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Changes in electrical properties of a bilayer graphene-based field-effect transistor (G-FET) after

being oxidized through ultraviolet (UV)/ozone (O3) treatment are presented. A decrease in

conductivity and carrier mobility was observed after oxidation. However, electrical properties

recovered after annealing oxidized G-FET with H2/Ar, indicating that oxidation with UV/O3

treatment was thermally reversible. Raman spectroscopy was conducted to verify that no defects

were introduced after oxidation. The existence of chemical bonds between oxygen and graphene was

confirmed from the X-ray photoelectron spectroscopy. Moreover, we found that graphene’s sheet

resistance increased after oxidation. Nevertheless, contact resistivity at graphene-Au/TiN electrode

interface remained unchanged. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818329]

Graphene holds great promise to be applied in next-

generation electronics because of its exceptional physical and

electronic properties, i.e., high field-effect charge mobility as

high as 15 000 cm2/Vs at room temperature.1–3 Significant

research activities in the field of chemical functionalization of

graphene have been actively pursued in efforts to explore and

modify its properties.4,5 An alternative approach has recently

been reported for oxidizing graphene using reactive atomic

oxygen in an ultrahigh vacuum to form chemically homogene-

ous and thermally reversible graphene oxide (GO).6 Indeed,

the chemical functionalization of graphene can be a way of

improving the performance of graphene-based devices,7–9 and

ultraviolet (UV)/ozone (O3) treatment is considered to be a

promising route to enhance the weak chemical reactivity of

graphitic structures.10–12 Nevertheless, changes in the electri-

cal properties of graphene after being oxidized are still seldom

studied and remain to be fully investigated.

Changes in electrical properties of bilayer graphene, such

as its conductivity and carrier mobility, after being oxidized

through UV/O3 treatment, and the mechanism are presented.

The electrical properties of graphene were evaluated by meas-

uring the current-gate voltage (Id-Vg) characteristics of

graphene-based field-effect transistors (G-FETs). The thermal

reversibility of the oxidation process was also investigated by

conducting H2/Ar anneal treatment. Raman spectroscopy

measurements were carried out after each process of oxidation

and reduction to find whether the processes introduced any

significant defects into graphene lattice. The existence of

chemical bonds between oxygen and carbon atoms (C-O) in

graphene layer was proven by performing X-ray Photoelectron

Spectroscopy (XPS) measurements of chemically vapor de-

posited (CVD)-graphene. Finally, graphene’s sheet resistance

and contact resistance at graphene-electrode interface were

examined using the transfer length method (TLM).13

A bilayer G-FET that was 10 lm long and 3 lm wide

was used in this experiment. The bilayer graphene was

transferred onto a 100-nm SiO2/pþ-Si substrate using the

micromechanical cleavage of Kish graphite.14 The number

of layers was determined by optical contrast and Raman

spectroscopy.15 The G-FET was fabricated by using photoli-

thography to print source/drain patterns onto both ends of

the graphene layer and depositing Au/TiN (100/50 nm)

metals with a process of electron beam vapor deposition fol-

lowed by a lift-off process in acetone for 10 min. A bottom-

gate was constructed by attaching a Cu plate onto the bottom

of SiO2/Si substrate using silver paste, after lower SiO2 layer

of the substrate was removed with buffered hydrofluoric acid

solution. Electrical characterization was carried out under

vacuum conditions of 4.6� 10�5 Pa using a nano-probing

microscopy (Hitachi NE4000).

The G-FET was oxidized with UV/O3 treatment and

then reduced by H2/Ar annealing. The UV/O3 treatment was

performed using a UV/O3 cleaning system where the G-FET

was treated for 3 min, and the hot plate temperature was set

to 25 �C. Oxygen gasses in this equipment were channeled

into the chamber at a flow rate of 500 cm3/min, and two

types of UV light with wavelengths of 184.9 nm and

253.7 nm were simultaneously produced from a low pressure

mercury lamp so that reactive oxygen atoms were eventually

produced inside the chamber. The H2/Ar anneal treatments

were undertaken in a tube annealing furnace in which the

G-FET was annealed at a temperature of 300 �C for 2 h, and

H2 and Ar gasses were simultaneously channeled into the

tube furnace at a flow rate of 200 cm3/min. Actively reducing

gas such as H2 was introduced to create a reducing atmos-

phere, and inert gas such as Ar was introduced to prevent

reactions between the samples and oxygen. Raman spectros-

copy measurements were carried out after each process to

determine whether the oxidation and reduction processes had

introduced any significant defects into graphene lattice using

�1 mW of 514.5 nm light from an Ar laser.16,17 The beam’s

spot size was �1 lm. Another experiment in which XPS

spectra of oxidized CVD-graphene were measured was con-

ducted to investigate whether oxygen atoms chemicallya)koh@ee.aoyama.ac.jp
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reacted with carbon atoms of graphene. Since the area of gra-

phene exfoliated with micromechanical cleavage was too

small to be measured in the XPS spectrometer,14 CVD-

graphene, which is graphene grown on Cu foil with CVD and

has a relatively large area, was used in this experiment. The

oxidized CVD-graphene was then annealed with H2/Ar, and its

XPS spectra were measured. The pass energy was 40 eV, and

the anode HT (high tension) was 15 kV. The step energy

resolution was �20 meV. The contact resistance and sheet

resistance of graphene before and after oxidation were deter-

mined using the TLM.13 Three-layered graphene with four

Au/TiN-electrodes was used in these measurements. Results

for the measurements of G-FET characteristics at each

oxidation/reduction process and the results for XPS and Raman

measurements are summarized in Tables I and II, respectively.

The XPS spectra of pristine CVD-graphene after oxida-

tion and reduction are shown in Fig. 1, and the XPS peak

concentrations at each process are summarized in Table II,

where an additional peak emerged as a result of oxidation.

This peak can be attributed to the C-O bond from its energy

binding.18 This may be evident that reactive oxygen atoms

chemically reacted with carbon atoms of graphene during

UV/O3 treatment to form epoxide groups, resulting in a GO

layer. Other oxygen functional groups were not detected

from this XPS measurement. The peak vanished after H2/Ar

annealing, indicating that C-O bonding had broken and

CVD-graphene layer recovered to its pristine order as a

result of reduction performed by H2/Ar annealing.6

The Hummers method is widely used for oxidizing gra-

phene. Aggressive acidic treatments are used in this method,

resulting in a chemically inhomogeneous surface with a

range of oxygen functional groups, such as carboxylic,

hydroxyl, and carbonyl groups, and structural defects that

degrade the charge mobility and compromise its usability in

high-performance devices.6,19 On the other hand, oxidation

by UV/O3 treatment produced reversible and homogeneous

GO with only functional group of epoxide without any struc-

tural defects. Several ways of reducing GO have been

reported, including reduction by excimer laser radiation.

Although the high fluence laser radiation fragmented gra-

phene sheets into smaller flakes, it can be utilized as laser

patterning processes.19 Reduction of GO through H2/Ar

annealing used in this study can still maintain graphene layer

perfectly intact without any structural defects.

The G-FET’s Id-Vg characteristics after the first oxida-

tion through UV/O3 treatment are plotted in Fig. 2. Prior to

that the G-FET was cleaned through H2/Ar annealing. The

TABLE I. Changes in G-FET characteristic.

Sequential

order Process

la

(cm2/Vs)

VG-min
b

(V)

ID-min
c

(A)

IG
d

(A)

1 1st annealinge 2500 13.2 25.8 10�12

2 1st oxidation 2100 31.8 18.5 10�12

3 2nd annealingf 2400 16.2 25.3 10�9

4 3rd annealinge 3000 3.0 28.3 10�9

5 2nd oxidation 2500 8.4 20.2 10�9

6 4th annealingf 3000 �1.8 28.3 10�9

al is carrier mobility.
bVG-min is back-voltage at minimum conductivity, i.e., Dirac point.
cID-min is drain current at minimum conductivity.
dIG is maximum leakage current.
eThis is performed for cleaning purpose.
fThis is performed to reduce oxidized graphene.

FIG. 1. C 1s XPS spectra of pristine CVD-graphene after being oxidized

and then annealed.

TABLE II. Changes in XPS and Raman spectroscopy features.

Concentrationa

Sequential

order Process

C-Cb

(%)

C-Ob

(%)

D/Gc

(a.u.)

1 Pristine graphened 100 0 0

2 After oxidation 81 19 0

3 After reduction 97 3 0

aConcentration was quantified by C-C and C-O peak area.
bBinding energy position is 284.8 eV for C-C and 286.4 eV for C-O.
cThe degree of lattice defect was quantified by the area ratio of D band and

G band in Raman spectroscopy.
dCVD-graphene was used in XPS, and mechanically exfoliated graphene

was used in Raman measurement.

FIG. 2. Graphene-based FET’s Id-Vg characteristics after first oxidation and

reduction process. Inset shows device structure.
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ambipolar curve shifted downward after oxidation, from

curve No. 1 to No. 2, suggesting decreased conductivity. The

carrier mobility slightly decreased from 2500 to 2100

cm2/Vs, indicated by the decreased curve slope. These val-

ues are comparable to the variations in the carrier mobility

of bilayer graphene, ranged between 1500 and 4000 cm2/Vs,

reported by Novoselov et al.3 and Nagashio et al.15 A posi-

tive shift in the Dirac point can be observed and could be

attributed to charged impurities that physically adhered to

graphene surface during UV/O3 treatment. It is probable that

the impurities were negatively charged by considering that it

was a positive shift. However, after annealing the oxidized

G-FET with H2/Ar, the ambipolar curve almost perfectly

recovered to the state before oxidation, as indicated by curve

No. 3. The carrier mobility recovered to 2400 cm2/Vs, 96%

of its previous level, and the minimum conductivity recov-

ered to almost 100% of its previous level. This high (more

than 90%) recovery of carrier mobility and minimum con-

ductivity could be an assessment of thermally reversibility of

oxidation through UV/O3 treatment.

UV/O3 treatment could cause reactive oxygen atoms to

chemically react with carbon atoms in the graphene to form

oxide groups by taking into account the results of XPS meas-

urements of oxidized CVD-graphene.18 It appears that in this

reaction a certain number of p electrons of graphene were

used in the formation of C-O bond. On the other hand, during

reductive H2/Ar annealing, hydrogen reacted with chemi-

cally doped oxygen atoms to form H2O, which were eventu-

ally exhausted and caused C-O bonds to break, leaving the p
electrons unbound. In the formation of C-O bonds, as a result

of oxidation, a number of p electrons were used in the chem-

ical bonding and yet bound. This forced those p electrons to

stop functioning as charge carriers, eventually causing a

decline in the number of charge carriers. Since p electrons,

which act as charge carriers, are responsible for electrical

conductivity of graphene,2 the decline in number of charge

carriers resulting in the decreased conductivity. Therefore,

oxidation caused a decrease in the number of charge carrier

and hence in conductivity which was indicated by the down-

shift of ambipolar curve. Since not all of the p electrons

were used in C-O bonds, the ambipolar characteristics of gra-

phene can still be observed after oxidation. Nevertheless,

subsequent reduction caused C-O bonds to break, leaving

those p electrons unbound, and hence restored the number of

charge carrier as well as ambipolar transfer characteristic to

its pristine level.

It seems likely that after oxidation, the formation of

C-O bond obstructed the path of charge carrier and hence

increased carrier scattering in graphene. Since charge mo-

bility is directly affected by various scattering, the

increased scattering eventually suppressed the charge mo-

bility of G-FET. Nonetheless, subsequent reduction

caused C-O bonds to break, clearing the oxidized path of

charge carrier, and hence recovered the charge mobility

of G-FET to its pristine level, resulting in the recovery of

the conductivity. The conductivity regaining in reduction

of GO was reported by Kumar et al., in which the

increase in conductivity by two orders of magnitude was

achieved upon reduction of GO through excimer laser

irradiation.20 They also reported the difference in

luminescence properties between GO and reduced GO

besides the difference in conductivity.21

The G-FET’s Id-Vg characteristics after the second oxi-

dation are plotted in Fig. 3. Prior to that, H2/Ar annealing

was repeated to clean the graphene’s surface. As indicated

by curve No. 1, the Dirac point was observed near zero back-

gate voltage, suggesting that most charged impurities that

physically adhered to graphene surface were cleaned. After

the second oxidation, exactly like after the first one, the

ambipolar curve shifted downward from curve No. 1 to

No. 2, indicating decreased conductivity from 3000 to

2500 cm2/Vs. Moreover, a positive shift in the Dirac point

due to negatively charged impurities, similar to that found

after the first oxidation, was observed. However, after keep-

ing the device inside the vacuum chamber (4.6� 10�5 Pa)

for 24 h, the Id-Vg curve horizontally shifted back to near

zero back-gate voltage, from curve No. 2 to No. 3, indicating

that the impurities were swept. The carrier mobility during

this shifting remained at a level of 2500 cm2/Vs.

It seems reasonable to assume that the impurities did not

chemically react with carbon atoms of graphene and only

physically adhered to the surface instead. If the impurities

had chemically reacted with carbon atoms, this would have

caused a decline in the number of charge carriers which

decreases the conductivity. If that were the case, conductiv-

ity would have recovered, and vertical shift would have been

observed, as the impurities vanished (from curve No. 2 to

No. 3). Additionally, further studies are needed to identify

the charged impurities and to determine details of their pro-

files. However, in the case of oxygen-doped graphene, oxy-

gen atoms chemically reacted with carbon atoms, and the

chemical bonds were stable. That may explain the fact that

even after the oxygen-doped G-FET had been kept for more

than 24 h inside the vacuum chamber, and the electrical con-

ductivity did not recover by itself. Nonetheless, after the

oxygen-doped G-FET had been annealed with H2/Ar, the

ambipolar curve almost perfectly recovered to its state

before oxidation, as indicated by curve No. 4. The carrier

mobility recovered to its previous level of 3000 cm2/Vs. As

FIG. 3. Graphene-based FET’s Id-Vg characteristics after second oxidation

and reduction process.

063107-3 Mulyana et al. Appl. Phys. Lett. 103, 063107 (2013)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

133.2.194.116 On: Thu, 10 Apr 2014 04:22:24



summarized in Table I, the results may assess that oxidation

through UV/O3 treatment is thermally reversible, even after

being done for multiple turns.

The Raman spectra of pristine graphene after oxidation

and reduction are given in Fig. 4, where no distinct peaks in

the D band feature of graphene can be observed as summar-

ized in Table II. Since the D band is defect-induced

band,16,17 this suggests that oxidation and reduction did not

introduce any significant crystalline defects into graphene

layers, even after annealing at 300 �C for 2 h. This could

indicate that the decrease in conductivity was not caused by

any defects in the structure of the graphene’s crystal.

The contact resistance at the Au/TiN electrode-graphene

interface before and after oxidation that was determined by

TLM13 are plotted in Fig. 5. The contact resistance at metal-

graphene interface (2Rc) before oxidation, 950 6 170 X, or

after oxidation, 1100 6 120 X, did not differ significantly,

indicating that oxidation did not increase the contact resist-

ance. Nonetheless, the sheet resistance of graphene layer

increased by �20 X/lm after oxidation. This is comparable to

the decreased conductivity of the G-FET after oxidation.

Therefore, it is reasonable to conclude that changes in Id-Vg

characteristics are not caused by any change in the electrode-

graphene interface but are instead related to the change

in graphene’s sheet resistance. It appears that contact resistiv-

ity at the electrode-graphene interface of Au/TiN, i.e.,

�3500 Xlm, is more versatile than that of conventional mate-

rials such as Au/Cr or Au/Ti, which both are approximately

�10 000 Xlm.22 In fact, contact resistivity at the electrode-

graphene interface of Au/TiN could compete with that of Ni,

which is �2000 Xlm.13 It seems that Au/TiN has something

to offer considering that it is chemically inert and the adhesion

with SiO2 is excellent compared to that of Ni.23

In summary, the changes in electrical properties of gra-

phene after being oxidized through UV/ozone treatment

were investigated. Reactive oxygen atoms chemically

reacted with carbon atoms of graphene, which was confirmed

from the XPS spectra. The conductivity of the graphene

layer decreased as a result of oxidation. The electrical char-

acteristics such as conductivity and carrier mobility recov-

ered to the level before oxidation after annealing the

oxidized graphene with H2/Ar, suggesting that the oxidation

of graphene with UV/ozone treatment is thermally reversi-

ble. The oxidation did not change the contact resistance at

the Au/TiN electrode-graphene interface. The thermal re-

versibility of the redox reaction may suggest possibilities for

applications to a nonvolatile memory and reconfigurable

electric circuit.
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