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Graphene, with its unique combination of physical and electronic properties, is a very 
promising material not only for electronics, but also for biosensor and bioelectronic appli-
cations. In this respect, a quantitative understanding of the sensitivity of graphene solution-
gated field effect transistors (SGFET) capable of operation in aqueous environments is 
important. Here, we present results of numerical calculations on the variation of the charge 
carrier concentrations under electrolyte gate control. The effect of the solution-gate poten-
tial on the electronic properties of graphene is explained using a model which considers the 
microscopic structure of water at the graphene/electrolyte interface. 

We calculate self-consistently the spatial charge and electrostatic potential distribu-
tion in the graphene/electrolyte system by solving the nonlinear Poisson equation. The 
model has been implemented into the nextnano software [1]. It includes a spatially varying 
static dielectric constant in the electrolyte which is proportional to the water density varia-
tion according to Ref. [2], and varies from εr = 1 at the interface to εr = 78 further away 
from the interface. The distributions of the different ions (Na+, Cl-) in the electrolyte are 
calculated using an extended Poisson-Boltzmann approach that takes into account recently 
published [2] ionic potentials of mean force (PMFs). The fitting functions of the PMFs 
correspond to hydrophobic (i.e. nonpolar) solid/liquid interfaces based on data obtained 
from atomistic molecular dynamics simulations [2]. The PMFs have the effect of repelling 
the ions from the interface and are zero at distances larger than 1.4 nm from the interface. 

We compare this approach with 
the traditional Poisson-
Boltzmann equation where no 
PMFs are employed while as-
suming a constant value of εr = 
78 for the static dielectric con-
stant of the electrolyte. We find 
significant differences for the 
spatial distribution of the result-
ing ion density (Fig. 1), as well as 
for the potential distribution, 
sheet carrier density and capaci-
tance (Fig. 2). The variation of 
the electrostatic potential across 
the graphene/electrolyte interface 
is shown in Fig. 2a) for two dif-
ferent values of the applied gate 
potential UG revealing a signifi-
cant potential drop in the electro-
lyte for the extended Poisson- 
Boltzmann model, whereas in the

 
Fig. 1: Total ion charge density profile for UG = 0.2 V 
(solid lines) and UG = 0.4 V (dotted lines) for i) the 
standard Poisson-Boltzmann model (red lines) and the 
ii) extended Poisson-Boltzmann model (black lines), 
which considers a hydrophobic solid/liquid interface. 
The grey rectangle indicates the region where the po-
tentials of mean force are nonzero and thus repel the 
ions from the graphene surface which is at 0 nm. 
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case of the simple Poisson-Boltzmann (PB) model, the potential drop in the electrolyte is 
almost negligible and most of the potential drops in the graphene layer, i.e. the electrostatic 
potential in graphene approximately equals UG. This situation resembles the “quantum 
limit” condition where a shift in UG corresponds directly to a shift of the Fermi level with 
respect to the Dirac point, i.e. EF,graphene = eUG. In the case of the extended PB model, an 
important potential drop occurs in the electrolyte, which strongly reduces the electrostatic 
potential in the graphene film. The carrier density versus applied gate voltage obtained for 
the two different models, together with the quantum limit, is shown in Fig. 2b). Here, the 
hydrophobic model (extended PB) leads to results very close to the measured electron and 
hole densities in graphene [3]. The results of the total capacitance calculations (C=∂Q/∂UG) 
using the standard PB model and the extended PB model are compared in Fig. 2c) to the 
case of the quantum limit. Here, the grey line corresponds to a simple plate capacitor 
model (width d = 0.32 nm, εr = 1). Consequently, at large voltages the plate capacitor 
model describes nicely the hydrophobic double layer capacitance whereas for small 
voltages the quantum capacitance of graphene dominates. The interfacial capacitance is a 
series capacitance of the quantum capacitance of graphene and the double layer 
capacitance of the electrolyte. Thus, the double layer capacitance at the 
graphene/electrolyte interface is about 3 µF/cm2. In conclusion, a proper description of the 
graphene/electrolyte interface, which considers the effect of the solid surface on the 
dielectric properties of the water, can explain the experimentally measured low value of the 
double layer capacitance. 
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Fig. 2: a) Potential distribution in the electrolyte for the hydrophobic solid/liquid interface 
(extended Poisson-Boltzmann model) and the standard Poisson-Boltzmann approach (PB) 
at two different voltages. b) Carrier density in the graphene layer as a function of applied 
gate electrode potential comparing three different models with experimental data. c) Inter-
facial capacitance of the graphene/electrolyte system as a function of applied gate voltage
for the extended PB and the standard PB model. The blue line shows the quantum limit. 
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