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We report the tuning of electrical properties of single layer graphene by a-beam irradiation. As the

defect density increases upon irradiation, the surface potential of the graphene changes, as

determined by Kelvin probe force microscopy and Raman spectroscopy studies. X-ray

photoelectron spectroscopy studies indicate that the formation of C/O bonding is promoted as the

dose of irradiation increases when at atmospheric conditions. Our results show that the surface

potential of the graphene can be engineered by introducing atomic-scale defects via irradiation

with high-energy particles. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826642]

Graphene is a two-dimensional carbon system with vari-

ous novel properties, such as a zero-gap semi-metallic band,

ballistic transport at submicron length scales, massless Dirac

fermions, and an abnormal quantum Hall effect.1,2 From a

practical perspective, the extraordinarily high mobility2 and

thermal conductivity3 have attracted much attention and

made graphene one of the most interesting and promising

materials in nanotechnology. Recently, large-area graphene

was successfully synthesized via vacuum graphitization of

SiC or chemical vapor deposition (CVD) using a Cu or Ni

substrate.4–6 Graphene grown by CVD can be transferred to

a target substrate using poly-methylmethacrylate (PDMA) or

poly-dimethylsiloxine (PDMS). However, there are still con-

cerns about the possible formation of defects on the graphene

surface which mainly result from: (i) the synthesis process,

which is subject to the substrate state; or (ii) the transfer pro-

cess, where the surface is exposed to various chemicals, elec-

tron microscopy, or the ionic fabrication process. It is,

therefore, desirable to characterize and understand how

defects affect graphene.7–9 On the other hand, controlling

defects is a promising approach for future applications since

it can engineer, or modify, the intrinsic properties of gra-

phene.10 For example, field-effect transistors based on gra-

phene need maneuverable p- and n-type conduction in the

graphene to construct complex logic devices. As a transpar-

ent electrode, better electrical coupling (i.e., work function)

between the graphene and the semiconductor, or enhanced

electrical conductivity of the graphene is needed.11,12 By

using chemical treatment, graphene oxide or fluorinated gra-

phene has been developed to have an open band gap.13,14

Beam irradiation is another attractive method to generate

atomic-scale defects which tend to be more stabilizing as

dopants.15,16 Motivated by these requirements for possible

applications, we studied how atomic-scale defects affect the

properties of graphene in terms of chemical doping. In this

work, we irradiated an a-beam (He2þ) on CVD-grown gra-

phene to generate controlled defects. Raman spectroscopy

and Kelvin probe force microscopy (KPFM) results show

that such defects have the ability to modulate the doping

level of graphene, which results in a shift in the

Fermi-level, EF.

The graphene was grown on a Cu substrate using the

inductively coupled plasma CVD method.17,18 Three pristine

samples were irradiated with a 3.04 MeV He2þ beam at

doses of 1� 1014, 5� 1014, and 1� 1015 cm�2. As-received

pristine graphene was included as a reference for the follow-

ing measurements. According to model calculations, forma-

tion of non-hexagonal rings or vacancies can take place

under our irradiation conditions.19 Raman spectra were

measured at ambient conditions using a LabRAM HR

UV-VIS-NIR Raman microscope (Horiba Jobin Yvon). The

spot size was �1 lm2 and the power was kept at 0.5 mW to

avoid local heating of the samples. Arþ ions with an excita-

tion energy of 2.41 eV (kD¼ 514.5 nm) were used as the

laser source. To characterize the beam-induced effects with

respect to the surface potential, we conducted KPFM using

an Agilent 5500 atomic force microscope. Pt/Ir-coated con-

ductive cantilevers were used for non-contact mode and the

topography and surface potential signal were measured

simultaneously with a mechanical drive frequency of 75 kHz

and AC modulation of 1 V at 20 kHz. By controlling the

sample bias to nullify the capacitive force caused by the con-

tact potential difference (CPD) between the tip and the sam-

ple, the local distribution of the surface potential can be

mapped out. A synchrotron radiation source (4A2 and 10D

beamlines of Pohang Accelerator Laboratory) was utilized

for photoemission spectroscopy (PES) analysis. Photon ener-

gies of 650 eV and 72.5 eV were used for the core level and

valence band, respectively.
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Fig. 1(a) shows Raman spectra of the graphene samples

after a-beam irradiation. Generally, Raman spectra of gra-

phene feature two representative Lorentzian peaks: the G

band at �1600 cm�1 and 2D band at �2700 cm�1. The former

originates from the degeneracy of the longitudinal optic and

in-plane transverse phonon modes (E2g symmetry) at the

Brillouin zone center and the latter is due to the second-order

Raman scattering process that involves two in-plane optic

phonons near the K point. The intensity ratio of the D to G

band, ID/IG, which commonly serves as a convenient way to

assess defects or disordering, is negligible (�0.02) for pristine

graphene while the ratio increases up to �0.2 as the He2þ

dose increases, as shown in Fig. 1(b). The fact that the inten-

sity ratio of 2D to G (I2D/IG) for the as-received graphene is

close to �0.4, with an ignorable D band at �1350 cm�1, veri-

fies that the pristine graphene comprised one or two layers at

most. Under the assumption that the defect density is suffi-

ciently low such that the G band scattering is proportional to

the number of point defects, the average distance between the

generated defects, LD, can be estimated using the empirical

formula,20,21 L2
Dðnm2Þ ¼ ð1:860:5Þ � 10�9k4

D
ID

IG

� ��1

, so as

to give LD of 40 6 11 nm, 26 6 7 nm, and 23 6 7 nm for the

samples irradiated with doses of 1� 1014, 5� 1014, and

1� 1015 cm�2, respectively.

Figs. 1(c) and 1(e) show that a-beam irradiation resulted

in a blue shift of the G peak. As reported in the literature,22,23

either p- or n-doping results in an upshift of the G band,

removing a Kohn anomaly in the E2g mode near the C point.

Lorentzian fitting of the G bands provides information

regarding structural disordering via full width at half maxi-

mum (FWHM), indicating doping-related variations (Fig.

1(d)). At first, the a-beam treatment increases the FWHM in

the pristine graphene from 20.1 cm�1 to 26.1 cm�1 in the

sample with the 1� 1014 cm�2 dose. This can be attributed

to the increased density of defects relaxing at the C¼ 0 con-

dition. However, in the higher He2þ fluence regime, the

dopant-altered Fermi-level shift limits the available phonon

decay such that the FWHM becomes narrow.23 Therefore,

Figs. 1(c) and 1(d) consistently imply that the irradiation

treatment provides the doping effect. Determination of the

doping polarity can be made by correlating the peak posi-

tions of the G and 2D bands because, unlike the upshift in

the G peak, the 2D peak shifts upward with hole doping and

downward with electron doping,24,25 which modifies the

phonon dispersion close to the Kohn anomaly, but also alters

the equilibrium lattice parameter with the blue/red shift of

the phonons. However, since the 2D phonons are too far

apart from the Kohn anomalies at the K point, the first possi-

bility is ignorable and variation of the 2D peak can be largely

attributed to the doped charges: the blue shift for hole doping

and the red shift for electron doping. Since both G and 2D

peaks show blue shift, we conclude that irradiation-induced

defects result in p-doping (i.e., the work function increases

with irradiation).

A series of 570� 570 nm2 KPFM images of the gra-

phene samples are shown in Fig. 2. All of the CPD maps are

rescaled to the same intensity scale to clarify the

dose-dependent variation where the brighter signal indicates

a higher CPD. As shown in Fig. 2, the samples irradiated

with a higher dose show brighter signals in the CPD maps.

Fig. 3(a) shows histograms of the CPD distribution maps of

the four specimens and each peak position was decided by

Gaussian fitting in Fig. 3(b). As shown in Figs. 3(a) and 3(b),

the upshift of the peak positions clearly shows that the CPD

increases logarithmically with increasing dose from

��150 mV to �220 mV. Since the CPD is generally inter-

preted as the difference in work function between the tip and

the sample surface, once the work function of the tip is deter-

mined, the work function of graphene, WF,g, can be esti-

mated as CPD¼WF,g�WF,tip (see the inset in Fig. 3(b)).

Before measuring the graphene system, the work function of

the tip was calibrated by taking the CPD on the Cu foil. The

measured CPD value is almost zero so that the tip work func-

tion is close to the work function of Cu (�4.7 eV)26 within

the error of measurement. Therefore, the subsequent KPFM

results on the irradiated graphene revealed the variation of

work function from 4.5 eV (pristine) to 4.9 eV. The work

function of the pristine sample of �4.5 eV is a reasonable

value, compared with previously reported values.27,28

The histogram of the FWHM that was initially measured

as 56 mV in the pristine graphene, increases to 96 mV in the

graphene irradiated at 1� 1014 cm�2, and then saturates at

FIG. 1. (a) Raman spectra of pristine graphene and a-beam irradiated gra-

phene samples. (b) D/G peak, (c) G peak position, (d) width of the G peak,

and (e) G vs 2D peak position are plotted for pristine and irradiated graphene

samples.
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�104 mV in both graphene samples exposed to

5� 1014 cm�2 and 1� 1015 cm�2 He2þ fluence. Assuming

that the variation in the topography-dependent surface poten-

tial is negligible, the FWHM should increase with the inho-

mogeneous defect distribution; the saturated FWHM,

together with the smaller CPD upshift, indicates that the

occurrence of ion-induced damage is no longer dominant in

the dose regime higher than 5� 1014 cm�2. Crossing over

this value, softening of the phonon and the appearance of

amorphous carbon can be anticipated. Previously,

Buchowicz et al. reported that ion irradiation induces struc-

turally amorphorized graphene and significantly reduces mo-

bility while pinning the Fermi level. However, our results

demonstrate that tuning of the Fermi level or chemical

change is also possible.29

To evaluate the chemical change of the surface state

induced by the a-beam, synchrotron-based high-resolution

PES was conducted for the two extreme cases: pristine gra-

phene and graphene treated with an a-beam at 1� 1015 cm�2

ion fluence. First, the valence band measurement was carried

out at a photon energy of 72.5 eV; the results are plotted in

Fig. 4(a), where the black and red spectra represent the pris-

tine graphene and He2þ-treated graphene, respectively, and

EF is the zero-binding energy. As the beam energy employed

for photoemission in the valence band is higher than that of

He I or He II, which are usually used, the synchrotron source

FIG. 2. Contact potential maps (bot-

tom) and corresponding topography

images (top) obtained using KPFM.

The scan size is 570� 570 nm2 and the

contrast for all of the surface potential

images was adjusted to an identical

scale.

FIG. 3. (a) Distribution of the CPD of Kelvin signals in the various graphene

samples. (b) Peak positions of the CPD histograms. The inset shows a sche-

matic of the energy diagram for the tip–graphene system. Evac is the energy

level in a vacuum.

FIG. 4. X-ray photoelectron spectra for (a) valence band and (b) core level

for the pristine and irradiated graphene (using 1� 1015 cm�2). The photon

energies used are 72.5 eV for the valence band edge and 650 eV for the core

level. The C1s PES signal of the pristine graphene comprised three peaks

corresponding to C–C, C–O, and C–OO. C¼O is observed only in the irradi-

ated graphene.
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would be advantageous in representing variations in the den-

sity of states (DOS) while suppressing interference between

the initial and final states of the emitted electrons. Also, such

high excitation energy can give the valence band DOS over

a wider range, stretching to the C2s states. As shown in

Fig. 4(a), both samples show a five-band feature, which

are assigned to C2p p (0� 4 eV), the overlap of C2p p and

C2p r (�6 eV), C2p r (�8 eV), the s–p mixed hybridized state

(�11 eV), and C2s (�8 eV).30 With He2þ treatment, the C2p p

peak was clearly developed, which is associated with defor-

mation of the carbon network (sp2) or formation of dangling

bonds. The whole spectrum was observed to shift

towards the Fermi level after the He2þ-treatment, indicating

depletion of electrons, which is consistent with the KPFM

results.

Next, we focused on the origin of the doping effect by

irradiation using PES about the core levels. Since the gra-

phene is only 0.3 nm thick, surface sensitive methods, such

as PES, provide valuable information about the nature of the

bonding before and after irradiation. The PES survey scan

spectra for the core level were acquired by using a photon

energy of 650 eV. In Fig. 4(b), the PES results for C1s of

both pristine (top) and 1� 1015 cm�2 He2þ-treated graphene

(bottom) are given to identify C/O groups occurring on the

surface. Both spectra are referenced to C1s at 284.7 eV and a

simple Shirley-type correction is introduced to remove the

background noise caused by inelastic electron scattering.

Both spectra curves feature asymmetry toward a higher bind-

ing energy and relatively broad FWHM of �2.1 eV due to

superposition of the C/O functional groups. To establish the

various existing C/O groups, The C1s peaks are divided into

four symmetric Gaussian curves at 284.8 eV, 285.6 eV,

287.0 eV, and 288.7 eV, which are assigned to C–C, C–O,

C¼O, and C–OO, respectively.31,32 As shown in Fig. 4, the

existence of C–O (peak area ratio of 22%) and C–OO (4%)

can be confirmed in the C1s for the pristine graphene, but

C¼O is not detectable before irradiation. However, for the

He2þ-treated graphene, the formation of C¼O becomes

observable (5%) and the C–OO also increases slightly up to

6%, while C–C is reduced from 74 to 68%. Therefore, it is

evident that the carbon bonds broken by the He2þ beam are

spontaneously reconstructed toward either C¼O or C–OO

where the formation of an oxygen anion requires hole doping

of the graphene, implying that the hole doping effect is

closely associated with this bond reconstruction. Consistent

with these results, Shin et al. demonstrated that highly resis-

tive graphene oxide can be obtained by removing the C¼O

using a N2H4 solution and claimed that C¼O and C–OO

play a major role in hole doping in graphene oxide and that

C–N groups compensate for the hole carriers by effectively

removing C¼O.33 We attribute the hole doping effect to the

charge transfer taking place during bond reconstruction

between the irradiation-induced broken C bonds and O2 mol-

ecules.29 The three ex situ measurements of KPFM, PES,

and Raman spectroscopy were conducted and showed the

same doping effect. Exposure to air does not influence the

types of doping. Therefore, we supposed this result indicates

that the p-doping of graphene induced by He2þ irradiation is

rather robust. For understanding the more intrinsic transport

properties, such as hole or electron conduction, measurement

of the conductance–gate voltage plot might be ideal. An in-

triguing approach is to carry out scanning gate microscopy

where the source–drain current can be governed by the bias

voltage of the AFM tip.

In conclusion, our results show that He2þ irradiation

results in the p-doping effect that could be directly deter-

mined by KPFM. The effect is attributed to the charge trans-

fer (interaction) between broken C bonds and ambient O2

molecules, which results in C¼O or C–OO bonds.

Surface-sensitive PES measurements confirm that the C¼O

and C–OO bond density increases after He2þ beam irradia-

tion. Overall, hole doping leads an increase in the work func-

tion by as much as 400 mV, where this increase shows a

logarithmic behavior with respect to the irradiation dose.

The generation of defects using inert gas ions has the advant-

age of being a simple process with precise tuning of the

work function of graphene.
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