

(GO). Then, sequential introduction of oxygen gas (diluted in

nitrogen) while keeping UV irradiation during measurement

produced a concentration-dependent increase in the TiO2-
Fig. 6 Mechanistic illustration of the hybrid devic

This journal is ª The Royal Society of Chemistry 2011
decorated graphene devices (Fig. 5b). Each oxygen exposure was

extended to fully reach its maximum equilibrium and followed by

nitrogen purging to recover its arbitrarily defined low conduc-

tance state. On the basis of the standard deviation in the low

conductance state before the oxygen exposure, we estimated

a signal-to-noise ratio of 3.65 for the device response to 5%

oxygen. From the changes in current after oxygen exposure, the

ratio of conductance changes (DG/GO) as a function of oxygen

concentration can be calculated as shown in Fig. 5b, inset. We

found that the ratio of conductance changes scaled up with the

concentration of oxygen. Again, the linear response and repeated

recovery to the low conductance state indicate the long-term

operation ability of our devices without any degradation. Using

a value three times the standard deviation of the low conductance

state as the minimum detection limit (MDL), we achieved the

MDL of approximately 0.01% oxygen for our unoptimized

devices, suggesting that this system hold promise as a robust low-

temperature platform for monitoring trace amounts of oxygen

under the specific conditions.1b,2a,12
Conclusion

In summary, we have established a reliable fabrication and

testing method of functionalizing SLGs by a photoactive TiO2

thin film as test-beds for building efficient multifunctional

optoelectronic devices. It is remarkable that tuning the photo-

activity of TiO2 realizes fast and significant photoswitching

effects in TiO2-graphene devices. Using the hybrid devices as

solid-state gas sensors, we have demonstrated a reversible and

linear electrical sensitivity towards oxygen gas in the full

concentration range (5–100%) at room temperature and ambient

pressure, with a calculated MDL of 0.01% oxygen. The unique

oxygen sensitivity of the devices is attributed to the synergetic

effect of the photoactivity of TiO2 and the inherent ultra-

sensitivity of SLGs. The ease of device fabrication, the repro-

ducibility, and the achievement of fast photoswitching and high

oxygen sensitivity results imply that graphene-based hybrid

materials could serve as a promising platform for developing

low-cost, portable and sensitive device arrays for detecting light,

oxygen and many other molecules.4 In addition, the sensing

mechanistic understanding and the concept of incorporating

molecular functionalities into optoelectronic circuits in this study

should provide new insights into designing new types of future

ultrasensitive multifunctional integrated devices for potential

applications in both industrial and scientific communities, for

example, environmental monitoring, national defense, remote

control, optical telecommunication, day- and night-time

surveillance, and health protection.
es when exposed to UV light and oxygen gas.

Chem. Sci., 2011, 2, 1860–1864 | 1863
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Experimental

We synthesized high-quality SLGs through a chemical vapor

deposition (CVD) process on copper foils. Through a polymer-

mediated transfer technique and selective oxygen plasma etching,

we are able to mass-produce SLG transistor arrays with high

yield. Experimental details can be found in the literature.8 After

the initial electrical characterization, 5 nm-thick TiO2 thin films

(150 mm long and 60 mm wide) were deposited on graphene

surfaces patterned by electron beam (e-beam) lithography fol-

lowed by e-beam thermal evaporation. To rule out potential

artifacts from Schottky barrier modification, we narrowed TiO2

thin films to disconnect them with metal electrodes. To aid in the

subsequent analysis of the devices, we kept the neighboring

device pristine as control. To carry out the measurements effi-

ciently, we designed and made a novel sealed blackbox (Fig. 3),

which has a quartz window used for light stimulation, two

channels for gas flow, and multiple connectors for electrical

characterization. Through a simple wire-bonding method, the

fresh devices were then incorporated into the testing system. The

device characterization was carried out at room temperature and

atmospheric pressure using an Agilent 4155C semiconductor

characterization system and a Karl Suss (PM5) manual probe

station. For photoswitching experiments, light irradiations were

performed with a handheld UV lamp (�50 mW cm�2, l ¼ 254

nm). For sensing measurements, high-purity oxygen (99.99%)

was used. Before sensing measurements, we purged the system by

a stream of pure N2 gas to completely remove any trace of air or

oxygen in the chamber.
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