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ABSTRACT: Graphene is a promising material for next-
generation electronic devices. The effect of UV-irradiation on
the graphene devices, however, has not been fully explored yet.
Here we investigate the UV-induced change of the field effect
transistor (FET) characteristics of graphene/SiO2. UV-
irradiation in a vacuum gives rise to the decrease in carrier
mobility and a hysteresis in the transfer characteristics.
Annealing at 160 °C in a vacuum eliminates the hysteresis,
recovers the mobility partially, and moves the charge neutrality
point to the negative direction. Corresponding Raman spectra
indicated that UV-irradiation induced D band relating with defects and the annealing at 160 °C in a vacuum removed the D
band. We propose a phenomenological model for the UV-irradiated graphene, in which photochemical reaction produces
dangling bonds and the weak sp3-like bonds at the graphene/SiO2 interface, and the annealing restores the intrinsic graphene/
SiO2 interface by removal of such bonds. Our results shed light to the nature of defect formation by UV-light, which is important
for the practical performance of graphene based electronics.
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■ INTRODUCTION

Graphene, a one atom thick sheet composed of sp2 carbon
atoms, has been studied intensively for future electronics,
optics, and energy technology.1,2 Due to its high optical
transparency and high conductivity, graphene is a promising
material for transparent electrodes, which can be used for
photovoltaic cells, liquid-crystal displays, touch screen displays,
etc.3,4 In addition, graphene modified with heteroatoms is
known to exhibit catalytic activity for oxygen reduction
reaction, which can be available for the cathode in fuel
cells.5,6 Although the applications to various kinds of devices
are expected, the effect of UV-light on the device performance
is not fully understood. To date, several studies have reported
that UV-irradiation causes the carrier doping to graphene.7−11

Luo et al. and Yurgens et al. reported n-type doping,7,8 wheras
Iqbal et al. found p-type doping by UV-irradiation.9 This
difference might be ascribed to the experimental conditions
under which UV-irradiation was performed. As the adsorbates
are likely to decompose via photochemical reaction, the
difference in environment would provide different kinds of
doping to graphene. To obtain a comprehensive understanding
about the effect of UV-irradiation on the transport properties of
graphene, the experiment under well-controlled conditions is
required.
Here we report the effect of UV-irradiation on the electrical

properties of graphene on SiO2. The graphene/SiO2 field effect
transistor (FET) was exposed to UV-irradiation in a vacuum
(∼10−6 Pa), and the change of FET characteristics was pursued
in situ. UV-irradiation decreased the mobility and gave rise to a

hysteresis in the transfer characteristics. Subsequent annealing
in a vacuum eliminated the hysteresis but caused n-type doping.
On the basis of the transport measurements and Raman
spectroscopy, we discuss the phenomenological model for the
UV-irradiation to graphene on SiO2.

■ EXPERIMENTAL SECTION
A monolayer graphene purchased from Graphene Laboratories Inc.
was used in this study. Figure 1 shows a schematic illustration of the
experimental setup with the FET structure on SiO2 (285 nm)/Si. Gold
electrodes (20 nm) deposited on the monolayer graphene were used
as the source/drain electrodes. After the source, drain, and gate
electrodes were wired through the electrical feedthroughs, the chamber
was evacuated to ∼10−6 Pa, in which UV-irradiation and FET
measurements were performed. At first, the samples were annealed in a
vacuum at 160 °C for several hours to remove the surface
contaminants and adsorbates. This annealing moved the charge
neutrality point (CNP) to 0 V, whereas the CNP of the as-received
sample was located at >80 V due to the p-type doping by adsorbed
water and oxygen.12,13 We employed a deuterium lamp (L2D2, 30 W,
Hamamatsu Photonics K.K.) as a UV-light source. The UV spectrum
exhibits a maximum between 150 and 200 nm, and the effective power
on the graphene surface was estimated at ∼0.01 mW/cm2. Raman
spectroscopy with an excited wavelength of 532 nm (JASCO NRS-
3100) was used to characterize the graphene. The Raman measure-
ments were performed under atmospheric conditions.
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■ RESULTS AND DISCUSSION
According to the procedure described above, the graphene/
SiO2 FET was UV-irradiated in a vacuum for 5 h. Figure 2a
shows the change of FET characteristics at various stages.
Before the UV-irradiation, the device exhibits typical transfer
characteristics of graphene FET with a CNP at around 0 V. The

mobility (μ) is 1800 cm2/(V s) for electron transport, and 2400
cm2/(V s) for hole transport. After the UV-irradiation, two
noticeable features can be seen from Figure 2a: evolution of a
hysteresis and the decrease of mobility. The hysteresis in the
transfer characteristics is counterclockwise on the negative side
and clockwise on the positive side. Electron mobility (μe) and
hole mobility (μh) for the forward sweep (negative to positive
gate voltage) decreased to 640 and 760 cm2/(V s), respectively.
(μe and μh for the backward sweep are 800 and 700 cm2/(V s),
respectively.) The reduction in mobility implies the defect
formation in graphene.14 The device was then annealed in a
vacuum at 160 °C for 3 h. After the annealing, the mobility
partially recovers; μe and μh are 1800 and 1300 cm2/(V s),
respectively. Simultaneously, the hysteresis behavior disappears
and the CNP shifts to the negative direction. In addition, we
performed repeated cycles of the UV-irradiation and the
annealing on the graphene sample on a SiO2/Si substrate. It has
been observed that the hysteresis behavior appears after each
UV-irradiation process (Figure S1a in the Supporting
Information). The shift in the CNP levels off at a negative
value after the cycles (Figure S1b in the Supporting
Information).
Figure 2b shows the change of Raman spectrum by the UV-

irradiation and the subsequent annealing. All the spectra exhibit
the G band at ∼1580 cm−1, arising from E2g vibrational mode of
sp2 carbon network. The sharp and symmetric 2D band appears
at 2687.0 ± 1.6 cm−1, which indicates the graphene is
monolayer (Figure S2a in Supporting Information).15 A small
peak at ∼1350 cm−1 can be seen for the sample before
irradiation. This peak is the D band, which corresponds to the
A1g vibrational mode of sp2 carbon hexagons. As the D band
becomes Raman active when the sp2 carbon network has
defects such as vacancies and disorders, the intensity ratio of
the D band to the G band (ID/IG) is used as a good indicator to
evaluate the density of defects.16 A small ID/IG for the graphene
before irradiation (ID/IG = 0.11 ± 0.06) means that the
graphene initially contains few defects. An evolution of the D
band after the UV-irradiation indicates the increase of defect
density. Therefore, the decrease of carrier mobility observed in
the FET measurement is considered to relate closely with the
induced defects. Raman ID/IG mapping on the UV-irradiated
sample shows that defects were uniformly formed in the
channel region (Figure S3 in the Supporting Information). The
subsequent annealing at 160 °C decreases ID/IG to 0.09 ± 0.05,
which is equivalent to that of the graphene before the UV-
irradiation. Thus, the defects induced by UV-irradiation in a
vacuum are fully recovered by annealing at 160 °C. In addition,
the G band red-shifts after the UV-irradiation: from 1592.7 ±
1.8 cm−1 to 1586.1 ± 1.8 cm−1. In contrast, the 2D band is not
shifted by UV-irradiation or subsequent annealing: 2684 ± 4
and 2686 ± 3 cm−1 for “after irradiation” and “after annealing”,
respectively (Figure S2a in the Supporting Information).
Figure 3a shows the time dependence of the ID/IG. The ID/IG

increases monotonically with increasing irradiation time to 5 h.
On the other hand, the difference between the two charge
neutrality points of a transfer characteristics (ΔV) levels off in
less than 1 h, as shown in Figure 3b. The different dependence
on the irradiation time indicates that defect formation and
emergence of the hysteresis behavior are not coincidental
phenomena.
To consider the origin of the UV-induced defects, Ar+

bombardment to graphene was performed for comparison.
The sample was bombarded with Ar+ with an acceleration

Figure 1. Schematic illustration of graphene FET.

Figure 2. (a)Transfer characteristics of graphene UV-irradiated in a
vacuum. (b) Raman spectra of graphene UV-irradiated in a vacuum.
Note that the spectra labeled “before irradiation” and “after annealing”
are obtained from the same device in panel a. The spectrum labeled
“after irradiation” is from another graphene FET sample after UV-
irradiation.
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voltage of 300 eV. The Ar pressure was fixed at 1.0 × 10−3 Pa,
and the bombardment duration was set at 7 s so as to make ID/
IG similar to that of the UV-irradiated graphene in Figure 2b. In
the case of Ar+ bombardment, part of the carbon atoms are
sputtered and thus the possible defects are structural
vacancies.17 Figure 4a shows the FET characteristics at the
various stages: before and after Ar+ bombardment, and after
subsequent annealing at 160 °C. The mobility decreases with
Ar+ bombardment; μe and μh decrease to 1100 and 1200 from
2300 and 2500 cm2/(V s), respectively. In contrast to the UV-
irradiation, a hysteresis behavior is not observed. As in the case
of UV-irradiation, annealing the sample in a vacuum at 160 °C
for 3 h partially recovers the mobility. (μe and μh are 1800 and
2200 cm2/(V s), respectively) However, the CNP is not shifted
by Ar+ bombardment and subsequent annealing.
Figure 4b shows the Raman spectral change accompanying

with the Ar+ bombardment and subsequent annealing.
Compared to the UV-irradiation, ID/IG ratio only slightly
decreases (0.59 ± 0.03 to 0.48 ± 0.02) after the annealing. It
has been reported that vacancy defects are partially repaired by
annealing at low temperatures (∼200 °C).17,18 The displaced
carbon atoms and/or the PMMA residue might partially
recover the vacancies at 160 °C. This partial restoration is
consistent with the FET measurement where the mobility
recovers by annealing. The red-shift of the G band observed in
the UV-irradiated graphene is not seen for the Ar+ bombarded
graphene (1590 ± 2 cm−1 and 1588.1 ± 1.9 cm−1 for before
and after Ar+ bombardment, respectively). No noticeable
changes were observed for the 2D band (Figure S2b in the
Supporting Information).
On the basis of the experimental results, we discuss the

defect formation mechanism by UV-irradiation in a vacuum.

The decrease of the mobility and the increase of ID/IG indicate
that defects were formed by UV-irradiation in a vacuum. This
kind of defect was, however, restored by annealing at as low as
160 °C, whereas the defects induced by Ar+ bombardment,
mostly structural vacancies, were not fully recovered by
annealing at such a low temperature.17,18 A structural disorder
like Stone−Wales (SW) defects nor explains the UV-induced
defects because the energy necessary to restore a SW defect
(4.0 eV) is much larger than the thermal energy of annealing at
160 °C.19

With regard to the possible defects induced by UV-
irradiation in a vacuum, we assume that sp3-like bonds are
formed by UV-irradiation. (Figure 5) It has been known that a
SiO2 surface has silanol groups and adsorbed water molecules
even after annealing at 160 °C.20,21 De Rosa et al. reported that
UV-irradiation to SiO2 in water gives rise to the increase of
−OH groups at the surface.22 Although the detailed mechanism
for the reaction is still unknown, their experimental result
indicates the photodissociation of O−H bonds of water
molecules. In the present experiment, O−H bonds of adsorbed
water and/or silanol groups can be photodissociated by UV-
irradiation, resulting in the formation of hydrogen radicals (H·),
hydroxyl radicals (·OH) and Si−O·. In addition, Si−O bonds
are homolytically broken to the radicals (−Si·, −Si−O·).23
These radicals tend to react with the graphene lattice and cause
sp3-like bonds in the graphene lattice. In the absorption
spectrum of graphene, a peak appears at 4.6 eV (270 nm) that
corresponds to π-band saddle point (M point) transition.24

Figure 3. Irradiation-time dependence of (a) ID/IG and (b) ΔV for
UV-irradiated samples. Figure 4. (a)Transfer characteristics of Ar+ bombarded graphene. (b)

Raman spectra of Ar+ bombarded graphene. Note that the spectra
labeled “before bombardment” and “after annealing” are obtained from
the same device in (a). The spectrum labeled “after bombardment” is
from another graphene FET sample after UV-irradiation.
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Such an electronic transition may enhance a chemical reaction
between graphene and radicals or dangling bonds at the SiO2
surface. Moreover, it is known that the graphene on SiO2 has
inherent corrugations, which enhance the reactivity of
graphene.25−27 Therefore, such virtual sp3-like bonds are likely
to be formed locally at the points, where the distance between
the graphene and SiO2 is closer. The red-shift of the G band
(Figure 2b) also supports this model. As Ryu et al. have
reported that hydrogenation of graphene red-shifts the G band
as a result of charge doping,28 it is reasonable that the
formation of such chemical bonds gives rise to the red-shift of
the G band by UV-irradiation.
The formation of sp3-like bonds by photoirradiation was also

reported by Kanasaki et al.29 They observed sp3-bonded carbon
nanoscale domains on a highly oriented pyrolytic graphite
(HOPG) surface by femtosecond-laser excitation. Although the
photon energy and flux are different from our study, sp2 carbon
atoms in graphene/graphite can be converted to sp3-like carbon
by photoirradiation.
The radicals caused by UV-irradiation act likely as the

dangling bonds on the SiO2 surface. Because the dangling
bonds are known to trap carriers in the channel of the FET
device, the formation of such dangling bonds is responsible for
the hysteresis behavior.30,31 Charge injection between the
graphene and the interface can explain the observed hysteresis
behavior in the transfer characteristics: counterclockwise on the
negative side and clockwise on the positive side.32 When the Vg
is negative with respect to the CNP, holes are injected from
graphene to the interface state. The charge density of the
injected holes ΔQs causes the shift of CNP by −eΔQs/Cox < 0
when Vg sweeps from negative to CNP, resulting in
counterclockwise hysteresis on the negative side. (e and Cox
are the elementary charge and the capacitance of SiO2 per area,
respectively.) The absence of hysteresis after Ar+ bombardment
also supports the above discussion because the vacancy defects
do not create carrier traps like dangling bonds (Figure 5).
Therefore, it is inferred that dangling bonds are created at the
SiO2 surface by UV-irradiation, which trap carriers and yield the
hysteresis in the transfer characteristics. Since hysteresis appears
by UV-irradiation after the annealing (Figure S1a in the
Supporting Information), dangling bonds caused by the

breakage of Si−O bonds can be mainly responsible for the
carrier traps. The trapped carriers can also contribute to the
decreased mobility because the trapped carriers at graphene/
SiO2 interface cause remote Coulomb scattering.33

As we have seen in Figure 3, formation of defects (sp3-like
bonds) and creation of carrier traps (dangling bonds) are not
coincidental phenomena. To discuss more quantitatively, we
estimate the density of sp3-like bonds (nd) and the density of
trapped carriers (nc) from the Raman ID/IG and ΔV in the
transfer characteristic, respectively. According to the Tuinstra−
Koenig relation, the crystalline size (LD), an average distance
between defects, is written as LD = C/(ID/IG), where C is a
constant depending on the excitation wavelength.34,35 As nd is
described as nd = 1/LD

2, nd can be written as nd = (ID/IG)
2/C2.

In the case of UV-irradiation for 5 h (Figure 3), nd is estimated
to 6.8 × 1010 cm−2. From the relationship for a capacitor, nc can
be written as nc = CoxΔVCNP/e, where ΔVCNP is the shift in the
charge neutrality point. When ΔVCNP = ΔV/2 = 5 V, as in the
case of UV-irradiation for 5 h (Figure 3), nc is estimated to nc =
4.1 × 1011 cm−2, which is higher than nd by 1 order of
magnitude.
Considering that ID/IG and ΔV show different dependence

on the irradiation time, and the density of nc is much higher
than that of nd, we discuss the phenomenological model for the
formation of sp3-like defects and dangling bonds. By UV-
irradiation to graphene on SiO2, dangling bonds are formed at a
SiO2 surface and the density of the dangling bonds levels off in
less than 1 h. In contrast to the fast process for the formation of
dangling bonds, the formation of sp3-like bonds is much slower.
Because the ID/IG does not increase even if the sample is left in
a vacuum for a longer time after the UV-irradiation, graphene
cannot react with the dangling bonds spontaneously. A
monotonic increase of ID/IG with irradiation time (Figure 3b)
implies that formation of sp3-like bonds requires UV-light.
Thus, UV-irradiation triggers the reaction between graphene
and the SiO2 surface (or the dangling bonds), which proceeds
much slower than the formation of dangling bonds.
The sp3-like bonds are possibly broken by annealing at 160

°C.28 The annealing also eliminate the dangling bonds,
resulting in the disappearance of the hysteresis behavior. The
shift of CNP to the negative direction after annealing is caused
by electron doping from the clean SiO2 surface, which Romero
et al. has found both experimentally and theoretically.36 In the
present work, the silanol groups and adsorbed water molecules
existing on the pristine SiO2 surface were converted to other
chemical species that can be decomposed at 160 °C. These
species were eliminated by the annealing at 160 °C, and the
graphene comes to contact more directly with the clean SiO2
surface resulting in the n-type doping.

■ CONCLUSION
In conclusion, we studied the effect of UV-irradiation on the
FET characteristics of graphene on SiO2/Si under a well-
controlled condition, and proposed a phenomenological model.
UV-irradiation gives rise to the formation of dangling bonds
and sp3-like bonds at the graphene/SiO2 interface, which cause
the hysteresis and the decreased mobility. The subsequent
annealing breaks the sp3-like bonds and removes the dangling
bonds, leading to recovery of the mobility and disappearance of
the hysteresis. UV-irradiation and annealing realizes the
intrinsic graphene/SiO2 interface, at which electron doping
occurs from the SiO2 surface to graphene. The present
experimental results show that the graphene/SiO2 interface is

Figure 5. Schematic illustration of defect formation by UV irradiation
and Ar+ bombardment.
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crucial for the instability of graphene to UV-light, and will give
a clue to enhance the durability of graphene based devices.
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