Journal of
Published on 07 July 2015. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 16/06/2016 15:26:05.

Materials Chemistry C
COMMUNICATION

Cite this: J. Mater. Chem. C, 2015,
3, 8294
Received 20th May 2015,
Accepted 5th July 2015

View Article Online
View Journal | View Issue

Reliable doping and carrier concentration control
in graphene by aerosol-derived
metal nanoparticles
Jong-Kwon Lee,a Hyangki Sung,ab Min Seok Jang,a Heetae Yoonab and
Mansoo Choi*ab

DOI: 10.1039/c5tc01443c
www.rsc.org/MaterialsC

Reliable doping and carrier concentration control in graphene have
been realized by depositing aerosol-derived metal nanoparticles
(NPs) with consistent size and configuration on the channel of a
graphene field-eﬀect transistor. Here, the spherically shaped Ag or
Pt NPs with a fairly narrow size distribution of 7.5  1.5 or 6.4 
1.4 nm, respectively, have been produced through the spark discharge
process. The transfer characteristics show that Ag NPs deposited on
graphene induce n-type conduction with an electron concentration of
0.3–1.9  1012 cm2 at a NP surface coverage of 12–21%, while Pt NPs
lead p-type doping with a hole concentration of 3.9–5.2  1012 cm2
at 24–32% surface coverage. The observed electrical transport properties are interpreted as the metal NP doping-induced Fermi level
shift of initially p-type doped graphene by the adsorbed oxygen
molecules under ambient conditions. Also, the minimum conductance
at the Dirac point before and after the deposition of metal NPs shows
no appreciable change, implying the absence of noticeable sp3 hybridization of the graphene surface due to aerosol-derived NPs.

Introduction
Graphene, a two-dimensional hexagonal lattice of sp2 hybridized
carbon atoms, has attracted widespread interest due to its
superior electrical, optical, chemical, and thermomechanical
properties.1–3 For the practical use of graphene in various fields
such as electronics, photonics, energy, and catalysis, graphene
doping is of great technological importance because it can tailor
the electronic properties and chemical reactivity of graphene.4–9
In previous studies, carrier doping control and p–n junction
construction of graphene have been demonstrated mainly via
electrostatic gating and chemical treatment.10–15 However, the
electrostatic gating typically requires a constant high electric
field applied between the gate electrode and graphene which is
a
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undesirable for certain applications, while chemical doping
exhibits little tunability and introduces defects into the lattice,
reducing the carrier mobility.16–18
Recently, it has been theoretically predicted that a metal
layer adsorbed on graphene can induce p- or n-type doping with
various carrier concentration depending on the work function
diﬀerence between the metal and graphene, as well as their
equilibrium separation.19 Then, several experimental reports
have demonstrated doping control of graphene by thermally
evaporated thin metal films.20–23 However, it is difficult to
control graphene-metal equilibrium separation by this metal
layer deposition because a slight variation in deposition thickness significantly changes the surface morphology of the metal
layer. For example, the isolated Al nanoparticles (NPs) formed
with 0.5 nm thickness have insignificant contact area with
graphene to achieve the appropriate doping effect, whereas Al
NPs formed with 1.0 nm thickness start to coalesce towards
continuous film turning the graphene into a metal.21 A recent
investigation has also reported that the configuration of the Au
layer causes a change of doping type: n-type for Au NPs and
p-type for the Au thin film.24 These results are explained by
the interplay between the work-function-difference induced
electron transfer and the chemical-interaction induced potential
variation due to the change in the surface morphology of a metal
layer.24 Meanwhile, metal NPs coated on graphene by the solution
process always tend to form aggregates with spatially nonuniform
distribution.25 Thus, the random aggregation and island formation of metal NPs or thin metal films, occurred in a solution
process or a thermal evaporator, make it hard to modulate carrier
doping of graphene in a precisely controlled manner.
To achieve reliable doping and carrier concentration control
of graphene, in this paper we report a new metal-graphene
contact approach using aerosol-derived metal NPs. Unlike the
conventional thermal evaporation method, the aerosol process
enables a spatially uniform distribution of metal NPs with
consistent size and shape, as well as less damage to the underlying graphene because of relatively low kinetic energy (KE) of
metal NPs impinging on the surface of graphene. The electrical
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transport measurements in an air ambient at room temperature
show that Ag NPs with a surface coverage of 12–21% on graphene
cause a shift in the Fermi energy (EF) in graphene from the
valence band through the Dirac point to the conduction band,
inducing an electron concentration of 0.3–1.9  1012 cm2.
Meanwhile, Pt NPs with a surface coverage of 24–32% cause a
shift further into the valence band, resulting in a hole concentration of 3.9–5.2  1012 cm2. The observed transport properties
of graphene deposited by metal NPs are explained in terms of
metal induced EF shift taking into account the initial adsorption
of oxygen molecules on graphene under ambient conditions.

Experimental section
Fabrication of graphene field-eﬀect transistors
The back-gated graphene field-eﬀect transistors (FETs) were
fabricated on a highly p-doped Si substrate covered with a
300 nm thick layer of thermally grown SiO2 as schematically
shown in Fig. 1a. Single-layer graphene grown on a Cu foil via
chemical vapor deposition was transferred on the SiO2 layer
and identified using micro-Raman spectroscopy with 514 nm
excitation as shown in Fig. 1b. The G band at 1591 cm1 and
the 2D band at 2688 cm1 are observed in the Raman spectrum,
and the peak intensity ratio of the 2D band to the G band
greater than 1 indicates the single-layer graphene.26 The graphene
channels with a width of 10 mm and a length of 10 mm were

Fig. 1 (a) Schematic of the metal NP-deposited graphene field-eﬀect
transistor fabricated on the SiO2/Si substrate. The electrical contacts are
indicated as source, drain, and gate. (b) Raman spectrum (514 nm excitation)
of a monolayer graphene film transferred on a SiO2/Si substrate. The inset
shows a top view image of the graphene channel and source/drain electrodes
from an optical microscope.
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defined utilizing photolithography and subsequent reactive ion
etching in an oxygen ambient environment. Then, the source–
drain electrode region was patterned by the deposition of Ni
(1 nm) and Pd/Au (90/100 nm) metal layers onto the photoresist
pattern via electron beam evaporation, followed by a lift-off
process. The top view image of the completed graphene FET
from an optical microscope is shown in the inset of Fig. 1b.
Metal nanoparticle deposition through the aerosol process
To deposit the aerosol-derived metal NPs,27 we used a spark
discharge generator (SDG) and an electrostatic precipitator
(ESP) as shown in Fig. 2. The SDG consists of a cylindrical
chamber (an inner diameter of 20 mm, a height of 37 mm), a
pin electrode made of a Ag or Pt wire (a diameter of 1.0 mm,
Sigma Aldrich), and a plate electrode made of a Ag or Pt foil
(5 mm  5 mm  0.25 mm, Sigma Aldrich). The axis of the pin
electrode was aligned with the center of the plate electrode at
which an exit hole of 1 mm-diameter was formed. The tip of
the pin electrode was placed 1 mm above the plate electrode.
The Ag or Pt NPs generated by the spark discharge between the
electrodes were bipolarly charged and delivered to the ESP
through the exit hole by N2 carrier gas with a flow rate of
2.0 L min1 or 3.0 L min1, respectively. The generation of
the Ag or Pt NPs in the SDG was controlled by changing the
frequency and the energy of sparks generated between the pin
and plate electrodes using a RC circuit composed of a positive
high voltage power supply, a 2 nF capacitor, and a 20 MO
resistor. The plate electrode was grounded, and the pin electrode
was positively biased by 5.0 kV. The ESP was composed of a
grounded cylindrical chamber (an inner diameter of 52 mm
and a height of 47 mm), and a bottom electrode made of Cu
connected to a negative high voltage power supply. A Si substrate

Fig. 2 (a) Schematic diagram of a spark discharge generator consisting of
a pin and a plate electrode in a cylindrical chamber for controlling the
metal NP generation, equipped with (b) an electrostatic precipitator system
composed of a bottom electrode in a grounded cylindrical chamber for
regulating the amount of carrier gas.
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Fig. 3 Size distribution of aerosol-derived Ag and Pt NPs measured by the
SMPS system. Geometrical mean diameters of Ag and Pt NPs are 7.5 and
6.4 nm, respectively, and the size of Ag NPs is distributed slightly broader
than that of Pt NPs.

with graphene field-eﬀect transistors was placed on the bottom
electrode in the ESP. The positively charged Ag or Pt NPs fed into
the ESP were electrostatically guided to and deposited on the
substrate surface as the bottom electrode was negatively biased.
The magnitude of the negative potential at the bottom electrode
was chosen to be 1.0 kV, which resulted in various particle
densities on graphene films across a substrate in a single
deposition by changing the deposition time.
The size distribution of the Ag and Pt NPs generated in the
SDG was measured using a scanning mobility particle sizer
(SMPS) system consisting of an electrostatic classifier (TSI 3080)
with a Kr-85 radiative neutralizer, a diﬀerential mobility analyzer (TSI 3085), and a condensation nuclei counter (TSI 3776).
The generated Ag NPs with a total concentration of 9.2 
107 cm3 have a geometrical mean diameter (dg) of 7.5 nm
and a standard deviation (sg) of 1.5 nm, whereas the Pt NPs
with a concentration of 7.3  107 cm3 have a dg of 6.4 nm and
a sg of 1.4 nm as shown in Fig. 3. Upon their generation in the
SDG, the metal NPs were fed into the ESP and deposited on
the graphene FET. The surface coverage derived by the ratio of
the occupied area on average for metal NPs to the area of the
graphene channel was obtained from their scanning electron
microscope (SEM) images. The surface coverage of Ag NPs
uniformly deposited on the graphene channels ranges from
12 (Fig. 4a), 16, 18 to 21% (Fig. 4b), while that of Pt NPs ranges
from 24 (Fig. 4c), 26, 29 to 32% (Fig. 4d). The insets in Fig. 4,
2-fold enlarged SEM images, demonstrate that the spherical
metal NPs are well dispersed with consistent configuration,
although the NPs appear to be slightly agglomerated with increasing surface coverage.

Results and discussion
Graphene FETs deposited by aerosol-derived Ag or Pt NPs were
investigated by transport measurements under ambient conditions to observe the shift of the Dirac point, the gate voltage of
minimum conductivity, depending on electron or hole doping
levels.8,22 Here, a constant drain–source voltage (VDS) of 0.01 V
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Fig. 4 FESEM images of the graphene channel deposited with diﬀerent
surface coverage of Ag NPs from (a) 12% to (b) 21% and Pt NPs from (c) 24%
to (d) 32%, revealing uniformly distributed NPs with consistent size and
shape. The scale bars in the images are 100 nm, and the insets represent
2-fold enlarged images.

was applied to the graphene FET, and the drain–source current
(IDS) as a function of the gate-source voltage (VGS) in a range
of 60 V to 100 V was measured by using an Agilent 4154C
semiconductor parameter analyzer at room temperature. Fig. 5
shows the transport properties of the fabricated graphene FETs
before and after the deposition of metal NPs. Before metal NP
deposition on the graphene channel, the Dirac point of B22 V
in initial graphene exhibits a p-type doping arising from the
adsorption of oxygen molecules in air and the underlying SiO2
layer.5,28,29 When the graphene channel is deposited with Ag or
Pt NPs, the smaller workfunction (WF) of Ag (B4.24 eV) or the
larger WF of Pt (B5.9 eV)30 than that of graphene (B4.89 eV)31
induces the transfer of electrons from Ag NPs to graphene or
from graphene to Pt NPs, resulting in an upward or a downward
shift in the EF of graphene, respectively. Such an upward or a
downward shift in the EF level makes graphene effectively
n-type or p-type doped. As the surface coverage of Ag NPs
increases from 12, 16, 18 to 21%, the Dirac point in graphene
is shifted towards the negative VGS from 18, 9, 3 to 4 V,
respectively, as shown in Fig. 5a. Meanwhile, as the surface
coverage of Pt NPs increases from 24, 26, 29 to 32%, the Dirac
point in graphene is shifted towards higher positive VGS from
76, 80, 89 to 93 V, respectively, as shown in Fig. 5b.
According to the shift of the Dirac point, the carrier density
of graphene induced by the deposition of metal NPs is estimated
from the relation as
Dn ¼

CG
ðDVDirac Þ
e

(1)

where CG is the gate capacitance per unit area, e is the electric
charge, Dn is a net carrier concentration, and DVDirac is a shift of
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Fig. 5 Transfer characteristics of graphene FETs with and without (a) Ag
NP deposition and (b) Pt NP deposition. Ag NPs on graphene cause a shift
in the Dirac point in the negative gate bias direction, while Pt NPs cause a
shift in the positive gate bias direction.

the Dirac point in metal NP-deposited graphene relative to
that in the initially p-type doped graphene (V0Dirac B 22 V). The
initial hole doping concentration of graphene due to adsorbed
oxygen molecules is estimated to be 1.6  1012 cm2. Here it is
noted that the plus (minus) value indicates a concentration of
hole (electron) carriers. When the surface coverage of Ag NPs
increases from 12, 16, 18 to 21%, DVDirac of 4, 13, 19 to
26 V in the Ag NP-deposited graphenes corresponds to a
net electron concentration of 2.9  1011, 9.5  1011,
1.4  1012 to 1.9  1012 cm2, respectively. Meanwhile,
when the surface coverage of Pt NPs increases from 24, 26,
29 to 32%, DVDirac of 54, 58, 67 to 71 V in the Pt NP-deposited
graphenes leads to a net hole concentration of 3.9  1012,
4.2  1012, 4.9  1012 to 5.2  1012 cm2, respectively. Graphs
to correlate the doping concentration with the surface coverage, or interparticle spacing, of metal NPs are shown in Fig. 6.
These results demonstrate that our metal-graphene contact
approach allows us to modulate the doping level of graphene
by precisely controlling the surface coverage, or interparticle
spacing, with consistent configuration, while the previously
reported solution or thermal evaporation processes suﬀer from
random aggregation or island formation issues.
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Fig. 6 Carrier density of graphene as a function of (a) the surface coverage
or (b) the interparticle spacing for Ag and Pt NPs: the open squares and the
closed black circles correspond to Ag and Pt NPs deposited on graphene,
respectively, while the solid red lines are the fit curves.

To analyse the electrical transport characteristics of metal
NP-doped graphene in an air ambient at room temperature, we
depicted the schematic energy band diagrams of graphenes
deposited by Ag NPs and Pt NPs as shown in Fig. 7a and b. The
EF of initial graphene before the deposition of metal NPs is
situated on a valance band (black Dirac cone) because of the
oxygen molecules adsorbed on the graphene channel. As the
surface coverage of Ag NPs deposited on this graphene
increases from 12, 16, 18 to 21%, EF of the graphene is shifted
upward to the Dirac point (red, green, blue Dirac cones) and
then further moved to the conduction band (pink Dirac cone)
doped with n-type as shown in Fig. 7a. When we apply a gate
voltage (VGS) in the negative direction less than each Dirac
point, e.g. at VGS = 20 V, the graphene sheets before and after
the deposition of Ag NPs are electrostatically doped to strong
p- and p-type with the EF situated in the valence band, increasing
hole currents. Thus, the hole current in the Ag-doped graphene
channels is lower than that of initial graphene as shown in
Fig. 5a. Meanwhile, as we increase the VGS in the positive
direction, the EF is shifted upward to the conduction band
passing through the Dirac point. As a result, the graphene
channels before and after Ag NP deposition are expected to be
n- and strong n-type with the EF located in the conduction band,
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Fig. 7 Schematic energy band diagrams of graphenes before and after
(a) Ag NPs doping with diﬀerent surface coverage of 12, 16, 18, and 21%,
and (b) Pt NPs doping with 24, 26, 29 and 32%.

dominated by the electron transport. However, the absorbed
oxygen molecules on graphene act as electron acceptors and
become negatively charged impurities,32 whereas Ag NPs on
graphene induce n-type doping. These charged impurities may
reduce the electron mobility of graphene through typical
charged impurity scattering.33 Thus, as the VGS changes in a
positive voltage range, the electron current in Ag-deposited
graphene becomes higher or lower than that in graphene without NPs depending on the interrelation between the variation of
carrier concentration and the decrease in carrier mobility.
On the other hand, as the surface coverage of Pt NPs
deposited on the graphene increases from 24, 26, 29 to 32%,
the EF of the graphene is shifted downward to the valance band
region (red, green, blue, and pink Dirac cones) doped with
p-type as shown in Fig. 7b. At a VGS in the negative direction
less than each Dirac point, the graphenes before and after the
deposition of Pt NPs are electrostatically doped to p- and strong
p-type dominated by hole current through the channels, resulting
in higher hole current in Pt-doped graphene than the initial
graphene, e.g. at VGS = 10 V, as demonstrated in Fig. 5b. As we
apply the VGS in the positive direction, the EF in the graphene
channels is shifted upward to the conduction band passing
through each Dirac point. When the EF meets the Dirac point,
the reduced density of states in the graphene channel leads to
minimum conductance. At a positive VG greater than each VDirac,
the graphenes before and after the Pt NP deposition are electrostatically doped to strong n- and n-type, respectively, dominated
by electron current. Here, the weak n-type conduction in the
Pt-doped graphene compared to the strong n+-type initial graphene
leads to the suppression of electron currents in this positive gate
voltage range. Additionally, the charge impurity scattering by the
oxygen molecules initially adsorbed on graphene may lower the
electron mobility of graphene. Thus, as the surface coverage of
Pt NPs increases, a strong p-type doping in graphene is enhanced,
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and consequently the bipolar characteristics of graphene become
unipolar ones as shown in Fig. 5b.
It is noted that the consistent surface morphology of aerosolderived metal NPs allows us to interpret the change in the doping
level of graphene by the work function-diﬀerence induced electron transfer between the metal NPs and graphene. Meanwhile,
the uncontrollable graphene-metal equilibrium separation due to
the random morphologies of thermally deposited metal layers or
spin-coated metal NPs causes a chemical-interaction induced
potential variation, which makes it hard to precisely modulate
the carrier concentration of graphene. Moreover, it is observed
that graphene deposited by aerosol-derived metal NPs does not
show any appreciable change in the conductance at the Dirac
point, indicating an absence of transition from in-plane sp2
hybridization to oﬀ-plane sp3 hybridization of the graphene
surface34,35 due to metal NP-induced local defects. According to
the previous reports, the bond dissociation energy of C–N and
C–C (sp3–sp2) covalent bonds is typically in order of 3–4 eV,36 and
van der Waals bond energy of carbon layers amounts usually to a
few tenths of eV.37 Since the KE of thermally evaporated nanoparticles determined by the process temperature is an order of a
few tenth eV, they can cause damage to the van der Waals bond
underlying graphene layers. Meanwhile, the KE of aerosol-derived
metal NPs with an impinging velocity, determined by balancing
the electrostatic and fluid frictional forces, is estimated to be
a few meV, expecting no significant damage to the underlying
graphene layers.38 In this respect, the aerosol-derived metal NPs
with consistent size and configuration can afford reliable control
in carrier concentration to modulate electrical transport properties of graphene with no appreciable impact on a graphene
surface, compared to the previously reported methods. Therefore,
the suggested metal-graphene contact approach can be regarded
as an effective way of tailoring electronic properties and chemical
reactivity of graphene for versatile device applications.

Conclusions
Ag and Pt NPs with consistent size and shape generated by the
aerosol process have been used for reliable doping and carrier
concentration control in graphene under ambient conditions.
Ag NPs with a surface coverage of 21% induce an electron
concentration of 1.9  1012 cm2, whereas Pt NPs with a surface
coverage of 32% lead to a hole concentration of 5.1  1012 cm2
for an initially p-doped graphene (1.6  1012 cm2) by the
ambient oxygen molecules. Here the aerosol-derived metal NPs
modulate electrical transport properties of graphene with no
appreciable impact on the graphene surface compared to the
previous methods. Thus, aerosol-derived metal NP deposition
on graphene can be an eﬃcient approach to precisely tailor the
electronic properties and chemical reactivity of graphene.
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