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G
raphene, a two-dimensional sheet
of carbon atoms,1�3 has attracted
the attention of scientists and en-

gineers mainly because of its unique two-
dimensional (2D) electron system. For
electronics in the post-silicon scaling era,
graphene is expected to be one of the main
building blocks for electronics in stacks of
genuine 2D atomically thin films. For this
purpose, the carrier transport properties
will have to be able to be modified because
the lack of a band gap in graphene makes it
hard to control the conductivity by electro-
static gating, and so far, this has been an
obstacle to the application of graphene to
logic circuits.4 Chemical functionalization5,6

is one of the prospective methods for
transport tuning in a graphene as a sheet,
which includes graphene oxide (GO),7�16

hydrogenated graphene (graphane),17�25

chlorinated graphene,26�29
fluorinated gra-

phene,30�35 and attaching other species to
the graphene with the surface.36�41 These
chemical surface modification techniques
functionalize graphene by locally modulat-
ing the potential of the 2D electron system,
and in some cases, the attached dopants
work as short-range disorders for carriers.

Similar effects can be expected by embed-
ding low-density defects in graphene;42�44

this would modify transport properties
via sparsely distributed local potential
modulations.44�55 Some researchers have
argued that the mechanism of such a mod-
ification is the opening of the energy band
gap,9�11,19�22,27�34,39,40,45 while others have
suggested it is the emergence of strongly lo-
calized states of 2D carriers.12�16,23�25,35,41,46�51

From an engineering viewpoint, lattice
modulation by embedding low-density
defects would be better than chemical func-
tionalization because the dopant atoms on
graphene are usually unstable because of
migration or desorption occurring during
the chemical or heat treatments of the
fabrication process. In contrast, embedded
defects are free from such instability be-
cause they require a large energy (typically
more than several electronvolts) to move.42

Control of the transport properties by gate
biasing, however, has not yet been realized
in functionalized graphene to an extent that
it can be applicable to electronics.
In this paper, we functionalized graphene

by modulating the lattice structure with an
accelerated helium ion beam. The ion doses
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ABSTRACT The conduction properties of graphene were tuned

by tailoring the lattice by using an accelerated helium ion beam to

embed low-density defects in the lattice. The density of the

embedded defects was estimated to be 2�3 orders of magnitude

lower than that of carbon atoms, and they functionalized a

graphene sheet in a more stable manner than chemical surface

modifications can do. Current modulation through back gate biasing

was demonstrated at room temperature with a current on�off ratio

of 2 orders of magnitude, and the activation energy of the thermally activated transport regime was evaluated. The exponential dependence of the current

on the length of the functionalized region in graphene suggested that conduction tuning is possible through strong localization of carriers at sites induced

by a sparsely distributed random potential modulation.
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tailored graphene by embedding point imperfections
at the density of 2�3 orders of magnitude lower
than that of the carbon atoms in the graphene sheet;
these imperfections acted as sparsely distributed local
potential modulations for the 2D electron system in
graphene (Figure 1). We found that carrier transport in
functionalized graphene could be modulated by back
gate biasing with an on�off ratio of current of 2 orders
of magnitude at room temperature in a sample with an
optimized iondose.Wealso found that the conductance
decayed exponentially as the size of functionalized
graphene area increased, implying that the transport
was not governed by the Schottky barrier formed at the
junction between functionalized and pristine graphene
regions. This indicates that the carrier transport in the
functionalized graphene is dominated by strong locali-
zation of carriers even at room temperature, rather than
being due to an opening of the band gap.

RESULTS AND DISCUSSION

As the defect density increases, ID rapidly decays
and the plateau at zero bias becomes pronounced, as
shown in a series of ID�VD curves for different defect
density at room temperature (Figure 2a,b). The devices
used in these measurements had a fixed Lirr of 30 nm
and Wirr of 50 nm and were processed together on a
single chip. The exponential decay of the current with
increasing defect density (Figure 2c) implies that the
embedded low-density defects induce ametal�insulator
transition. In order to investigate the crystal structure
change by the ion irradiation, we took Raman spectra
of five samples with different defect densities at the
excitation laser wavelength of 488 nm. The obtained
spectra shown in Figure 2d indicate that the D mode
peak, which reflects the existence of defects, is en-
hanced as the number of defects increases, while the G
mode peak is apparent even at high defect densities,
suggesting that the honeycomb structure of the carbon
atom network remains even when the graphene is

almost insulating. The saturating behavior of the G/D
ratio shown in the inset of Figure 2d is consistent with
that in graphene with Arþ bombardment.56 These
results suggest that the exponential decay of ID with
the defect density occurs without any essential change
in the crystalline structure.
The modulation of ID by VBG was demonstrated at

room temperature in a sample with a defect density of
0.9% (Figure 3a). Here, the drain current exhibits strong
suppression around zero bias of the back gate, and its
logarithmic plot in the inset indicates a current on�off
ratio of 2 orders of magnitude. Figure 3b shows the
ID�VD curve of the same sample, and the inset shows

Figure 1. (a) Schematic illustration of the fabricated device. The central part with length Lirr and widthWirr is irradiated with
controlled helium ion doses of 2.2 � 1015 to 1.3 � 1016 ions/cm2, which induces defects with the densities of 0.2 to 1.3%.
Outside of this part, graphene regions with source and drain contacts are separated by heavily dosed (1.3 � 1016 ions/cm2)
regions with the length of Lsep = 200 nm. This heavy ion dose is large enough to electrically separate the graphene regions of
the source and drain, and hence, the conductance between source anddrain is dominated by the resistance of the central part
of Wirr � Lirr with the controlled dose. (b) Helium ion micrograph of a fabricated device with Wirr = 50 nm, Lirr = 30 nm, and
Lsep = 200 nm. Dark regions were irradiated with the helium ion beam. (c) Schematic of typical distribution of defects with the
density of 1%, including Stone�Wales defects, monovacancies, and divacancies.

Figure 2. (a) Drainbias (VD) dependenceof the drain current
(ID) at room temperature in a device with Wirr = 50 nm and
Lirr = 30 nm for different defect densites of 0.2, 0.5, 0.7, 0.9,
and 1.3% in the current range of 1 μA. (b) Enlargement of
the plot of (a) in the current range of 1 nA. The current
decays rapidly as the defect density increases, and simulta-
neously, the nonlinear behavior of ID�VD curves becomes
pronounced. (c) Defect density dependence of ID at differ-
ent VD values of 100 mV, 1 V, and 4 V. (d) Raman spectra of
pristine and helium ion irradiated graphene with defect
densities of 0.2, 0.5, 0.7, 0.9, and 1.3%. The defect densty
dependence of the G/D ratio is shown in the inset.
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the VD dependence of the differential conductance
G = |dID/dVD|. The plateau of the ID�VD curve and the
conductance drop at VD = 0 V are evidence of strong
suppression of carrier transport properties around the
charge neutrality point.
To investigate the nature of the strong suppression

of conductance around the charge neutrality point,
we plotted the temperature dependence of ID�VD and
G�VD characteristics (Figure 4a,b, respectively) of a

sample with a defect density of 0.5% at temperatures
between 20 and 300 K. As the temperature decreases,
the plateau of ID around VD = 0 V becomes more
pronounced, and hence, the conductance minimum,
Gmin, decreases rapidly. In contrast, G at large VD values
shows a much smaller change than in the VD = 0 V case.
Another sample with a larger defect density (0.7%)
shows a more abrupt change in the plateau of ID and
adip inGwith decreasing temperature (Figure 4c,d). The
temperature dependence of Gmin is plotted in Figure 4e
as anArrhenius plot. In each samplewith higher or lower
defectdensities, it is apparent thatGminfits the thermally
activated transport scheme at high temperatures:

Gmin� exp(�EA=2kBT) (1)

where kB is the Boltzmann's constant and EA is the
activation energy. EA was derived from these plots
according to formula 1; it was 38 and 260 meV for the
samples with defect densities of 0.5 and 0.7%, respec-
tively. It is notable that EA was quite sensitive to the
defect density. On the other hand, at lower tempera-
tures, transport is likely dominated by the variable range
hopping, which can be seen in the deviation of Gmin

from the Arrhenius fitting curve. Such temperature-
dependent features of the conductance are commonly
found in conductors with strong localization sites.
To gain a better understanding of the transport

properties of our functionalized graphene, we investi-
gated the dependence of the current on the irradiated
region length in samples with a defect density of 0.5%
and Wirr of 200 nm at room temperature of 293 K
(Figure 5a,b). The Lirr dependence of ID summarized in

Figure 3. (a) Back gate bias (VBG) dependence of the drain
current (ID) with a fixed drain bias (VD) of 1 V at room
temperature in a sample with a defect density of 0.9%. The
logarithmic-scale plot in the inset shows an on�off ratio of
2 orders of magnitude. (b) VD dependence of ID at room
temperature of the same sample shown in (a) and its
differential conductance in the inset.

Figure 4. (a) Drain bias (VD) dependence of drain current (ID)
in a sample with a defect density of 0.5% at temperatures of
T = 300, 250, 180, 100, 60, and 20 K. The back gate bias (VBG)
is zero. (b) Differential conductance (G) derived from the
plots shown in (a). (c) ID�VD curves in a samplewith a defect
density of 0.7% at T = 300, 240, 180, 140, 100, 60, and 20 K,
and (d) differential conductance. (e) Temperature depen-
dence of the conductance minimum (Gmin) at VD = 0 V in
samples with defect densities of 0.5 and 0.7%. The activa-
tion energies (EA) are extracted from these plots as 38 and
260 meV for samples with defect densities of 0.5 and 0.7%.

Figure 5. (a) Drain bias (VD) dependence of drain current (ID)
at room temperature in devices fabricatedwith Lirr = 0, 5, 10,
20, 30, 40, 50 nm, fixedWirr = 200 nm, and a defect density of
0.5% in a current range of 1 μA. (b) Enlargement of the plot
of (a) in the current rangeof 1 nA. The current decays rapidly
as Lirr increases, and simultaneously, the nonlinear behavior
of ID�VD curves becomes pronounced. (c) Lirr dependence
of ID at different VD values of 10 mV, 100 mV, and 1 V.
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Figure 5c for VD = 10mV, 100mV, and 1 V indicates that
ID decays as an exponential function of Lirr when Lirr is
longer than 10 nm. This result rules out a model based
on the thermionic emission57 in which ion irradiation
opens the band gap. In such a model, the Schottky
barrier at the junction between the irradiated and
pristine graphene regions dominates the conduction
through the whole sample; as is commonly discussed
in the cases of chemically functionalized graphene,9,12

the current is almost independent of the channel
length in the thermionic emission model with a semi-
conducting band gap. Instead, it is more reasonable to
consider strong localization of carriers due to interfer-
ence of waveswhich are scattered at defect sites. In the
strong localization scheme, the transport gap appears
around the charge neutrality point where the density
of states is relatively low, and hence, the localized
carriers are separated from each other (Figure 6). This
feature gives rise to the transport modulation by back
gate bias shown in Figure 3a bymoving the Fermi level
into or out of the transport gap.
The mechanism whereby strongly localized states

are induced by randomly distributed low-density de-
fects should be discussed on the basis of a strong
(Anderson) localization scheme.15,16,25,51,58,59 For this
effect to happen in our case of irradiated graphene,
phase coherence must be retained even at room
temperature. In usual conductors, phase coherence
will be thermally destroyed by the phonon scattering,
while in the case of graphene, since the electron�pho-
non coupling is extremely weak,60 thermal dephasing
is supposed to be suppressed, enabling strong locali-
zation to be sustained up to room temperature.51 The
density of defects in the graphene crystal required for
a transition to the strongly localized state has been pre-
dicted to be around 1%,51 which shows good agree-
ment with our experimental data shown in Figure 2.
Experimentally, the densities of other scatterers at-
tached on graphene such as oxygen16 or hydrogen25

for the metal�insulator transition have also been

reported, which are consistent with our defect density.
In the case of graphene oxide,16 the coverage of
epoxide scatterers, which gives rise to the metal�
insulator transition, has been found to be from
0.1 to 4%. Furthermore, in hydrogenated graphene
(graphane),25 a transition to the strongly localized state
at the hydrogen density on the order of 0.1% has been
reported. These densities of scatters are consistent
with our result. Although the fundamental nature of
the localized state at room temperature must be
proved experimentally and theoretically, our results
showing a defect-mediated metal�insulator transition
and the exponential dependence of carrier transport
on length are straightforward evidence of Anderson-
like strongly localized states in disordered graphene.
For application of our helium ion irradiated graphene

to transistors especially in high-performance large-scale
integrated circuits, the low on-state current could be
an obstacle. For overcoming the low current issue, we
present some methods to increase the current; one of
them is tomake the channel wider in order to avoid the
confinement and edge scattering effects (see Support-
ing Information). Also, the on-state current would
be enhanced if the channel length becomes shorter
than typically 50 nm, as indicated in Figure 5c. In this
case, since the channel length dependence of current
is exponential, the current flowing in the channel
increases drastically by shrinking the channel length.
For aggressively scaled graphene transistors with a
very short channel, we have proposed the novel con-
cept of a dual-gated graphene transistor, in which the
graphene region between a pair of top gates has an
energy gap (band gap or transport gap) and the carrier
conduction is controlled by raising up or pulling down
the bands of graphene under the top gates.61 This
structure can elude the allowance to align the top gate
to the graphene channel with an energy gap in the
conventional transistor structure, and hence the chan-
nel length of graphene with an energy gap could
be the same as the distance between top gates if a
self-aligned channel fabrication process to the gates is
employed (see Supporting Information).

CONCLUSIONS

In conclusion, we experimentally investigated the
modification of the electrical properties of grapheneby
tailoring graphene's lattice structure by embedding
low-density defects to induce local potential modula-
tion of the electron system. The density of embedded
defects was estimated to be 2�3 orders of magnitude
lower than the density of carbon atoms in the gra-
phene lattice, and Raman spectroscopy confirmed that
most of the hexagonal structure of the graphene lattice
remained even when the graphene was insulating.
We demonstrated nonlinear ID�VD characteristics
and ID modulation by VBG with an on�off ratio of
2 orders of magnitude in functionalized graphene at

Figure 6. Schematic illustration of localized and extended
carrier states, transport gap (ΔεT) andmobility edges (εc and
εc0). Black short line segments represent the localization
sites, and gray regions are where carriers exist. Within the
transport gap, where the density of states is lower than that
out of the gap, carriers are isolated from each other due to
the low density of carriers. On the other hand, outside the
transport gap, where the density of states is higher, the
localized carriers tend to overlap and extendover thewhole
sample, resulting in carrier conductance through the sam-
ple. The mobility edge is the energy level separating these
two regimes of localized and extended states.
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room temperature. The activation energy of the ther-
mally activated transport scheme was estimated from
the temperature dependence of the conductance. We
also found that the conductance decays exponentially
as the irradiated region length increases, suggesting
that the carrier transport is dominated by strong
localization of carriers at the localization sites induced
by the defects. These results will contribute not only

to our basic understanding of carrier transport in
functionalized graphene but also to the development
of graphene electronics by offering a functionalization
process of graphene as a large sheet with ion irradia-
tion. This would enable wafer-scale mass production of
graphene devices, and these features will be important
for future electronics on atomically thin 2D functional
films.

METHODS
Single-layer graphene flakes were mechanically exfoliated

from a crystal of highly oriented pyrolytic graphite (HOPG) using
adhesive tape and deposited on a silicon wafer with a 285 nm
thick surface thermal oxide layer. The substrate was a highly
doped p-type silicon with boron impurities (>1018 cm�3) which
was used as a back gate electrode. The locations and the
number of graphene layers were identified by optical contrast62

using an optical microscope. Source and drain contacts were
formed by electron-beam lithography using poly(methyl
methacrylate) (PMMA) resist, and metal contacts of Ti/Au
(5/30 nm) were thermally evaporated and then lifted off. The
contact resistance, R, of the fabricated devices was checked
before the ion irradiation process by observing the back gate
bias, VBG, dependence of ID in order to select devices with
R values lower than 1 kΩ and a Dirac peak position in the R�VBG
curve within 2 V from the zero of VBG. The graphene surface
between the source and drain contacts was irradiated with a
helium ionbeamby scanning thebeam in a helium ionmicroscope
at the acceleration voltage of 30 kV, a technique that was first
used for etching graphene by Lemme63 and Bell.64 In this
process, the helium ion beam was focused at the graphene
surface with the beam diameter less than 1 nm, enabling ultra-
high-resolution fabrication. Graphene devices for investigating
electrical properties of helium ion irradiated graphene were
fabricated as shown in Figure 1. A central rectangular region with
a width, Wirr, and a length, Lirr, was exposed to the helium ion
beamwith controlled doses from2.2� 1015 to 1.3� 1016 ions/cm2

(Figure 1a). Here, Lirr ranged from 5 to 50 nm, and Wirr was 50 or
200 nm. This regionwill be referred to as “channel” in this article.
The graphene regions outside of the channel were irradiated
with a heavy dose of 1.3 � 1016 ions/cm2, in order to turn this
region insulating, with a separation length, Lsep, of at least
200 nm. Thus, the source and drain regions were connected
only by the channel. The insulation of the heavily dosed
graphene was confirmed using a sample with source and drain
regions separated by the heavily dosed graphene, which ex-
hibited the current across the heavily dosed region much lower
than 1 pA at a VD up to 10 V. The helium ion micrograph in
Figure 1b shows a device with Wirr = 50 nm, Lirr = 30 nm, and
Lsep = 200 nm. After each ion irradiation process, we applied an
electron shower to graphene in order to neutralize the trapped
positive charges due to the introduced helium ions. Electric
properties in the irradiated graphene were obtained by two-
terminal DCmeasurements of the drain current, ID, by sweeping
the drain bias, VD, or the back gate bias, VBG, at temperatures
from 20 to 300 K using a cryogenic probe station.
The primary effect of the helium ion beam is to embed point

defects in the honeycomb lattice of graphene (Figure 1c), and it
has been predicted theoretically that the ion bombardment
generates point defects in graphene at the ion acceleration
voltage of 30 kV.65,66 These point defects includemonovacancy,
divacancy, and/or Stone�Wales-type ones,43 and the possibility
of existence of these point defects was directly proved in
graphene by the observations by TEM67,68 or STM,44 while it
has not yet been confirmed in our ion irradiated graphene.
According to a numerical calculation, the percentage of helium
ions which interact with carbon atoms of the graphene sheet is
only 0.4%;64 taking into account the helium ion doses of 2.2 �
1015 to 1.3 � 1016 ions/cm2 and a carbon atom density in a

graphene sheet of 3.8 � 1015 cm�2, the density of embedded
point defects ranges from 0.2 to 1.3%, corresponding to the
number of defects for every 100 carbon atoms. The majority of
helium ions are supposed to reach the silicon substrate, accord-
ing to the calculation.64 These ions trapped in the silicon
substrate, however, did not have any noticeable effect on the
electric properties of the graphene device. The positive charges
of helium ions, which should be immediately neutralized since
the substrate is grounded, could work as donor dopant for silicon,
but the silicon substrate was already highly (degenerately) doped
with boron (>1018 cm�3), meaning that the counter-doping effect
of helium ions is negligible. For the ions trappednear the surface, on
the other hand, the positive charges were neutralized by electron
shower treatment just after the ion irradiation. For these reasons,
the effects of positively charged helium ions are negligible.
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