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Graphene is a sheet of sp2 bonded carbon atoms that are arranged
into a honeycomb structure.1,2 This two-dimensional material has
many unique properties,3 which promise important electronic device
applications.4,5 Because of the single-atom thickness, the charge
transport properties of graphene are extremely sensitive to its local
environment, thus making it particularly attractive for sensor
applications.6 Schedin et al.7 have reported the detection of a single
gas molecule with a graphene field effect transistor (FET). Ang et
al.8 have shown that graphene electrical properties are sensitive to
pH. However, biosensor applications require operating the device
at or near physiological conditions, so it is critical to study graphene
in aqueous solutions and to understand the interactions of ions with
graphene. Using a back gate controlled graphene FET, we have
recently shown that ions can have a profound effect on the electron
transport properties of the graphene FET via screening of impurity
charges in the device.9,10

In the present work, we study the charge transport in electro-
chemically gated graphene under different electrolytes, including
ionic liquids and aqueous solutions. In addition to the direct
relevance to biosensors, the electrochemical gate is also expected
to be much more effective than the back gate approach in tuning
the charge carriers. This is because the applied gate voltage in
electrochemically gated FETs falls across the double layer formed
at the graphene-solution interface. The double layer thickness is
determined by the size of the ions (∼1 nm), which is several orders
of magnitude thinner than that of oxide (∼300 nm) used in a back
gate configuration. In an ionic liquid, we are able to determine the
mobile carrier density using a simplified capacitor model and
interpret the electron transport characteristics in terms of charged
impurity induced scattering. In aqueous solutions, we find a
systematic dependence of the conductivity shift on the ionic
concentration and model the dependence in terms of surface
potential that is determined by the impurity charges on the SiO2

substrate and distribution of ions in bulk solution.
Single layer graphene was exfoliated from Kish graphite (Figure

1b, inset), and we have verified the thickness of the graphene layer
using an optical micrograph and a Raman spectrum (Supporting
Information). Ti is used as source and drain electrodes to minimize
the leakage current from ions to metal because of the presence
of native oxide on the Ti surface. Figure 1b shows a typical
conductivity vs electrochemical gate potential plot obtained in an
ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate
(BmimPF6). Details for the synthesis of BmimPF6 have been
published.11 The conductivity reaches a minimum value at the
charge neutral point and linearly increases with the gate potential
on both sides. In the ionic liquid, due to the high ionic concentration
of BmimPF6 (∼6 M), the thickness of the diffuse layer is

negligible,12 which has been used to provide effective gating for
electron transfer in redox molecules.13

Since the diffuse layer capacitance is negligible, the interfacial
capacitance can be modeled as two capacitors in series, one due to
the ionic double layer, Cdl, and the other being of quantum origin,
Cq (Figure 1a, inset). Cdl in BmimPF6 is ∼20 µF/cm2, which is
insensitive to the gate potential and in quantitative agreement with
the literature.14 The potential independent double layer capacitance
has been studied and reported elsewhere.15 Cq is a function of carrier
density or gate voltage.16 The potential dropped on the two
capacitors is then given by17

where h is the reduced Planck’s constant, VF is the Fermi velocity
of the Dirac electron in graphene, e is the electron charge, and n is
the carrier density. Using this relation, Vg is converted to n, and
the measured conductivity (σ) vs n is plotted in Figure 1c. The
trace reveals a sharp conductivity minimum at zero n and increases
dramatically outside the minimum due to the high electron/hole
density induced by the gate potential. From the slope of linear
regimes (red dashed lines in Figure 1c), we can calculate the carrier
mobility using µ ) (dσ/dn)/e.

As an example, the hole mobility is found to be ∼1200 cm2/v · s
for the device shown in Figure 1b. At high n, the conductivity begins
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Figure 1. (a) Schematic diagram of electrochemical gate tuned graphene
FET devices. Inset is the graphene-solution interface capacitance model.
(b) Transport characteristic of graphene FET that is conducted in ionic liquid
(1-butyl-3-methylimidazolium hexafluorophosphate). Inset: optical micro-
graph of a graphene transistor. (c) Conductivity vs carrier density trace
corresponding to (a). (d) Dependence of minimum conductivity σmin and
plateau conductivity σs on the concentration of charged impurities.
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to saturate (green dashed lines in Figure 1c) and approaches a
plateau value eventually. This behavior has been attributed to the
carrier scattering by the atomic defects or ripples in graphene,18

and it was observed in back gated graphene FETs17 but required
fairly large gate voltages. In contrast, the electrochemical gate
configuration allows one to control the carrier density over a much
wider range, making it an efficient way to study different scattering
mechanisms by the same device, which is an important task in the
study of graphene electronics.

It is well established that the transport at low n is dominated by
the impurity charges underneath graphene, which leads to long-
range Coulomb scattering of the carriers. By fitting the conductivity
vs n data collected from five different devices with the theory,19

we have estimated the concentration of charged impurities in each
device, nimp, varying from ∼1012 to ∼1013 cm-2 (Figure 1d), which
is consistent with other reports.18 At zero carrier density, the
conductivity is not zero, which also suggests the presence of charged
impurities. We plot the minimum conductivity σmin vs nimp (Figure
1d) and find that σmin decreases rapidly with nimp. In other words,
under the circumstance of zero induced carriers, clean samples are
more conductive than dirty ones as predicated by the Coulomb
scattering theory.19 In contrast, the plateau conductivity, σs, does
not show obvious dependence on nimp (Figure 1d, inset) among
different batches of devices. This is also anticipated because the
counterions accumulated on the graphene surface do not modify
the atomic potential of crystal defects or ripples.9

Figure 2a illustrates the conductivity of the same device measured
at different NaF concentrations, ranging from 0.01 to 1 M. The
most profound change is that the position of the conductivity
minimum shifts toward negative potentials with the ionic concentra-
tion and reaches nearly zero at high concentrations (Figure 2a, green
curve). The shift in the conductivity minimum is reversible (Figure
s1), which excludes the carrier doping origin of the ionic concentra-
tion dependency. We repeat the measurement in NaClO4 and
observe similar changes. Na+, F-, and ClO4

- ions are chemically
inert and do not specifically adsorb on the graphite surface.20 We
believe that the ionic concentration dependency is due to the
screening of the impurity charges by the ions in solution phase.9

The surface of the SiO2 associated surface potential depends on
the ionic concentration given by21

where R is the density of surface charge and is the surface potential.
By substituting different values of charge density, i.e., 1.3 × 1012

cm-2, the data of device #3 shown in Figure 2b (green) can be
fitted (dotted line). Likewise, we fit the data of devices #1 and #2
via adopting 22 × 1012 and 50 × 1012 cm-2, respectively. It should
be noted that R here is not equal to nimp because the mobile carriers
in graphene can partially screen the impurity charges, but the two
quantities are correlated.19 This simple model explains the depen-
dence of graphene transport characteristics on ionic concentration.

In summary, we have applied an electrochemical-gating approach
to study the charge transport in single layer graphene transistors in
ionic liquids and aqueous solutions. In an ionic liquid, we
determined the carrier density as a function of electrochemical gate
potential and estimated the concentration of charged impurities, as
well as other related transport quantities. While under aqueous
solutions, the position of the minimum conductivity shifts toward
lower potentials as the ionic concentration increases, and this shift
has been modeled in terms of impurity charge induced surface
potential change, which is sensitive to the ionic concentration.
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Figure 2. (a) Conductivity comparison in aqueous solution containing
different concentrations of NaF (0.01, 0.1, and 1M, respectively). (b) The
conductivity shift measured in NaF (purple and orange squares) and in
NaClO4 (green squares) compared to the calculated surface potential change
(dotted line) as a function of ionic concentration.
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