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We here report a scanning probe method to locally and directly research the electrical properties of

vacuum-ultraviolet (VUV) reduced graphene oxide. The measured electrical conductivity of indi-

vidual VUV-reduced GO (VUV-rGO) sheets by using conductive atomic force microscopy

(CAFM) reached 0.20 S�m�1 after 64 min irradiation, which was clearly enhanced compared with

the pristine GO. According to the X-ray photoelectron spectroscopy results, the recovered conduc-

tivity of VUV-rGO could be ascribed to the partial elimination of oxygen-containing functional

groups and the rapid reconstruction of the C¼C bonds. Heterogeneously distributed low- and high-

conductivity domains (with a diameter of tens of nanometer to ca. 500 nm) were found from current

mapping of the VUV-rGO sheet. By applying photomask lithography, rGO regions were drawn

into single GO sheet and were researched by CAFM. The in-plane lateral conductivity of rGO

regions increased obviously compared with pristine GO regions. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916813]

During the last decade, two-dimensional (2D) materials

have drawn tremendous attention among materials researchers

because of their outstanding performance throughout the ma-

terial scientific fields. As the origin of this fashion, graphene,

a single layer of carbon atoms with a honeycomb structure, is

perceived as the next-generation material to replace the

role of silicon in electronics. Owing to its nearly infinite

p-conjugated system, graphene shows incredibly high electri-

cal conductivity, which is one of its most important character-

istics. Nonetheless, the low yield of high-quality graphene by

mechanical cleavage is not as impressive as its fantastic elec-

trical properties. To solve this problem, a graphene derivative,

i.e., reduced graphene oxide (rGO), was developed. Based on

the previous reports, rGO can be derived massively from

chemically oxidized graphite (i.e., graphene oxide, GO) by

applying various reduction processes. It was found that GO

has heterogeneous structures combining both conductive gra-

phitic domains and defective domains.1–3 The defective

domains contain distortions and oxygen-containing functional

groups (OFGs, e.g., hydroxyl groups, carbonyl groups, car-

boxyl groups, etc.) and their local decorations make GO an in-

sulator. It has been widely reported that thermal or chemical

reduction can reduce GO to a relatively high degree.4 After

thermal or chemical reduction, the p-conjugated system can

be partially reconstructed by OFG elimination and graphitic

domain reconnection. However, the residual OFGs and sp3

domains derived from eliminated OFGs still possess a great

part of the rGO basal plane and affect the electrical conductiv-

ity of rGO. Therefore, the microstructures of GO and rGO

have been deeply studied globally and atomically by applying

both spectroscopic and microscopic methods. Raman spec-

troscopy is a typical non-destructive method for investigating

graphene-like materials and has been thoroughly used for

quantifying the defective domain size of GO.1 Microscopic

methods, such as scanning tunneling microscopy (STM) and

transmission electron microscopy (TEM), gave in-depth infor-

mation of the GO and rGO local structures at the atomic

level.2,3,5 Electrostatic force microscopy (EFM) was also uti-

lized to record domain evolution during the GO reduction pro-

cess by detecting the difference of the electrostatic force from

GO to rGO.6 Another powerful micro/nano scanning probe

method, conductive atomic force microscopy (CAFM), has

been developed to research the electrical properties of carbon

nanotubes,7 nanowires,8 quantum dots,9 metal-molecule-metal

junctions,10,11 etc., providing a detailed correlation between

structural and electrical characteristics. Inspired by the former

studies, CAFM has also been reported to have some success-

ful applications in characterizing chemically or photochemi-

cally reduced rGO.12,13

Although thermal and chemical reduction are effective

and are easily realized in the laboratory, industrial manufac-

turers would not be satisfied with the high temperatures and

toxic reduction processes applied in thermal and chemical

reduction. To overcome these drawbacks and to combine

reduction with a simultaneous patterning process, we have

demonstrated a high-efficiency reduction induced by

vacuum-ultraviolet (VUV) light irradiation and have further

applied it to resist-free photolithography of the rGO/GO pat-

tern, as schematically illustrated in Figure 1(a).14 For

instance, a periodic pattern of 500 nm rGO lines with 2.5 lm

pitches was drawn into a micrometer-scale GO sheet. As we

have reported, the highest resolution of this patterning

method was the 500 nm rGO lines with a pitch of 1500 nm.14

However, this is not the absolute limit of the VUV patterning

method, since our group has achieved more minute pattern-

ing nearly 200 nm using the same VUV light and an alumina

nanohole mask.15 The AFM topography and corresponding

Kelvin-probe force microscopic (KFM) surface potentiala)E-mail: sugimura.hiroyuki.7m@kyoto-u.ac.jp. Tel.: þ81-75-753-9131
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distribution of the patterned sheet are shown in Figures 1(b)

and 1(c). However, the electrical conductivity and the micro

electrical structures of rGO and rGO/GO pattern have not

been clearly investigated yet. Their clarification will be a

crucial step toward understanding and application of this

kind of rGO.

Here, we demonstrate a CAFM measurement associated

with X-ray photoelectron spectroscopy (XPS) study for clari-

fying the electrical conductivity and the domain distribution

in VUV-reduced GO (VUV-rGO) and patterned rGO/GO

sheets. CAFM measurements of an individual single-layer

rGO sheet demonstrated the recovery of electrical conductiv-

ity owing to the elimination of OFGs and the rapid recon-

struction of the C¼C bonds. The high-resolution current

mapping revealed that the low-conductivity domains were

randomly distributed with a diameter of tens to several hun-

dred nanometers and were enclosed by the high-conductivity

domains in the VUV-rGO sheet. A patterned rGO/GO sheet

was prepared by submitting an as-prepared large-area single-

layer GO sheet to VUV irradiation through a photomask.

Current mapping of the patterned rGO/GO sheet showed that

the electrical conductivity of rGO regions clearly increased

compared with the GO regions.

GO sheets with a large size of 20–50 lm were prepared

through a modified Hummers’ method.16 Elemental analy-

sis of the as-prepared GO was conducted on an XPS to

ensure that all impurities possibly induced by synthesis

(e.g., Mn-containing ions, Naþ, Kþ, NO3
�, and SO4

2�,

etc.) were removed. The VUV-rGO was prepared by irradi-

ating VUV light on the single-layer GO sheet for 64 min. A

typical experiment started from the spin coating of GO

aqueous solution onto a carefully cleaned and hydrophili-

cally modified highly p-doped silicon (with 90 nm silicon

dioxide) substrate. The substrate was then set into the

high vacuum chamber (<10�3 Pa) and irradiated by VUV

light (Xe excimer lamp, 172 nm, 10 mW�cm�2) for 64 min.

The patterned rGO/GO sheets were fabricated by irradiat-

ing VUV light on single-layer GO sheet via a photomask

(100 nm thick Cr patterns on a 2 mm thick quartz plate

�93% transparency at 172 nm, as shown in Figure 1(a)) for

2 min under the same conditions described above. XPS ele-

mental analyses of pristine GO, 2-min irradiated GO

(rGO2) and 64-min irradiated GO (rGO64), were performed

to investigate the correlation between the electrical proper-

ties and elemental components. CAFM measurements

were performed on an Asylum MFP-3D AFM (Oxford

Instruments) to measure the electrical conductivity of the

VUV-rGO sheet and patterned rGO/GO sheets, as shown in

Figure 1(d). Before the electrical measurement, a Ti/Au

electrode (10 nm for each, Ti layer act as an adhesion layer)

was deposited onto reduced or patterned GO sheets through

a shadow mask to form an electrical contact. A homemade

I�V transimpedance amplifier (TIA, with a 1 GX feedback

resistor) was used to amplify the current signal and an

Rh-coated Si cantilever [SI-DF3-R (100 nm Rh coated),

1.6 N/m, 23 kHz, Hitachi Hi-tech Co. Ltd.] was used as a

local electrode for mapping the local current from reduced

or patterned GO sheets with a maintained load of ca. 17.5

nN. The topographic images were taken simultaneously in

contact mode. A built-in optical microscope assisted in the

locating of rGO sheet. The tip bias was set between � 3 V

and 0 V to ensure that no redox reactions happened on the

GO or rGO sheet.12 All the measurements were performed

at ambient environment (15–25 �C with a relative humidity

of 30%–40%). For studying the recovery of p-conjugated

system and the distribution of domains in GO and rGO, the

micro Raman spectroscopy was performed. The measure-

ments were conducted on the rGO and the GO region of a

patterned rGO/GO pattern by using a Horiba XploRA

Raman microscope with a 532 nm line laser as the excita-

tion source.

As we previously reported,14 the VUV reduction satu-

rated after 64 min of irradiation. We carried out the current

mapping in rGO64 in order to demonstrate the highest electri-

cal conductivity of the VUV-rGO. Analysis by XPS was also

performed to demonstrate the reconstruction of C¼C bonds,

which was linked to the restoration of the p-conjugated sys-

tem. The C1s core-level XPS spectra of GO and rGO64 are

shown in Figure 2(a). All of the spectra were calibrated to

the Si 2p (SiO2) peak at 103.5 eV and normalized to the in-

tensity of the C 1s main peak. To better understand the

details of OFG evolution, the spectra were further deconvo-

luted to 6 peaks,17 i.e., sp2 C¼C [at 284.4 eV with full width

half maximum (FWHM) of 1.50 eV], sp3 C-C (at 285.0 eV

with FWHM of 1.36 eV), C-OH (at 286.2 eV, with FWHM

of 1.46 eV), C-O-C (at 286.9 eV, with FWHM of 1.24 eV),

C¼O (at 287.9 eV, with FWHM of 1.57 eV), and COOH (at

289.1 eV, with FWHM of 1.41 eV). The percentages of each

peak (referred to PC¼C, PC-C, PC-OH, PC-O-C, PC¼O, and

PCOOH) were calculated by the accessorial software and used

for calculating the oxygen carbon atomic ratio, RO/C, through

the following equation:

FIG. 1. (a) Illustration of the VUV patterning process. (b) AFM topography

of a patterned single-layer GO sheet and (c) a corresponding KFM surface

potential image to (b). (d) Illustration of the CAFM apparatus.

133105-2 Tu et al. Appl. Phys. Lett. 106, 133105 (2015)
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RO=C ¼
PC–OH þ

1

2
PC–O–C þ PC¼O þ 2PCOOH

PC¼C þ PC–C þ PC–OH þ PC–O–C þ PC¼O þ PCOOH

:

(1)

After VUV irradiation, the peak percentages of OFGs

decreased with RO/C declining from 0.36 to 0.25, which indi-

cated that OFGs were partially removed. In detail, PC–O–C

decreased from 20.1% to 3.0%, PC–C decreased from 27.7%

to 11.0%, PC¼O decreased from 9.3% to 5.8%, and PC¼C

increased from 28.7% to 65.0%. Meanwhile, PC–OH and

PCOOH showed no obvious change, their values being

�12.0% and �2.5%, respectively. These dramatic changes

indicate possible recovery of higher electrical conductivity.

Matsumoto et al. have reported electrical conductivity of

rGO vertical to its basal plane on a conductive substrate.13

However, vertical electrical conductivity cannot demonstrate

the real capability of rGO to transport current because the

current flows in a lateral direction on the rGO basal plane

when rGO is used as a transparent electrode or as the con-

ductive channel in a transistor. And, as we mentioned before,

the heterogeneous distribution of graphitic and defective

domains will result in an uncertainty of electrical conductiv-

ity vertical to the sheet plane. Therefore, we applied CAFM

to measure the lateral electrical conductivity. As to be a fac-

ile method to image graphene-related nanosheets,18 an opti-

cal microscope was used to locate one rGO64 sheet that was

electrically contacted to the Ti/Au electrode, as shown in the

red dashed frame in Figure 2(b). The corresponding CAFM

current mapping image of the rGO64 sheet as shown in

Figure 2(c) demonstrates an obvious electrical conductivity.

A zoom-in current mapping of rGO64 was shown in Figure

2(d), corresponding to the red dashed frame in Figure 2(c). A

number of low-conductivity domains are found to be ran-

domly distributed in the rGO sheet. The size of these low-

conductivity domains ranges from several tens to hundreds

of nanometers. The current profile and the corresponding cal-

culated resistance profile (shown in Figure 2(e)) of the red

dashed line in Figure 2(c) show that the current and resist-

ance are reciprocally proportional and directly proportional

to the distance from the Ti/Au electrode, respectively, which

matches the classic Ohm’s law, i.e., U¼ IR. The slope of

resistance-distance was calculated to be 4.03 GX�lm�1 from

a linear fitting. Because the current pathway is 2D, the elec-

trical conductivity was calculated by assuming that only the

triangle region of rGO formed by the tip and the electrode

edge act as the conductive channel. The contact area of the

tip and rGO was estimated to be 12.6 nm2 by applying the

Hertzian contact mechanics model.12 The approximate elec-

trical conductivity was estimated to be ca. 0.20 S�m�1. Sow

et al. reported a laser-induced thermal reduction on GO

under inert atmosphere and the measured electrical conduc-

tivity of multi-layered rGO was 1.1 S�m�1.19 Zhang et al.
also reported the photo-reduction of the ca. 50-layered GO

thin film by using a femtosecond laser. The fabricated rGO

film showed the electrical conductivity of 2.56� 104 S�m�1.20

It should be noted that we here measured the rGO single layer

attached to the substrate. Unlike the multi-layered rGO that

have the capability to transport the carriers between differ-

ent layers, the single-layered rGO can only transport car-

rier within the single basal plane and affected by the

underlying substrate. What is more important is that

because the CAFM applied a nano-scaled probe electrode,

the defects near the probe would highly affect the electri-

cal conductivity. Therefore, it is difficult to directly com-

pare the electrical conductivity of VUV-rGO with the

reported values.

As the most important advantage of VUV induced

reduction, the capability to draw rGO regions into a GO

sheet is demonstrated here. The CAFM current mapping of

the rGO/GO pattern is shown in Figure 3. A periodic pattern

of 5 lm GO and 5 lm rGO lines was drawn by the VUV pho-

tolithography. The reflection of VUV light from the interface

between Si and SiO2 would cause the pattern to lose some

precision. Hence, the sheet was irradiated and patterned for

only 2 min. Further research is needed here, too. The XPS

C1s spectra of rGO2 (Figure 3(a)) showed that after 2 min

VUV irradiation, PC-O-C decreased from 20.1% to 6.8%, PC-C

decreased from 27.7% to 10.5%, and PC¼C increased from

28.7% to 51.5% though the RO/C with the value of ca. 0.36

showed no obvious change. This dramatic change happened

within only 2 min while the VUV light intensity was only 10

mW�cm�2, which indicates that VUV reduction is fast and

effective. Because the electrical conductivity of graphene-like

FIG. 2. (a) XPS C1s spectra of pristine GO and rGO64. (b) An optical micro-

scopic image of Ti/Au electrode and rGO64 sheets. The sheet in the red

dashed frame was electrically connected to Ti/Au electrode. (c) CAFM cur-

rent mapping corresponding to the rGO sheet shown in the red dashed frame

in (b) with a tip bias of � 3 V. (d) A zoom-in current mapping of the rGO

sheet in the dashed frame in (c). The low-conductivity domains are clearly

revealed. (e) Current profile and corresponding resistance profile of the red

dashed line shown in (c). The current distribution showed reciprocal propor-

tion to the distance from the electrode.

133105-3 Tu et al. Appl. Phys. Lett. 106, 133105 (2015)
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materials essentially originates from the percentage of the

C¼C sp2 conjugated system, the relatively high PC¼C indi-

cates a recovery of electrical conductivity, as will be con-

firmed by the CAFM measurement later. An electrically

contacted patterned sheet was located by optical microscopy

as shown in the dashed frame in Figure 3(b). The correspond-

ing topography and current mapping are shown in Figures

3(c) and 3(d). The thickness of the sheet was ca. 1 nm from

the line profile analysis, which corresponded to a single

layer.21 The current mapping on SiO2 and GO region showed

no detectable difference, which indicated that the GO region

was an insulator. A further precise measurement to distin-

guish the difference between SiO2 and GO regions is

beyond the instrument’s capability. Comparatively, the

rGO region was electrically conductive. From the line

profile analysis of the current mapping, the current in the

rGO region was obviously enhanced compared with that

in the GO region. In a close-up current mapping as

shown in Figure 3(e), low-conductivity domains were

observed in the rGO region. The diameter of the low-

conductivity domains ranged from several hundred nano-

meters to several micrometers. Compared with the low-

conductivity domains appearing in the rGO64 sheet (Figure

2(e)), those in the patterned rGO/GO sheet had a larger

size and a lower electrical conductivity (nearly insulating).

These domains occupy a great part of the whole width of

the patterned lines, which reduced the pathway of the cur-

rent flowing and hence affected the electrical conductivity.

Raman spectra of the rGO region and the GO region

are shown in Figure 3(f). The peaks at 1340 cm�1 and

1574 cm�1 can be ascribed to the D band and G band,

respectively.22 The intensity ratio of the D band and the G

band, I(D)/I(G), are always utilized to estimate the size of

the graphitic and defective domains. Here, we applied the

following equation to estimate the average inter-defect dis-

tance LD:22

L2
D nm2ð Þ ¼ 4:3� 103

E4
L eV4ð Þ

I Dð Þ
I Gð Þ

" #�1

: (2)

The I(D)/I(G)s for GO and rGO were similar and gave

the value of 1.07. Hence, by using Eq. (2), the LD was esti-

mated to be 11.7 nm. It is interesting that the domain size

observed by CAFM (Figures 2(e) and 3(e)) are larger than

the theoretical value calculated from the Raman spectra here

and the direct observation by STM and TEM.1–3 Indeed,

based on the XPS results, the prepared rGO64 actually had a

similar amount of OFG residues compared with other kinds

of rGO reported in some previous articles.2,6 Therefore, the

remaining OFG residues should not be the reason for the rel-

atively larger low-conductivity domains. We believed that

both the globally measured Raman results and the atomically

observed microscopic results by STM2 and TEM3 precisely

described the atomic structure of GO and rGO, where the de-

fective domains (including both OFGs domains and sp3

domains) were no larger than 100 nm. We propose a reasona-

ble origin of the different conductivity between low- and

high- conductivity domains as follows. Because the methods

mentioned above are not capable of showing the defective

domain distributions at micrometer scale, the low- and high-

conductivity domains observed by CAFM are possibly

hybrids of both defective domains and graphitic domains,

whose ratios determine the electrical conductivity. That also

explains why even the low-conductivity domains show elec-

trical conductivity to some degree instead of being totally

insulating. Further research is needed in order to address

these points.

In conclusion, we have demonstrated CAFM characteriza-

tion of the electrical conductivity of VUV-rGO and patterned

rGO/GO sheets. By combining XPS and CAFM measure-

ments, reduction of GO by VUV light irradiation proved to be

effective and the reduced GO showed obvious enhancement of

electrical conductivity. CAFM also revealed that low- and

high-conductivity domains were distributed in the rGO sheet

plane. The low-conductivity domains that contain residual

OFGs and sp3 carbon domains could limit further enhancement

of the electrical conductivity. Nonetheless, VUV-rGO has a

potential to be applied as transparent electrodes in the display

and the solar cell.23,24 The patterning capability of this photo-

chemical process is also attractive for further applications in

GO- and rGO-based electronics. The multi-exposure process

combined with gas-assisted doping process of VUV light can

locally define the regions of different electronic properties in a

single GO layer. By this method, it can construct a single de-

vice and even integrated circuits in one graphene sheet.

FIG. 3. (a) XPS spectra of rGO2. (b) An optical microscopic image of Ti/Au

electrode and patterned sheets (periodic pattern of 5 lm GO and 5 lm rGO

regions). (c) and (d) AFM topographic and CAFM current mapping image

corresponding to the sheet in the dashed frame in (b). The inset line profiles

in (c) and (d) correspond to the dashed line and red dashed line, respectively.

(e) A zoom-in current mapping of the most left rGO line in (d). The z-scale

of (e) is 40 pA. (f) The Raman spectroscopy of rGO and GO regions of the

pattern.

133105-4 Tu et al. Appl. Phys. Lett. 106, 133105 (2015)
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