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ABSTRACT: TiO2-based photocatalysis has been widely used
to decompose various organic pollutants for the purpose of
environmental protection. Such a “green” photochemical pro-
cess can ultimately degrade organic compounds into CO2 and
H2O under ambient conditions. We demonstrate here its
extended application on the engineering of single- or few-layer
graphene. Using a patterned TiO2 photomask, we have achieved
various photochemical tailorings of graphene, including ribbon
cutting, arbitrary patterning on any substrate, layer-by-layer
thinning, and localized graphene to graphene oxide conversion.
UV-visible spectroscopic studies indicate that the photogenerated, highly reactive 3OH radicals work as sharp chemical scissors.
Being a solution-free, cost-effective, scalable, and easy handling technique, the presented photocatalytic patterning and modification
approach allows for the versatile design and fabrication of graphene-based devices and circuits, compatible with current
microelectronic technology, as demonstrated by this fabricated all-carbon field effect transistor (FET) array.

’ INTRODUCTION

Graphene, a two-dimensional (2D) sp2 carbon network, has
attracted a wide range of interests due to its fascinating electronic,
mechanical, and thermal properties since 2004.1,2 The extremely
high carrier mobility, mechanical flexibility, optical transparency,
and chemical stability of graphene provide a great opportunity for
the development of high-performance electronic devices.3,4 The
challenge of graphene electronics arises from its zero bandgap
nature as a semimetallic Dirac material.5 An effective way to open
the bandgap in a well-controlled manner and to tailor the 2D
graphene sheet into device/circuit architectures is needed.6

Formation of nanoribbons5,7,8 and nanomeshes9-11 has been
proven to generate bandgaps in the electronic structure of
graphene, with the gap size being dependent on the ribbon
width and on the mesh density, respectively. Up to now, in
addition to the conventional electron beam lithography,5 a
number of nontraditional techniques have been developed for
engineering the graphene sheet, including STM/AFM nano-
lithography,12,13 metal nanoparticle-guided directional hydro-
genation14-16 or oxidation,17 and nanosphere18/block copoly-
mer10,11/nanowire19-masked plasma etching. The limited
controllability and/or lack of scalability as well as the complicated
and time-consuming procedures of these approaches call for
more effort and breakthrough on graphene engineering for
graphene electronics.

The TiO2-based photocatalytic reaction has been widely
applied for materials used in daily life for environmental protection,

namely TiO2-coated smart glass, tile, and paint having self-
cleaning, antifogging, self-sterilizing, deodorizing, and air-
cleaning functions.20-22 The excellent performance of TiO2

originates from its strong reactivity under light illumination;
many organic pollutants and bacteria can be decomposed to CO2

and H2O under ambient conditions.23,24 The photostability,
chemically and biologically inert nature, low cost, and nontoxicity
give TiO2 a great advantage over other photocatalysts.25 Gen-
erally, the photocatalytic reaction starts from the generation of
electrons and holes under irradiation of light matched with the
bandgap energy of TiO2 photocatalyst. The photoexcited high
energy electrons and holes further react with the surrounding
water moisture and oxygen molecules, creating reactive inter-
mediate species, e.g., 3OH, O2

•-, and H2O2.
26 The organics in

the close vicinity are finally degraded by these reactive imter-
mediates.21,23,24 Now the question is whether such chemical
scissors can be employed to cut the stable sp2 carbon network of
graphene? The present work has given a clear, positive answer.
Figure 1a shows the schematic illustration of TiO2-based photo-
catalytic technique for engineering single- or few-layer graphene.
By simply using a patterned TiO2 photomask, we can tailor the
graphene sheet into any shape on arbitrary substrates with the
feature size being determined by the photomask. More impor-
tantly, both physical and chemical tailoring can be performed,
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controlled by the extent of photocatalytic reaction. The former
denotes the actual cutting of the graphene sheet into pieces while
the latter is a chemical patterning with the photoexposed area
being converted to insulating graphene oxide (GO). The out-of-
plane photocatalytic reaction rate on thick graphite is remarkably
slower than the in-plane reaction rate, which enables the layer-by-
layer thinning of few-layer graphene. Such kinds of versatile
photochemical tailoring would offer a fascinating tool for gra-
phene electronics.

’EXPERIMENTAL SECTION

Fabrication of the TiO2 Photomask. A Ti (99.999%) layer of
5-15 nm was evaporated onto a quartz plate using a thermal evapora-
tion system (UNIVEX-300, Oerlikon Leybold) with a deposition rate of
0.1-0.3 Å/s, which was followed by calcination in air at 600 �C for 1 h to
obtain the TiO2 film. The quartz plates were precleaned with acetone
and water, followed by UV illumination for 10 min to remove organic
contaminants. A designed Cr pattern having a typical thickness of
75-90 nm was fabricated on a TiO2/quartz plate via conventional
photolithography and thermal evaporation. The typical photomask used

for cutting and patterning of graphene in this work has a sandwiched
structure, including patterned Cr/TiO2 film/quartz plate. For compar-
ison, we also fabricated a patterned TiO2 film/quartz plate photomask
using the same photolithography procedure.
Sample Preparation. Three types of graphene samples were

employed in this work, CVD-graphene, segregated graphene, and
reduced graphene oxide (RGO). CVD-graphene was grown on Ni
film/SiO2/Si wafer or Cu foil by chemical vapor deposition (CVD)
following the previously reported method.27,28 The growth on Ni was
performed in an ambient pressure CVD system at 900 or 1000 �Cwith a
5-25 and 1500 sccm flow of CH4 and H2, respectively, for 5-10 min.
The growth on Cu was carried out at temperatures up to 1000 �C by
CVDusing amixture of 35 sccmCH4 and 2 sccmH2 at a total pressure of
500 mTorr. Segregated graphene was obtained by vacuum-annealing Ni
film using the segregation technique we developed recently.29 Typically,
a Ni film of 150-300 nm containing a trace amount of carbon impurity
was deposited on a SiO2/Si wafer using a UHV electron beam evapora-
tion system (ULS 400, Balzers). The carbon species were then squeezed
out of Ni film in the form of single- or few-layer graphene by annealing at
1100 �C and <1 � 10-4 Pa for 5 min, followed by fast cooling. Both
CVD-graphene and segregated graphene were transferred to the desired

Figure 1. Photocatalytic patterning of graphene. (a) Schematic illustration of the photocatalytic approach to engineering single- or few-layer graphene,
in which the quartz plate/TiO2 thin film/patterned Cr photomask is put into contact with graphene. Under UV illumination, e- and hþ are generated on
the TiO2 photomask that further react with the surrounding H2O andO2molecules, producing highly reactive 3OH radicals, which function as chemical
scissors to tailor the graphene sheet in a well-controlled manner. (b) Optical microscope image of graphene ribbons obtained with a line-shape TiO2

photomask. The inset shows the peak intensity change of the Raman G band of a segregated graphene along the arrow direction. (c) SEM image of a
photocatalytically patterned CVD-graphene, in which the inset shows the photomask structure. (d) Optical microscope image of a patterned reduced
graphene oxide (RGO) film, illustrating the feasibility of complex structural design. (e) SEM image of a periodically patterned RGO film. (f) SEM image
of a series of CVD-graphene ribbons having different widths. The photocatalytic patterning was carried out on SiO2/Si substrate in b-d, f and on
poly(ethylene terephthalate) (PET) in e. Scale bars: 50 μm (b-e), 100 μm (inset of c), 10 μm (f).
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substrates using the nanotransfer-printing technique we developed.30 All
the graphene samples grown byCVD and segregation have a thickness of
1-3 layers over 82%. The RGO film was obtained by reducing graphene
oxide (GO) film at 1000 �C in N2 and H2 (1:1) for 20-40 min, where
GO was synthesized from natural graphite powder by a modified
Hummers method.31 The electrical conductivity of the obtained RGO
film was ca. 105-106 ohm/square. For investigating the photocatalytic
reaction anisotropy, thick, highly oriented pyrolytic graphite was uti-
lized. In addition, ultralong carbon nanotubes used for fabricating all-
carbon field effect transistors (FETs) were synthesized by catalytic CVD
using CH4 as the carbon source. A FeCl3 aqueous solution (0.005 M)
was applied to one edge of a SiO2/Si substrate by microcontact printing,
which serves as the catalyst precursor. The carbon nanotubes were
grown at 980 �C with 15 sccm H2 and 3 sccm CH4 for 30 min. Well-
separated carbon nanotube arrays can be grown on the SiO2/Si substrate
with nanotube lengths up to centimeters long.
Photocatalytic Experiments and Characterization. A xenon

lamp (CHF-XM35-500 W) was employed as the light source of the
photocatalytic reaction, in which wavelength >410 nm light was filtered.
The photocatalytic reaction of graphene was performed in a homemade
cylindrical quartz vessel (85 mm�100 mm). The relative humidity was
generally controlled by introducing an air-flow carrying water vapor
while the O2 content was regulated by using ordinary air, pure O2, and
pureN2 gas. An optical microscope (Olympus DX51), scanning electron
microscope (Hitachi S-4800), and atomic force microscope (Veeco
Nanoscope III) in tapping mode were used for morphology studies of
graphene. Raman spectroscopy (Renishaw RM1000) with laser excita-
tion energy of 632.8 nm (1.96 eV) was used to evaluate the tailoring
results. UV-vis spectra of CVD-graphene on quartz plates under
different experimental conditions were recorded with a Perkin Elmer
Lambda 950 UV/vis spectrometer. All the electrical measurements were
carried out on a Keithley 4200 system.

’RESULTS AND DISCUSSION

The TiO2 photomask is the key to photocatalytic graphene
engineering. An effective photomask has a sandwiched structure,
including the quartz plate/5-15 nmTiO2/75-90 nm patterned
Cr. The TiO2 film was prepared by vacuum-evaporating Ti on
quartz, followed by calcination in air at 600 �C for 1 h. The
patterned Cr film, fabricated by conventional lithographic tech-
niques, serves as both the shielding mask of light and the
quencher of the surrounding photogenerated electrons, holes,

3OH, and O2
•- for the effective confinement of the photocata-

lytic reaction on graphene. Figure 1b-d demonstrates various
types of photocatalytically patterned graphene produced by
segregation (b), chemical vapor deposition (CVD) (c), and
reduction of graphene oxide (d). The cutting was simply
performed by putting the patterned TiO2 photomask onto
graphene with the Cr side facing the graphene, followed by Xe-
lamp irradiation for 75 to 90 minutes under ambient conditions.
As shown in the inset of Figure 1b, the intensity of the Raman G
band along the arrow direction sharply dropped to zero at the
photoexposed area, indicative of the complete decomposition of
the graphene carbon network defined by the photomask pat-
terns. This photocatalytic graphene cutting can be performed on
arbitrary substrates, including a SiO2/Si wafer (Figure 1b-d) or
a plastic surface (Figure 1e), which offers great freedom for
fabricating graphene-based flexible and transparent electronic
devices. The cutting size feature is determined by the photomask
as demonstrated in Figure 1f, where graphene ribbons of various
widths have been obtained by using a line-shaped photomask
having different line widths.

Different from conventional e-beam lithography and photo-
lithography,5 the photocatalytic cutting is a solution- and chemical-
free process that does not introduce any photoresist or other
chemical reagents. This is of particular importance for graphene
electronics because any chemical contamination would degrade
the device performance. Figure 2 compares the cutting perfor-
mance of graphene at edge regions for TiO2 photocatalysis (a),
e-beam lithography (b), and photolithography (c), where the
latter two approaches were followed by oxygen plasma etching as
usual. Lots of contaminant spots, mostly originating from the
photoresist residues, are observed over the e-beam- and photo-
lithography-treated graphene surface (see Figure 2b,c). Such
kinds of chemical contaminants cannot easily be removed even
after vacuum-annealing for 1 h at 700 �C (see Figure 2e,f). In
contrast, the convenient photocatalytic approach did not involve
any photoresist, thus leading to a clean cutting of graphene.
Because the photocatalytic cutting is an oxidative process, the
cutting edge of graphene would be terminated by carbonyl,
hydroxyl, and carboxyl groups, similar to oxygen plasma
etching.32 After vacuum-annealing treatment, the cutting edge
was further sharpened to some extent as shown in Figure 2d.
Different from the metal nanoparticle-guided crystallographic
hydrogenative cutting,14-16 the photocatalytic cutting would
most possibly lead to a mixed zigzag and armchair edge structure.
However, the advantage of photocatalytic cutting over the
nanoparticle approach is its easy handling, excellent controll-
ability, and compatibility to the current fabrication technology. It
should be pointed out that the apparent rough edges obtained in
some cases are originating from the inhomogeneous layer
distribution of graphene samples because of the thickness effect
on the photocatalytic etching rate. Using the RGB (red/green/
blue) color distribution mode of optical microscope images, the
effect of layer thickness on etching rate is clearly illustrated in
Figure 2g. The thicker the film region, the smaller the etching
rate, and thus more graphene materials remain.

The photocatalytic reaction of graphene is a progressive
oxidation process accompanied by introduction of oxy groups
such as epoxy, hydroxyl, carbonyl, and carboxyl groups and bond
breaking of the sp2 carbon network.24 This provides an alter-
native way to tailor the graphene sheet by chemical patterning
instead of actual cutting, simply by controlling the extent of
photocatalytic reaction. Of particular importance is the localized
conversion of conducting graphene to insulating graphene oxide
by shortening the reaction time as schematically shown in
Figure 3a. Using a circular pattern TiO2 photomask, we have
fabricated a regular GO dots array on monolayer graphene as
shown in Figure 3b. At the photoexposed area, the Raman D
band of graphene emerges and increases with irradiation time
(see Supporting Information Figure S1) while the Raman spec-
trum of the Cr-covered unexposed region remains intact (see
inset of Figure 3b). Hence, the GO dots can be easily visualized
by mapping the Raman D to G band intensity ratio. As shown in
the AFM image of Figure 3c, formation of GO dots did not break
the physical intactness of graphene. Certainly, an intensive light
irradiation will ultimately burn holes on the graphene sheet as
described above. We monitored the sheet resistance change of
graphene upon TiO2-aided irradiation with a Hall bar device and
four probemeasurements. The typical result is given in Figure 3d.
After the initial induction stage, the electrical resistance of
graphene film exhibits a rapid increase in response to light
irradiation. The resistance value was up to a level of 109 ohm/
square, suggesting the formation of graphene oxide.33,34 Raman
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mapping data indicate that the photoexposed graphene film
remains intact at this stage (see Supporting Information Figure S2).

The controllable localized conversion of graphene to insulating
graphene oxide on a graphene sheet provides great versatility for

Figure 3. Localized graphene to graphene oxide conversion with a controlled photocatalysis. (a) Cartoon drawing of photocatalysis-induced GO
patterns on graphene. (b) D/G intensity ratio mapping of CVD-graphene after mild photocatalytic treatment using a circular TiO2 photomask, where
the inset exhibits the Raman spectra of photoexposed and Cr-covered unexposed areas. (c) AFM image of GO-patterned graphene showing the intact
film structure. (d) Change of graphene sheet resistance in response to light irradiation time with an unpatterned TiO2 film/quartz plate photomask,
where the inset shows the device structure for electrical measurement. Scale bars: 5 μm (b); 1 μm (c); 20 μm (inset of d).

Figure 2. Edge structures of graphene ribbons obtained with different cutting techniques. Atomic force microscopy images of graphene ribbon edges
with a-c being fabricated by photocatalytic cutting, e-beam lithography and photolithography, respectively, and d-f being the corresponding results
after vacuum-annealing treatment at 700 �C for 1 h. Insets, the height profiles taken along the dotted lines. (g) RGB color distribution of the optical
microscope image demonstrating the thickness effect on photocatalytic etching rate of graphene. The layer thickness is represented by different colors as
shown in the upper inset color codes. The lower inset shows the unprocessed optical microscope image of g. Scale bars: 50 nm (a-f), 20 μm (g).
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creating graphene-based electronic devices. For the zero-gap
graphene, it is vital to open the bandgap either by cutting into the
nanoribbons or by creating a periodic holes array.5,7-11 The
“virtual” cutting by forming highly insulating graphene oxide on
graphene sheets would avoid the troublesome edge problems,
including edge passivation,35,36 uncertain edge geometry,37 etc.
The introduction of various reactive oxy groups by TiO2 photo-
catalysis also offers a useful platform for further chemical
functionalization of graphene. It therefore provides considerable
opportunity for the development of graphene-based electronic
and luminescent devices.38,39

The chemical reactivity of graphenic carbon bonds is extre-
mely low.40 In fact, the existence of the induction stage corre-
sponding to a slow resistance change upon light illumination is an
indication of the chemical inertness of graphene. The photo-
catalytic reaction of a perfect graphenic carbon network requires
large activation energy. Once defects and pinholes are generated
on the graphene surface, the oxidative reaction would proceed
very rapidly along these reactive sites, leading to the sharp
increase of electrical resistance. This suggests a possibility of
photocatalytic layer-by-layer thinning of few-layer graphene as
illustrated in Figure 4a in view of the fact that the reaction always
starts from the top layer. Shown in Figure 4c is the successful
example obtained from mechanically exfoliated few-layer gra-
phene. Comparing the AFM images in Figure 4b and 4c, we
clearly see that onemonolayer has been peeled off from each few-
layer graphene after TiO2-aided irradiation. The coexistence of

various graphene flakes with different layer thicknesses facilitated
the identification of such photocatalytic layer-by-layer exfolia-
tion. Accompanied with the disappearance of monolayer gra-
phene (ca. 1 nm thick in AFM height image on SiO2/Si
substrate), the layer thicknesses of other multilayer flakes de-
crease by a value of 0.32-0.45 nm, which is well consistent with
one-layer thinning.41 The exposed fresh surfaces have similar
AFM topography with pristine graphene though some defects
were induced as demonstrated by the emergence of Raman D
band. To quantitatively evaluate the rate difference of in-plane
and out-of-plane photocatalytic etching, we followed the etching
process on thick graphite by AFM imaging and paid particular
attention to a surface crack as shown in the inset of Figure 4f.
Compared with the surface-grown graphene, the highly oriented
pyrolytic graphite is more suitable for the reaction anisotropy
study because of the lack of defects. Upon light irradiation, this
surface crack becomes wider and deeper, indicating that both in-
plane and out-of-plane etching reactions have been proceeding.
Figure 4d-f reveals the histograms of crack width and depth
changes and their correlations with irradiation time. As expected,
the out-of-plane reaction is much slower than the in-plane reac-
tion, with the former being roughly a linear process while the
latter is an accelerating process. Obviously the ratio of the slopes
of the two plots is a simple measure of the etching rate difference,
which is 9.4 at the initial reaction stage and reaches 18.7 after
2h irradiation. Therefore, we conclude that the in-plane photo-
catalytic etching rate is at least 1 order of magnitude higher than

Figure 4. Photocatalytic layer-by-layer thinning of few-layer graphene. (a) Schematic of layer-by-layer thinning reaction. (b and c) AFM images of
mechanically exfoliated graphene before and after photocatalytic treatment, respectively, in which the labeled numbers correspond to the layer thickness
and the insets show the height profiles taken along the dotted lines. (d and e) Histograms of crack width (d) and depth (e) on thick graphite at different
irradiation times (see inset of f). (f) Dependence of crack width and depth on thick graphite on UV irradiation time. Scale bars: 1 μm (b, c), 50 nm
(inset of f).
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the out-of-plane etching at the experimental time scale. This
remarkable difference of etching rate enables the layer-by-layer
thinning of few-layer graphene.

The photocatalytic reaction of graphene involves oxygen and
water vapor in the surroundings. We employed UV-vis spec-
troscopy to monitor the reaction process under different experi-
mental conditions to understand the effects of oxygen partial
pressure and relative humidity (RH). The UV-vis absorption
spectrum of graphene is characteristic of a broad transition band
centered at ca. 273 nm as shown in Figure 5a, which is attributed
to the π-π* transition of electrons in graphene associated with
plasmon resonance.42,43 This absorption band exhibits a gradual
decrease in intensity and a blue-shift upon light illumination,
suggesting that the electronic conjugation within the graphene
sheet has been gradually destroyed by photocatalytic etching.43

In the control experiment, no discernible spectral change was
observed under 2 h UV irradiation without using TiO2 photo-
catalyst film (see Supporting Information Figure S3), which
confirms that TiO2 photocatalysis is essential for the graphene
tailoring rather than a general UV degradation effect. To examine
the effect of oxygen, we carried out the photocatalytic reaction
of graphene in N2, O2, and air, all at 50% RH. As seen from
the absorption peak intensity versus irradiation time plot in
Figure 5b, no discernible reaction occurred under N2 atmos-
phere, indicating that O2 molecules are indispensable for the
photocatalytic reaction. On the other hand, irradiation under O2

and air both led to a rapid decrease in absorption peak intensity.
Previous study of Berger et al.44 suggested that the effect of

oxygen on TiO2 photocatalysis has a saturation point of partial
pressure, which is approximately 25mbar, much below that in air.
This can well explain the slight difference of absorbance change
under O2 and air observed in our work. It also indicates that the
ambient condition can supply enough oxygen molecules to
pursue an effective photocatalytic tailoring of graphene. The
humidity effect was investigated similarly as shown in Figure 5c.
The reaction rate, indicated by the slope of absorbance vs
irradiation time curve, increases monotonically together with
the increase of relative humidity in air. However, this trend stops
at ca. 50%. At a higher relative humidity, the reaction kinetics was
remarkably slowed down. For instance, the reaction rate at 70%
RH was even smaller than that at 17% RH. Moreover, the
influence of UV light intensity was also examined, and the result
was summarized in Figure 5d. Similar to other photocatalytic
reactions,45 the increase of light intensity led to a faster reaction
rate. The photocatalytic reaction can proceed remarkably at a
light intensity as low as 50 mW/cm2 in air and 50% RH. In brief,
the TiO2-based photocatalytic tailoring of graphene is feasible
under a wide range of humidity, oxygen partial pressure, and light
intensity, with the recommended experimental conditions being
ca. 50% RH in air.

TiO2 has two typical crystal forms, anatase and rutile with a
bandgap of 3.2 and 3.0 eV, respectively. As confirmed by TEM
and Raman data (see Supporting Information Figure S4), both
anatase and rutile forms coexisted in our vacuum-evaporated
TiO2 thin film. Previous studies prove that the photogenerated
e- and hþ are trapped at Ti (IV) and bridging oxygen sites,

Figure 5. Effect of O2 and humidity on photocatalytic graphene tailoring. (a) UV-vis absorption spectra of CVD-graphene grown onNi corresponding
to TiO2-aided light irradiation. Change of absorbance at λmax around 273 nm in response to irradiation time under different O2 partial pressures (b),
relative humidities (c), and light intensities (d). The experimental conditions were 50% RH, 350 mW/cm2 (b), 350 mW/cm2 in air (c), and 50%
RH in air (d).
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respectively, which lead to the weakening of Ti-O bonds. As a
result, oxygen atoms are released and oxygen vacancies are
created.46 Water molecules can be preferentially adsorbed onto
these oxygen vacancies, producing adsorbed OH groups.47 The
high energy holes (having a redox potential ofþ2.53 V vs NHE)
oxidize the adsorbed OH groups and H2O molecules, creating
highly reactive hydroxyl radicals ( 3OH). On the other hand, the
trapped electrons reduce the surrounding oxygen molecules
into superoxide radicals (O2

•-), which further react with H2O
molecules, forming H2O2. The neutral H2O2 species further
photodecompose into 3OH radicals under UV illumination.46,48

Oxygen molecules play a key role in the photocatalytic tailoring
reaction of graphene, which efficiently prevent photogenerated
e- and hþ from recombination via electron capturing and also
create the most important 3OH radicals. It is believed that these
highly reactive 3OH radicals work as the actual photoscissors of
graphenic carbon network.48 The etching rate decrease at high
relative humidity would be attributed to the shielding effect of a
thick water layer on the access of oxygen molecules to surface-
trapped electrons.

It should be pointed out that although there are two different
routes to generate 3OH radicals, the H2O2 photodecomposition
route would mainly contribute to the graphene tailoring, deter-
mined by our TiO2 photomask structure. With a TiO2 photo-
mask directly patterned on a quartz plate, the photodegraded
area of the graphene sheet was found to far exceed the feature
size of the mask pattern. For instance, no graphene ribbons
remained when the photomask spacing between TiO2 stripes
was less than 10 μm, which is obviously attributed to the
surface diffusion of H2O2 species and subsequent photode-
composition to 3OH radicals. In contrast, a sandwiched
photomask structure of quartz plate/TiO2 film/patterned Cr
film led to a well-controlled patterning of the graphene sheet.
In this case, the Cr layer is believed to serve as a light shield
and a radical quencher to avoid unexpected overetching
of graphene. As a consequence, a suitable design of TiO2

photomask is essential for performing the photocatalytic
graphene engineering.

The photocatalytic tailoring technique provides versatile
possibilities for fabricating graphene devices. We constructed
here a FET array as a demonstration. As schematically shown in
Figure 6a, the graphene sheet on the SiO2/Si wafer was first
photocatalytically patterned into the electrode structure using
the TiO2 photomask (see Figure 6b and 6c). The graphene
electrodes were then transferred onto an individual carbon
nanotube using the nanotransfer-printing technique we devel-
oped recently.49 By simply using such a two-step procedure, we
can achieve an all-carbon FET array, in which the patterned
graphene serves as the source (S) and drain (D) electrodes, the
carbon nanotube as the conduction channel, a pþ2 silicon as the
back gate, and a thermally grown 300 nm SiO2 as the gate
dielectrics (see inset of Figure 6d; channel length L = 20 μm).
Considering the mild photocatalytic etching process, it is no
doubt that similar work can be performed on plastics for
fabricating flexible and transparent devices.50 Figure 6d shows
the typical transfer characteristics of the fabricated all-carbon
FETs with a semiconducting tube, which exhibits a unipolar
p-channel behavior with an on/off current ratio of >105. Differ-
ent from the conventional Au/Cr electrode, the graphe-
ne-carbon nanotube interface shows a symmetric ohmic
contact as demonstrated by the linear Ids-Vds curve
(Figure 6e). On the other hand, all-carbon FETs with a metallic
tube exhibit an ambipolar performance as shown in Figure 6f.
Measurements of an ultralong metallic tube across different
groups of graphene electrodes demonstrated good reproduci-
bility of the graphene-carbon nanotube contacts. The obtained
high performances of these all-carbon FETs benefit from the
clean and dry feature of our photocatalytic etching technique
which is free from possible chemical contaminations.

’CONCLUSIONS

In brief, we have demonstrated a facile way to engineer the
single- and few-layer graphene using TiO2 photocatalysis. This
clean and dry photocatalytic process enables a versatile tailor-
ing of graphene, including ribbon cutting, arbitrary patterning,

Figure 6. All-carbon FET array fabricated by the photocatalytic patterning approach. (a) Schematic of device fabrication procedure. Optical microscope
images of TiO2 photomask (b) and the obtained graphene electrode patterns (c). (d) Ids-Vg curve (at Vds = 0.1 V) of an all-carbon FET with a
semiconducting carbon nanotube serving as the conduction channel. Inset, SEM image of the device. (e) Ids-Vds curves (at Vg = -10 V) of a
semiconducting FETwith graphene (red) andmetal (black, 8 nm-Cr/50 nm-Au) contacts. (f) Ids-Vg curves (atVds = 0.1 V) of the all-carbon FETs with
an ultralong metallic carbon nanotube across many groups of graphene electrodes. Scale bars: 100 μm (b, c), 20 μm (inset of d).



2713 dx.doi.org/10.1021/ja109934b |J. Am. Chem. Soc. 2011, 133, 2706–2713

Journal of the American Chemical Society ARTICLE

layer-by-layer thinning, localized graphene to graphene oxide
conversion, etc. Different from the existing techniques, the TiO2-
based photocatalytic patterning and modification approach is
easy, cost-effective, free from chemical contamination, and uni-
versal to various substrates, offering great opportunity for
fabricating graphene devices. We believe that it would greatly
contribute to the graphene electronics, a most promising area of
graphene research.
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