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S
ince its experimental isolation in 2004,1

graphene has attracted tremendous
attention due to its potentially wide

applications. In particular, it holds great
promise as a film electrode for various de-
vices, as it possesses high electrical conduc-
tivity, transparency, flexibility, and stability
against chemical environments.2,3 How-
ever, the requirements for electrical con-
ductivity (or sheet resistance) and optical
transmittance vary significantly for different
devices. For example, a combination of low
electrical sheet resistance and high trans-
parency is essential for high-performance
transparent electrodes of display devices,
solar cells, and smart windows, etc.4�6 A
typical strategy to achieve these properties
is to dope a high-quality graphene film.4 For
electrodes in graphene sensors, a higher
resistance can be acceptable since a func-
tionalized surface with particular selectivity

is preferred.7�9 In addition, patterned elec-
trodes are typically used in thesedevices.10,11

Insulated graphene is required to fabricate a
monolithic graphene pattern that separates
highly conductive graphene electrodes with
insulating regions. Compared with the
etching-based patterning method, a mono-
lithic pattern has a distinct advantage in
avoiding the formation of edges and then
the contamination of the photoresist resi-
due at highly reactive graphene edges.12�14

Therefore, it is highly desirable to develop a
simple and effective strategy to tune the
electrical and optical properties of gra-
phene, which not only allows improvement
in device performance but also expands its
areas of application.15,16

Surface functionalization has shown great
potential in tuning the electrical and optical
properties of graphene. The transition of gra-
phene from a conductor to a semiconductor
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ABSTRACT Tunable electrical and optical properties of graphene

are vital to promote its use as film electrodes in a variety of devices.

We developed an etching-free ozone treatment method to con-

tinuously tune the electrical resistance and optical transmittance of

graphene films by simply varying the time and temperature of

graphene exposure to ozone. Initially, ozone exposure dramatically

decreases the electrical resistance of graphene films by p-doping,

but this is followed by increases in the resistance and optical

transmittance as a result of surface oxidation. The rate of resistance

increase can be significantly increased by raising the treatment temperature. The ozone-oxidized graphene is not removed but is gradually transformed to

graphene oxide (GO). On the basis of such effects of ozone treatment, we demonstrate a well-defined graphene pattern by using ozone photolithography,

in which the ozone-treated graphene electrodes are monolithic but separated by insulating GO regions. Such a monolithic graphene pattern shows low

optical contrast, a clean and more hydrophilic surface, indicating the promising use of ozone treatment to achieve high-performance graphene-based

optoelectronic devices.
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and even an insulator has been reported,17�20 and its
optical transmittance and surface chemistry can be
modified simultaneously. Surface oxidation is of partic-
ular interest since it is a relatively simple and low-cost
process compared with other methods involving the
use of fluorine- and chlorine-containing reagents.18�20

Solution-based oxidation, such as the modified Hum-
mersmethod, has beenwidely used for the synthesis of
graphene oxide (GO),21�23 and reducing GO to differ-
ent extents has been useful in producing optoelec-
tronic devices.24 However, such a method suffers from
the disruption of the graphene plane by strong oxidiz-
ing agents, the difficulty in achieving a homogeneous
oxidation reaction for large-area films, and the inevi-
table contamination by sulfur- and/or nitrogen-
containing groups. Alternatively, a gas-phase process
has demonstrated its excellent control over the oxida-
tion of graphene in the absence of contamination.25 Of
particular interest, theoretical calculation suggests that
ozone treatment enables a tunable transition from
metal to an Anderson insulator for graphene by graft-
ing epoxide groups onto its plane.26 It is also demon-
strated that ozone oxidation can be used as a simple,
scalable, and environment-friendly method to pattern
carbon nanotube films.27 Therefore, ozone treatment
holds significant promise to tune the electrical con-
ductivity of graphene by controllable oxidation. Up
to now, however, the desirable metal�insulator transi-
tion arising from controllable ozone oxidation without
etching the graphene plane has not been experimen-
tally realized. The experimentally observed resis-
tance increase of graphene was usually attributed to
structural damage (e.g., the formation of holes or
trenches).28,29 Moreover, the effect of ozone treat-
ment on the electrical conductivity and structure of
graphene is not well understood and needs to be fur-
ther clarified. For example, both Raman investigations
and field-effect transistor transport measurements have
demonstrated the appreciable doping of graphene
from short ozone exposure, but the expected resistance
drop by dopingwas not obtained.28,30,31 In addition, the
effect of ozone treatment on the optical properties of
graphene has not been reported.

In this study, we developed an etching-free ozone
treatment method to tune the electrical resistance and
optical transmittance of a monolayer chemical vapor
deposition (CVD)-grown graphene film by controlling
the time and temperature of its exposure to ozone. The
results show that short ozone exposure significantly
decreases its electrical sheet resistance by p-doping,
whereas prolonged exposure progressively increases
the resistance and the optical transmittance as a result
of an oxidation reaction. The rate of electrical resis-
tance increase can be significantly increased by raising
the treatment temperature. The ozone-treated gra-
phene is not removed but gradually transforms to
GO. We demonstrate that the capability of ozone
treatment to tune its electrical and optical properties
can be used to fabricate a monolithic graphene pat-
tern, which yields a well-defined graphene film elec-
trode with low sheet resistance, low optical contrast,
and a clean and more hydrophilic surface.

RESULTS AND DISCUSSION

In this work, we developed a mild ozone flow
method to perform ozone treatment on graphene
films. We first investigated the effect of ozone treat-
ment on the electrical resistance of graphene films by
in situ monitoring its change over time at different
temperatures. Themeasurement was performed using
a two-probe configuration on CVD-grown graphene
films transferred onto a SiO2/Si substrate. More details
are provided in the Experimental Section. As shown in
Figure 1a,b, at all investigated temperatures, there are
clearly two regimes of resistance change: an initial
resistance drop followed by a progressive resistance
increase. Initially, a notable drop in resistance can be
observed at temperatures below 80 �C. At 20 �C, 60 s
exposure results in a significant drop of resistance by
75%, from ∼1300 to ∼320 Ω. The drop in resistance
becomes lower as the temperature is increased. For
50, 80, 100, and 120 �C treatment, the initial resis-
tance drops are 41, 38, 29, and 19%, respectively.
This decrease is believed to be related to a competi-
tion between a doping effect and the oxidation of
graphene, as discussed later. In the second stage, a

Figure 1. (a) Electrical resistance change of CVD-grown graphene films over time at different ozone treatment temperatures.
(b) Resistance drop in the initial stage of ozone exposure.
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progressive increase in resistance is observed with
increasing treatment time, and the rate of increase is
highly dependent on the treatment temperature. At
20 �C, the resistance shows a slow increase to ∼900Ω
by increasing the treatment time to ∼4000 s, which is
still lower than the initial value of∼1300Ω. Treatment
at 50 �C for the same time (4000 s) leads to a larger
resistance of 4 kΩ. Above 80 �C, the resistance in-
creases at a faster rate. Compared with the initial
∼1.3 kΩ value, the resistance increases 6 orders of
magnitude to around 1 GΩ, an insulating state, after
2000 s treatment at 80 �C. When the temperature is
increased to 100 �C, the increase in resistance becomes
even larger. Within about 400 s, the resistance is on the
order of GΩ, and it only takes 90 s to produce insulat-
ing graphene by increasing the temperature to 120 �C.
We did not examine the effect at temperatures higher
than 120 �C because a lower temperature is favorable
for the process of flexible electrode materials. In situ

electrical measurements show that, by controlling the
temperature and the time of ozone exposure, gra-
phene can be continuously changed from a conductor
to an insulator in a simple and efficient way.
To understand themechanism of resistance change,

we used Raman spectroscopy to investigate structure
changes in graphene treated at 120 �C as a function of
ozone exposure time (Figure 2). For the pristine sam-
ple, the negligible D peak at∼1340 cm�1 is a feature of
the high quality of CVD-grown graphene films. As
shown in Figure 2b�d, the positions of both the G
and 2D peaks shift to a higher frequency and the
intensity ratio of the 2D to the G peak (I2D/IG) decreases
with time. In particular, 10 s ozone treatment leads to
an upshift of ∼1 cm�1 for both peaks. Alzina et al.31

investigated the effect of ozone treatment on exfo-
liated graphene by Raman spectroscopy and found
that a short exposure to ozone could p-dope graphene

on the basis of a blue shift of the G (∼2 cm�1) and 2D
peaks (∼1 cm�1), as well as a decrease in 2D peak
intensity. Our Raman peak shifts agree well with their
results, suggesting that p-doping is responsible for the
resistance drop in the initial stage, as observed in
Figure 1. Meanwhile, as shown in Figure 2e, 10 s ozone
exposure only causes a slight increase in the D to G
peak intensity ratio (ID/IG), which indicates that little
structural change occurs by doping. In general, the
D peak is activated by local basal distortion with
the formation of defect-like sp3 bonds in carbon
materials. Significant structural transformation of sp2

to sp3 bonds can be observed after 30 s ozone treat-
ment since ID/IG increases dramatically from ∼0 to a
maximum of∼1.5 and then stabilizes at approximately
1. In addition, D0 (∼1620 cm�1) andDþD0 (∼2940 cm�1)
peaks appear after 30 s treatment, followed by the
merging of the D0 peak with the G peak and a
significantly weakened DþD0 peak. Furthermore, the
2D peak is hardly detectable after 60 s treatment. Such
characteristics have also been observed in the struc-
tural evolution of GO during liquid-phase oxidation,32

suggesting that graphene gradually transforms to GO,
and as a result, thematerial becomes insulating. Zhang
et al.28 attributed the significant increase in D peak
intensity and accompanying resistance increase to the
substantial etching of the graphene by intense ozone
oxidation. The formation of holes has also been re-
ported in ozone-treated graphene, most of which are
located at steps and folds.33

To elucidate the effect of ozone exposure on the
graphene, we used atomic force microscopy (AFM) to
compare the morphology of the pristine graphene
with that treated by ozone. In contrast to previous
results,33 the wrinkles, which have been reported
to show relatively higher activity toward oxidation,34

still remain after the insulation treatment by ozone

Figure 2. (a) Raman spectra change of the CVD-grown graphene films over time upon exposure to ozone at 120 �C; change of
(b) G peak position and (c) 2D peak position, and the ratio of (d) I2D/IG and (e) ID/IG with time.
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(Supporting Information Figure S1). The height profile
further demonstrates that, after ozone treatment, the
wrinkles have the same height (the left is ∼6 nm, the
right is ∼4 nm) as that of pristine graphene. Addition-
ally, no holes, trenches, or other detectable structural
damage are observed in the graphene film. These
results indicate that the observed change of graphene
to an insulator results not from the etching and
removal of graphene but from the significant oxidation
reaction. We ascribe this etching-free process to the
modification of the ozone treatment conditions as
shown in the Experimental Section, which allows low-
energy ozone molecules to react with graphene under
relatively mild and controllable conditions.
To further confirm the oxidation of graphene by

ozone, we performed X-ray photoelectron spectrosco-
py (XPS) measurements on the graphene films. In this
case, we used graphene as-grown on Cu foils to
eliminate the contamination of poly(methyl methac-
rylate) (PMMA) residue from the transfer process. As
shown in Figure 3a, only the C1s peak can be observed
at 284.6 eV prior to ozone exposure. Upon exposure to
ozone for 10 s, a broad peak appears at 287�289 eV.
Increasing the exposure time from 30 to 90 s increases
its intensity remarkably. This broad peak can be fitted
by two peaks, one at∼286 eV and the other at∼289 eV
(Figure 3b), which correspond to C�Oand CdObonds,
respectively.35,36 The formation of C�O bonds indi-
cates that oxygen-containing groups are formed upon
exposure to ozone. By estimating the areas of the

peaks due to C�C bonds and C�O bonds, we obtain
the ratio of oxygen-bonded carbon to sp2 carbon,
denoted GO/G (Figure 3c). After 10 s exposure at
120 �C, which leads to the lowest resistance, GO/G is
approximately 1.1%. Treatment for 30 s causes a
relatively large increase in GO/G (to ∼4%), suggesting
that more oxygen-containing groups are formed on
the graphene. After 90 s exposure, when the graphene
becomes insulating, GO/G increases to 15%. These
results are consistent with the Raman spectra and thus
well explain the change of the electrical resistance. We
also note that the GO/G for the insulating graphene
produced by the ozone treatment is much lower than
that produced by typical solution-based methods
(∼50%).23,37 In fact, theoretical calculation suggests
that graphene becomes insulating at a rather low
epoxide density of 4%.26 It is reasonable to believe
that our process leads tomore uniform oxidation of the
graphene, thus producing insulating graphene at a
much lower oxygen content.
Theoretical calculation suggests that the interaction

between ozone and graphene involves two stages: the
initial physisorption and the subsequent chemisorp-
tion (i.e., the formation of oxygen-containing groups)
of ozone molecules.26 Jandhyala et al. found that
the physisorbed ozone would lead to the upshift of
the Dirac point, which is responsible for the p-doping
of graphene.38 An improved electrical conductivity
(resistance drop) can then be expected with the in-
crease of p-doping. In the subsequent chemisorption,

Figure 3. (a) XPS spectra changes of CVD-grown graphene films over time upon exposure to ozone at 120 �C. (b) Broad peak
formed after 90 s ozone exposure can be fitted by two peaks, one at∼286 eV and the other at∼289 eV, which correspond to
C�O and CdO bonds, respectively. (c) Ratio of oxygen-related carbon to sp2 carbon (GO/G) estimated from the peak areas.
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however, no shift of the Dirac point is observed, and
the epoxide groups act as defect scatters and decrease
the electrical conductivity.38 Consequently, graphene
can be tuned from a conductor to an Anderson in-
sulator by increasing the epoxide content.26 These
calculations are consistent with our experimental re-
sults, suggesting that the p-doping by physisorbed
ozone should be primarily responsible for the resis-
tance decrease of graphene during the initial ozone
exposure, and the subsequent resistance increase is
causedby the increase of oxygen-containing groups. In
our experiment, we found that the resistance drops
rapidly to the lowest point, followed by a slow resis-
tance increase at 20 �C, which is consistent with the
fact that ozone molecules readily physisorb on gra-
phene. Because an energy barrier of 0.72 eV is required
for the transition between physisorption and chemi-
sorption,38 the resistance change of graphene by
physisorption is much faster than that by chemisorp-
tion. Another phenomenon is that the resistance drop
becomes lower as the temperature is increased. This is
because the physisorbed ozone molecules are easily
desorbed from graphene with the increase of tem-
perature. In addition, we found that the significant
resistance drop obtained at 20 �C diminished within
hours after ozone treatment. This result further con-
firms that the resistance drop was caused by physi-
sorbed ozone, which is weakly attached to graphene
and thus easily desorbed at ambient conditions. All of
the above results can be well explained by the p-dop-
ing effect of physisorbed ozone. The physisorbed
ozone can increase the hole concentration of gra-
phene by p-doping; therefore, the resistance of gra-
phene will decrease in the initial stage. We also note
that a small amount of oxygen-containing groups form
on the graphene upon exposure to ozone at 120 �C
according to the XPS results in the initial ozone ex-
posure (Figure 3), suggesting that chemisorption also
existed. In fact, these two competing processes deter-
mine the resistance change by ozone treatment. In the
initial stage, the physisorption is dominant and rapidly
decreases the resistance of graphene, while in the
second stage, the increasing chemisorption counteracts

the effect of p-doping and increases the resistance of
graphene.
It is worth noting that the widely used UV/ozone

treatment, which directly exposes graphene to UV/
ozone in the chamber, involves both ozone oxidation
and bombardment of oxygen radicals.28�31,33 The
latter would cause structural damage of graphene
and thus competes and even counteracts the doping
effect of ozone in terms of the electrical conductivity.
As a result, the expected resistance drop was not ob-
served by using UV/ozone during the initial stage. In
this work, the new ozone treatment process enables
both the expected resistance drop of graphene by
ozone doping andmetal�insulator transition by ozone
oxidation without etching its basal plane, providing
a comprehensive description of the effect of ozone
treatment on the electrical conductivity of graphene.
To verify the stability of the ozone-insulated gra-

phene, wemeasured its resistance change with time at
different temperatures. As observed in Figure S5,
ozone-treated graphene is stable under ambient con-
ditions. The stability of ozone-treated graphene over
temperature and time paves the way for its potential
applications as patterned monolithic electrodes.
The formation of C�O bonds alters not only the

electrical resistance but also the optical transmittance
of graphene as a result of the modified electronic
structure. As shown in Figure 4a, a broad transition
band centered at ∼270 nm can be observed in the
absorption spectra, which is a characteristic of gra-
phene associated with the π�π* electron transi-
tion.13,39 The band intensity shows a substantial de-
crease after 30 s ozone treatment, suggesting that the
π electronic structure has been disrupted. From the
viewpoint of electronic structure, the resistance in-
crease caused by ozone treatment can be ascribed to
the decreasedmobility of electrons associatedwith the
disrupted π structure in graphene. Correspondingly,
the optical transmittance of graphene gradually in-
creases with increasing ozone treatment time. As
shown in Figure 4b, the transmittance increases from
97.1% for the pristine graphene to ∼98.1% after 90 s
ozone treatment, an increase of ∼1%. The absorption

Figure 4. Changes in the (a) absorption and (b) optical transmittance spectra of CVD-grown graphene films with ozone
exposure time at 120 �C.
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and transmittance spectra are consistent with the
gradual transition from graphene to GO. Note that
the universal optical absorption of graphene still re-
mains when graphene reaches the insulating state
(i.e., after 90 s treatment at 120 �C), suggesting that
band gap is absent in the GO obtained. Such a gapless
structure agrees well with the Anderson insulation of
graphene by ozone oxidation.26 The continuous and
linear increase of transmittance also suggests that the
transparency of graphene can be tuned by controlled
ozone treatment.
On the basis of the above results, several advantages

of using ozone can be inferred: (a) The electrical con-
ductivity and the optical transmittance of graphene
can be tuned by simply changing the temperature and
time of ozone treatment. (b) The oxidized graphene is
not removed but is well preserved. (c) As a gas oxida-
tion process, it is free from contamination and is
suitable to uniformly treat large-area graphene films.
(d) It is cost-effective, scalable, and environment-
friendly since ozone can be obtained directly from
air. Moreover, (e) ozone treatment is superior to the
conventional high-temperature gas-phase oxidation
with regard to plastic substrates for flexible devices.
The combination of these advantages makes ozone-
treated graphene promising for use as film electrodes
in various devices.
Of particular interest, ozone treatment shows great

promise for achieving high-performance graphene
transparent conducting electrodes that require a com-
bination of low sheet resistance and high transparency.
Figure 5a shows the largest decrease of sheet resis-
tance of graphene films at different temperatures
caused by the ozone doping effect (Figure S4). Notable
decreases in sheet resistance can be observed at the
temperatures investigated, which is consistent with
the in situ two-probe test results. More significantly,
ozone treatment at 20 �C leads to a 56.3% drop in the
sheet resistance of a monolayer graphene film from
634 to 277Ω/sq. This doping effect is comparable with
all typical dopants reported,4 and the resulting perfor-
mance can satisfy the requirement of transparent

electrodes in touch screens. A much lower sheet
resistance can be expected by optimizing the transfer
process, which is closely related to the high sheet
resistance of pristine graphene. A distinct advantage
of oxygen doping using ozone is that it will not de-
crease the transparency of graphene as do other
doping reagents such as HNO3 and AuCl3.

40 In fact,
oxygen doping using ozone leads to a slight increase of
transparency by 0.1�0.3% at some temperatures, as
shown in Figure 5b. This is favorable for high-perfor-
mance graphene transparent electrodes. However,
similar to other chemical doping agents, the resistance
decrease caused by ozone treatment is also unstable
with increasing storage time, and this needs to be
improved.
Patterning of electrodes is an essential step in the

fabrication of display devices and solar cells, etc. Ex-
tensive efforts have been devoted to developing sui-
table methods for patterning graphene films.10,11,13,41

Benefitting from its compatibility with standard photo-
lithography, plasma etching is the most used method
in graphene patterning.10 However, the etched gra-
phene pattern suffers from an irregular edge geometry
and contamination of the photoresist residue at highly
reactive graphene edges.13

The etching-free ozone oxidation method devel-
oped allows us to avoid the above problems and to
fabricate high-performance monolithic graphene pat-
terns in combination with the standard photolithogra-
phy. The patterning process by ozone photolitho-
graphy developed in this work is illustrated in Figure
S2. An as-grown CVD graphene film was first trans-
ferred to a target substrate (step a). The standard
photolithography process was then used to obtain a
patterned photoresist coating over the graphene film
(step b).42 Instead of plasma etching, the exposed
region of graphene was changed to be insulating by
the formation of GO by ozone oxidation (step c). After
removing the photoresist coating, a monolithic gra-
phene pattern was obtained in which conductive
graphene electrodes are separated by insulating
GO regions (step d), without the removal of any

Figure 5. (a) Largest sheet resistance decrease of CVD-grown graphene films caused by oxygen doping at different
temperatures. The times used for doping are 60 s (20 �C), 30 s (50 �C), 25 s (80 �C), 15 s (100 �C), and 10 s (120 �C).
(b) Corresponding optical transmittance increase of the graphene films under identical treatment conditions.
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graphene. The sheet resistance of the graphene pat-
tern obtained was further decreased by p-doping
by additional room-temperature ozone treatment
(step e). Figure 6a,b presents optical images of a
graphene square pattern, in which the graphene
squares and GO strips can be identified by the small
optical contrast. The dark dots in Figure 6b are typical
few-layer graphene islands grown on the Cu. A clear
comparison can be seen by Raman mapping over
the pattern, as shown in Figure 6c,d. The GO cross
strips are characterized by a high D/G ratio, while the
graphene squares show a negligible D/G ratio. We
can also see that the oxidized region is uniform and
has no holes or cracks, consistent with the AFM results,
demonstrating a well-defined pattern with smooth
edges.
Ozone photolithography avoids photoresist con-

tamination at the graphene/GO boundary due to the
monolithic pattern structure. As shown in Figure S3a,b,
photoresist residue is clearly seen at the edges of
graphene patterned by plasma photolithography. In
contrast, such contamination is rarely detected in
the ozone patterning. Moreover, this method has the
advantage of a low optical contrast between the
graphene and GO regions, which is crucial for high-
performance graphene-based optoelectronic devices.
Few-layer graphene transparent electrodes patterned
by etching typically show high optical contrast; this
may degrade the visual effect of display screens.
For instance, a four-layer CVD graphene film shows

a ∼90% optical transmittance,4,43 thus yielding a
∼10% optical contrast between the areas in the elec-
trode where graphene remains and where it has been
removed. This value is reduced to 3.8% in a monolithic
graphene pattern obtained by ozone photolithogra-
phy, and this is more favorable for display applications
(calculationdetails are shown in Supporting Information).
In addition, for a transparent electrode used in optoe-
lectronic devices such as solar cells and organic light-
emitting diodes, a hydrophilic surface is highly desir-
able as it facilitates the deposition of a hole injection
layer. However, the surface of pristine graphene is
weakly hydrophilic.44 We find that ozone photolitho-
graphy is also effective in improving the wetting
behavior of a graphene transparent electrode. Ozone
photolithography reduces the contact angle from 70�
for pristine graphene to 58� for a monolithic graphene
pattern (Figure S3c,d). This is consistent with the fact
that the formation of oxygen-containing groups on the
graphene surface makes it more hydrophilic.

CONCLUSION

We achieved control over the electrical resistance
and optical transmittance of CVD-grown graphene
films by using etching-free ozone treatment. We found
that in the first stage ozone exposure decreases the
electrical sheet resistance of graphene by p-doping,
while longer exposure in the second stage increases
the resistance as a result of progressive oxidation to
form GO. Ozone treatment leads to the complete

Figure 6. (a) Optical image of a graphene square pattern obtained by the ozone photolithography (steps a�d in Figure S2).
(b) Enlarged part of (a). (c) Raman mapping (D/G) result corresponding to (b); the red cross represents the GO strips, and the
black squares are the pristine graphene. (d) Raman spectra corresponding to the different regions in the pattern (white
circles).
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transition of graphene from a conductor to an insulator
at temperatures above 80 �C without the removal of
graphene. Meanwhile, the optical transmittance of the
graphene films can be tuned. Taking advantage of the
controllability and low temperature of a process that
is free from contamination, a monolithic graphene

pattern has been obtained by ozone photolithography,
which combines low sheet resistance with a well-
defined pattern, low optical contrast, a clean surface,
and increased hydrophilicity, promising the wide use
of ozone-treated graphene as film electrodes for var-
ious optoelectronic devices.

EXPERIMENTAL SECTION
Growth and Transfer of Graphene. Large-area graphene films

were synthesized by CVD on copper foils. Typically, a 25 μm
thick copper foil (Alfa Aesar, 99.8%) was annealed at 1000 �C for
30 min under a hydrogen flow and then exposed to a mixture of
hydrogen and methane at a total pressure of 50 Pa for another
30min before cooling to room temperature. For sample transfer,
a thin layer of PMMA was deposited on the as-grown graphene/
Cu foil. After etching away the Cu foil, the PMMA/graphene layer
was rinsed with deionized water and then transferred to the
target substrate (Si wafer capped with a 300 nm SiO2 layer or
quartz). Finally, the PMMA was carefully removed by acetone.

Ozone Treatment of Graphene Films. The ozone treatment was
performed using an ozone generator (Guolin Industry Co., Ltd.
Qingdao, China) with a hot plate (Xincheng Electronic Device
Co., Ltd. Shenzhen, China). Instead of directly exposing gra-
phene to ozone in the chamber, where the graphene would be
exposed to high-energy ozone molecules, an ozone flow was
used outside the chamber under ambient pressure, which was
produced by flowing oxygen gas through the generator. This
device allows us to control the oxidation extent by regulating
the ozone flow rate and the reaction temperature. This config-
uration has the advantage that the size of the graphene films is
not limited and can be easily scaled up. Graphene films were
placed on a hot plate to investigate the influence of tempera-
ture on the whole oxidation process.

Characterization. The resistance change of graphene films
over time at different ozone exposure temperatures was mon-
itored with a two-probe configuration using a Keithley 2400
sourcemeter. Two copper wires were connected to the gra-
phene film with silver paste, which produced good contact
between them. The Raman spectra were acquired with a Jobin
Yvon LabRAM HR800 Raman spectroscope at a laser wave-
length of 532 nm. A 100� objective lens was used to focus the
laser beam, and the spot size of the laser was∼1 μm2. The laser
power was set at ∼272 μW to avoid damaging the graphene.
The step size of Raman mapping is 500 nm. For the analysis of
element composition, we used a XPS probe (ESCALAB 250) with
a spot size of∼500 μm. In this case, as-grown graphene films on
Cu foil were used to eliminate the contamination of PMMA
residue from the transfer process. Absorption and transmit-
tance spectra of graphene films on quartz under different
conditions were recorded with a UV�vis�NIR spectrometer
(Varian Cary 5000). The morphology of the graphene was
characterized by AFM (Veeco MultiMode/Nano ScopeIIIa, oper-
ating in the tapping mode) and optical microscopy (Nikon
ECLIPSE LV100).
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