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espite the recent intensive research
Don the unique electrical, mechan-

ical, and chemical properties of
graphene,'* n-doping modulation has
been less investigated compared to p-dop-
ing, although both p/n-doping methods are
of importance to optimize the characteris-
tics and performance of graphene-based
electronic devices>~'? In particular, the
spatially selective doping of graphene is
essential to fabricate integrated devices
with complicated architecture such as logic
gates or p—n diodes."* ?° The previous
patterned doping methods mostly used
positive resists that can be patterned by
e-beam or photolithography. In this case,
more than five steps including spin coating,
UV-exposure, developing, doping, and lift-
off are needed,>' ~?* which is not efficient
compared to direct patterning methods. >~
Thus we report a simple method to control
the n-doping characteristics of graphene
site-specifically utilizing gold nanoparticles
not only as negative resists but as n-dopants.
Recently, the large-scale synthesis of gra-
phene films has been intensively studied,*>°
enabling the use of graphene for macroscopic
devices such as touch screen panels.>'32 In
addition, the batch fabrication and the site-
specific doping of microscale graphene de-
vices are important as well for practical
applications. In this regard, our direct pat-
terned doping method would be suitable
for the large-scale fabrication and functio-
nalization of graphene-based integrated
circuits.

RESULTS AND DISCUSSION

We developed photo-patternable gold
nanoparticles decorated with cinnamates
as photoreactive groups (to be briefly de-
noted as Ci-AuNPs) that can be covalently
cross-linked during the UV irradiation
process.>*** Figure 1a shows the patter-
ing procedure of the Ci-AuNPs on the gra-
phene surface. At first, the graphene film
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ABSTRACT Selective n-type doping of graphene is developed by utilizing patternable gold

nanoparticles functionalized with photoreactive cinnamate moieties. The gold nanoparticles can be

regularly patterned on the graphene by UV-induced cross-linking of cinnamate, which provides a

convenient method to control the optical and electrical properties of graphene site-specifically. The

strong n-type doping of graphene covered with the patterned gold nanoparticles was confirmed by

Raman, X-ray photoelectron spectroscopy, and electron transport measurements. We believe that

our method would find numerous applications in the area of graphene-based optoelectronics

including light-emitting devices, solar cells, and optical sensors.
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synthesized by chemical vapor deposition
(CVD) methods was prepared on a SiO,/Si
substrate. The single-layer graphenes were
confirmed by Raman spectroscopy with
514 nm excitation, as shown in Figure 1b.
The G band at 1582 cm ™' and 2D band at
2679cm™, butno D band, were observed in
the Raman spectrum. The intensity ratio of
2D to G band (/(2D)//(G)) of 3.58 supported
the identification of the single-layer gra-
phenes used in this work.3>3® After spin
coating of Ci-AuNPs in toluene on the gra-
phene surface, the nanoparticles are cross-
linked selectively by UV irradiation through
a shadow mask. Finally, the patterned Ci-
AuNPs remained on the graphene surface
after a careful lift-off step.

The Ci-AuNPs exist separately and con-
firmed that their average size was 3.2 +
0.2 nm, as calculated by scanning electron
microscopy (SEM) image (Figure 2a). The
resulting particles showed good solubility
in many organic solvents, including chloro-
form, benzene, and toluene. Figure 2b
shows Fourier transform infrared (FTIR)
spectra of DHDCI, cinnamate-containing di-
sulfide (i.e, 3/4-dithiahexane-1,6-dicinnamate,
DHDCI), which covered the gold nanoparti-
cles, and Ci-AuNPs.3” As can be seen, bands
at 1710 cm ™' due to the vinylene C=C
stretching vibration and 1637 cm™' due to
the C=0 stretching vibration in the spectrum
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Figure 1. (a) Patterning procedure of Ci-AuNPs on graphene. (b) Raman spectrum of single-layer graphene.
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Figure 2. Characterization of Ci-AuNPs: (a) SEM image and
(b) FTIR spectra of DHDCI and Ci-AuNPs.

of Ci-AuNPs resemble those of DHDCI, providing clear
evidence that DHDCI existed on the particles. The
Raman spectrum provides spectroscopic evidence of
the binding on the gold surface, showing the absence
of the S—S stretching mode of DHDCI in the spectrum of
Ci-AuNPs (data not shown).*® Consequently, the results
show the coverage of DHDCI on the AuNPs surfaces.
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The patterned images of the Ci-AuNPs on graphene
after UV irradiation were obtained by optical micro-
scopy (OM), SEM (Figure 3), and atomic force micro-
scopy (AFM) (Figure 4). The exposed area of the film
remains, whereas the masked area is removed after the
lift-off process, resulting in photolithography pattern-
ing of Ci-AuNPs on graphene. The pattern widths of the
masks are 7.5 and 19 um for Figure 3a and b, respec-
tively. After performing experiments for various UV
exposure times, we found that the patterned features
were the clearest for irradiation of ~3 J/cm?. We have
confirmed the existence of the gold nanoparticles on
the patterned area using energy dispersive X-ray (EDX)
spectroscopy. The thickness of the Ci-AuNPs patterns
can be controlled by the concentration and the spin-
coating rate of the Ci-AuNP-dispersed toluene solution.
Figure 4 shows the AFM images and the height profiles
of Ci-AuNPs film patterns with respect to the concen-
trations of Ci-AuNPs solutions, showing that the higher
concentration vyields thicker patterns. We observed
that a concentration higher than 2 wt % results in the
bold edge features as shown in Figure 4b, which is due
to the inhomogeneous depth profile of UV intensity,
affecting the cross-linked amount of Ci-AuNPs. As a
result, the cross-linked outer shell of the pattern col-
lapses as the unreacted core region is removed by
solvent.

A clear enhancement in the Raman intensity on the
patterned area was observed, which is due to the
strong surface-enhanced Raman scattering (SERS) at
graphene—gold interfaces.>* ** The boxed area in
Figure 5a was mapped by confocal Raman spectros-
copy with 633 nm excitation. Two characteristic peaks
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Figure 3. (a) OM image and (b) SEM image of patterned Ci-AuNPs on graphene.
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Figure 4. AFM images and height profiles of the Ci-AuNPs patterns for 2 wt % (a) and 3 wt % (b) Ci-AuNPs solution.
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Figure 5. (a) OM image of Ci-AuNPs on graphene. Black box is the selected area for Raman mapping. Raman images was
mapped with the integrated intensities of (b) G bands, (c) 2D bands, and (d) shifts of the center position of 2D bands. (e) Raman

spectra of patterned (red circle) and nonpatterned (blue circle) areas. The inset shows the downshift of the 2D band on the
patterned area.

of graphene, the G band and 2D band,** were mon- patterned area (Figure 5b,c), showing that the Au
itored to confirm the Raman enhancement in the patterning increases the G and 2D band intensities
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Figure 6. XPS spectra of the graphene and the Ci-AuNPs-
coated graphene with different concentrations, showing
the higher binding energy shift of C1s electrons induced by
strong n-doping.

by 70.3 and 6.7 times, respectively (Figure 5e). In
particular, the 2D bands on the pattered area shifted
down from 2640 t0 2620 cm ™', indicating that the gold
nanoparticles selectively induced n-type doping of
graphene in the patterned area.>**® This also can be
confirmed by the XPS spectra in Figure 6, where the
main Cls peak related to pure sp? carbon—carbon
bonds shifted from 284.78 to 283.98 eV as the gra-
phene is n-doped by gold nanorpaticles.'"** The sp>-
related peak upshifted by ~0.5 eV also confirms the
n-doping effect as the electron-rich gold nanoparticles
allowed the electron transfer to graphene. The higher
concentration of AuNPs on the graphene leads to a
higher binding energy, i.e., the stronger n-doping
effect as shown in Figure 6. Therefore, the results
represent the tunable doping method of graphene
by the AuNPs, with the possibility to control the
optical properties of graphene including the Raman
enhancement.

The doping effect of gold nanoparticles on gra-
phene was investigated by transport measurements
in high vacuum (~1 0~%Torr), where Dirac voltages (the
gate dependence of minimum conductivity) shift de-
pending on electron or hole doping levels.**** The
device structure with Ci-AuNPs-coated graphene as a
semiconductor layer is represented in Figure 7ab (a
detailed explanation for device fabrication is men-
tioned in the Methods section). Figure 7c shows the
clear negative shift of the Dirac voltages before and
after the Ci-AuNPs pattering on graphene (spin-coated
with 0.5 wt % Ci-AuNPs solution), which agrees with
the previous report on the effect of Au deposition on
the transport properties of graphene.** *’ To support
the n-doping effect of the Ci-AuNPs on the graphene,
we tried to examine the electrical performances of
graphene with respect to the concentration of Ci-
AuNPs solutions. The resulting data showed a ten-
dency toward negative shift of the Dirac voltages as
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Figure 7. (a) Schematic diagram of the device with gra-
phene and Ci-AuNPs. (b) OM image of the graphene field
effect transistor with a Ci-AuNPs coating. Scale bar, 100 um.
(c) Conductivity—gate voltage curve of the graphene and
the Ci-AuNPs-coated graphene measured at V4 = 10 mV.
The inset shows the relationship between the Fermi energy
shift and p/n-doping levels of graphene.

TABLE 1. Dirac Voltage and Mobility Changes Due to the
Treatment of Ci-AuNPs on the Graphene Surface

grag grap /Ci-AuNPs
Dirac voltage (V) 17.5 —35.6
hole mobility (10° cm?/(V s)) 327 1.54
electron mobility (10° em?/(V s)) 1.71 1.13

the concentration of Ci-AuNPs solution treated on the
graphene was increased. A more detailed study is
desired to understand the doping mechanism of the
graphene with the AuNPs in the next project. The field-
effect transistor (FET) mobility of holes decreases more
than that of electrons (Table 1). We suggest that the
conductance asymmetry arises from the imbalanced
carrier injection from the device's electrodes caused by
misalignment of the electrode and channel neutrality
points, as mentioned in the previous research.*® It is
assumed that there is an unknown, complicated dop-
ing system in this experiment, which is expected to be
defined more clearly. As a result, we conclude that the
AuNPs act as electron donors, leading to the strong
n-doping of graphene.

In conclusion, we devised a new method to n-dope
graphene site-specifically using photo-patternable
gold nanoparticles functionalized with cinnamate moi-
eties that can be cross-linked by UV irradiation. The
Raman, XPS, and electron transport measurements
support that the electrons are considerably transferred
from Au to graphene, resulting in the strong n-type
doping of graphene. This simple doping method

VOL.5 = NO.5 = 3639-3644 = 2011 ACS

N TANKA
NANO

WWww.acsnhano.org

3642



provides a convenient method to control the optical
and electrical properties of graphene site-specifically,

METHODS

Materials. Cinnamoy! chloride (98%), bis(11-hydroxyundecyl)
disulfide (99%), triethylamine (99%), tetraoctylammonium bro-
mide (99%), gold(lll) chloride hydrate (99.999%), and sodium
borohydride (98%) were purchased from Aldrich. All reagents
were used without any further purification.

Synthesis of Graphene. The graphene films were synthesized
on Cu foils by CVD.?°32 The Cu foils (25 um thickness) were
placed in a quartz tube under an argon atmosphere. The
temperature was raised to 1000 °C, and the reaction gas mixture
of CH, and H, was flowed. Then the foils were cooled to room
temperature at a rate of ~10 °C. Since the graphene layers are
formed on both sides of a Cu foil, the back-side graphene
should be removed by O, plasma etching after protecting the
front graphene layer with PMMA. After etching the Cu foil in an
ammonium persulfate solution for ~10 h, the graphene layer
was transferred onto a target substrate. Finally, the PMMA layer
was removed by acetone.

Preparation of Ci-AuNPs. Gold nanoparticles covered with cin-
namate-containing disulfide (DHDCI) synthesized in our recent
work®” were prepared by using the two-phase Brust—Schiffrin
method.**° An aqueous solution of HAuCl, (0.039 g, 30 mM)
and a solution of tetraoctylammonium bromide (0.219 g,
50 mM) in toluene (8 mL) as a phase-transfer reagent were
mixed and stirred until the aqueous phase was colorless. The
DHDCI (0.041 g, 30 mM) solution with toluene was added to the
above solution with stirring. Upon vigorous stirring, an aqueous
solution of NaBH, was added dropwise to the mixture and then
allowed to react for three hours. The gold nanoparticles were
finally extracted from the organic phase, confirmed by scanning
electron microscopy. The immobilization of DHDCI on the sur-
face of the nanoparticles was confirmed by Fourier transform
infrared spectroscopy

Measurements. The FTIR spectroscopic measurements were
carried out at a spectral resolution of 4 cm ™' by using an FTIR
spectrometer (Bomem DA8) equipped with a liquid-nitrogen-
cooled mercury—cadmium—telluride detector. The FTIR sam-
ples were coated onto NaCl windows [25 mm (diameter) x 2
mm (thickness)]. Optical microscopy images were collected by
using a microscope (Olympus Co.). The patterned Ci-AuNPs film
was also characterized by using a SEM (JSM-7401F; JEOL)
operating at an accelerating voltage of 5 kV. The energy-
dispersive X-ray spectroscopy mode of SEM was used for
elemental analyses of the patterned films. The morphologies
of the films were determined by using atomic force microscopy
with a noncontact mode (Veeco Digital Instruments Dimension
3100). The Raman spectra were acquired using an Alpha 300s
(WITEC, Germany) with an Ar laser of 514 nm and a HeNe laser of
633 nm at a power of 5 mW and pixel size of 250 nm.

Raman images were mapped by the integrated intensities
of G and 2D bands from 1530 to 1650 cm ™' and from 2570 to
2690 cm ™', respectively. X-ray photoelecton spectroscopy (XPS)
was used for measurement of the binding energy of the carbon
bond (K-Alpha, Thermo Electron). The gate-dependent conduc-
tivity of the films was measured with a probe station at room
temperature. A high-vacuum (107° Torr) system was used for
more reproducible measurements than ambient conditions.®’

Device Fabrication for Transport Measurement. Electrical measure-
ments were performed on the newly fabricated devices by
using heavily doped p-type Si wafers as the gate electrodes and
silicon dioxide (SiO,) of 150 nm thickness (capacitance = 20
nF cm™?) as the gate dielectric layer. The 30 nm thick gold
source and drain electrodes were structured in top-contact
transistors with a channel length of 50 #m and a width of 800
um. A 5 nm thick titanium layer was used for adhesion of the
gold electrodes. The graphene layer was transferred onto the
substrate and located between the source and drain electrodes
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which would find various electronic device applica-
tions based on graphene in the future.

as a channel layer. To dope the graphene, a simple spin-casting
method for the Ci-AuNPs solution was used to cover the
graphene surface with a thicknesses in the range of a few
nanometers.

Patterning Process of Ci-AuNPs on a Graphene Sheet. To pattern Ci-
AuNPs on a graphene layer, a 2 wt % toluene solution of the
nanoparticles was spin-coated onto a graphene-transferred Si/
SiO, wafer (1 cm x1 c¢m) for 1 min at 2500 rpm. After the film
had been held under vacuum for 24 h, a microsized square-
patterned shadow mask was attached onto the film surface
before irradiation with UV light. A high-pressure 1.0 kW Hg lamp
system (Altech, model ALHg-1000) was employed as the UV-
light source, together with an optical filter (Milles Griot, model
03-FCG-179), which transmits a band beam of 260—380 nm. The
optically filtered UV-light intensity was 10 mW/cm?. The ex-
posure dose was measured by using a photometer (model IL
1350). After removing the shadow mask from the film surface,
the film was briefly washed with toluene and dried. The patterns
were examined with optical microscopy, SEM, and AFM.
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