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 Graphene, with its unique combination of physical and electronic proper-
ties, holds great promise for biosensor and bioelectronic applications. In this 
respect, the development of graphene solution-gated fi eld-effect transistor 
(SGFET) arrays capable of operation in aqueous environments will establish 
the real potential of graphene in this rapidly emerging fi eld. Here, we report 
on a facile route for the scalable fabrication of such graphene transistor arrays 
and provide a comprehensive characterization of their operation in aqueous 
electrolytes. An on-chip structure for Hall-effect measurements allows the 
direct determination of charge carrier concentrations and mobilities under 
electrolyte gate control. The effect of the solution-gate potential on the 
electronic properties of graphene is explained using a model that considers 
the microscopic structure of water at the graphene/electrolyte interface. The 
graphene SGFETs exhibit a high transconductance and correspondingly high 
sensitivity, together with an effective gate noise as low as tens of  μ V. Our 
study demonstrates that graphene SGFETs, with their facile technology, high 
transconductance, and low noise promise to far outperform state-of-the-art 
Si-based devices for biosensor and bioelectronic applications. 
  1. Introduction 

 Biosensors and bioelectronics are called upon to provide 
valuable benefi ts for society in vital fi elds such as health 
care, security, and life sciences. Despite signifi cant progress 
in recent years, this fi eld is still in an early stage, and cru-
cial topics such as the choice of the “optimum” bio-material 
and the development of electronic-based sensing techniques 
are still under consideration. [  1–10  ]  So far, silicon is the most 
commonly used material in this fi eld due to its technological 
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maturity, [  1–3  ]  although new materials are 
beginning to challenge its dominance. [  4–6  ]  
The biocompatibility and chemical sta-
bility of Si are low, and complex strategies 
are required to design Si-based biosen-
sors. Furthermore, Si-based electronic 
devices for sensing applications suffer 
from relatively high noise, which limits 
the device sensitivity. [  3  ]  More recently, 
carbon nanotube [  7  ,  8  ]  and nanowire [  9  ,  10  ]  
fi eld-effect transistors were shown to be 
very promising candidates for the elec-
trical detection of chemical and biological 
species. However, despite the excellent 
performance of individual sensors, the 
poor device reproducibility and diffi cul-
ties of large-scale integrated processing of 
CNTs and nanowires pose major obstacles 
for the success of these technologies. 

 In contrast, graphene possesses extraor-
dinary material properties which should 
enable it to surpass both Si and CNT-based 
technologies for biosensors and bioelec-
tronics. [  11  ,  12  ]  Compared to Si, graphene shows superior chem-
ical stability, and is expected to be bio-inert. In addition, the 
electrical properties of graphene allow it to outperform Si for 
sensing devices: graphene is an ideal two-dimensional system 
which shows very high mobilities of both holes and electrons 
even at room temperature, [  11–14  ]  and is electrically sensitive to 
environmental conditions and charge adsorption. [  15  ,  16  ]  Highly 
sensitive gas sensors, down to the single molecule limit, have 
been demonstrated using graphene fi eld-effect transistors, 
confi rming the enormous potential of this material in such 
applications. [  17  ,  18  ]  Furthermore, the demonstration of scal-
able epitaxial growth of graphene on SiC [  19–21  ]  and metal sub-
strates [  22  ,  23  ]  offers new prospects for graphene-based devices. 

 So far, most of the reports on graphene fi eld-effect transis-
tors have addressed operation under vacuum or atmospheric 
conditions. Only very recently, the operation of graphene in 
aqueous electrolytes, for potential use in biosensors and bio-
electronics, has been reported by a few groups. [  24  ,  25  ]  The use 
of solution-gated epitaxial graphene as a pH sensor was fi rst 
demonstrated by Loh et al. [  24  ]  Ohno et al. recently reported on 
electrolyte-gated graphene fi eld-effect transistors for detecting 
pH and protein adsorption. [  25  ]  These two works already confi rm 
the potential of graphene for sensing in aqueous electrolytes. 
m 3117wileyonlinelibrary.com
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However, a detailed understanding of the graphene/electrolyte 
interface, the effect of the electrolyte on the electronic transport 
in graphene, as well as standard bench-marks such as low-
frequency noise and reliability, are still lacking. 

 Here, we provide direct determination of charge carrier 
mobilities and concentrations as a function of electrolyte gate 
potential using novel in-solution Hall-effect measurements 
and analyze the results by taking into account the microscopic 
structure of water at the interface. Furthermore, we report on 
the fabrication and operation of reliable solution-gated fi eld 
effect transistor arrays from scalable epitaxial graphene, dem-
onstrating a performance which is superior to currently avail-
able technologies in terms of both noise and sensitivity.   

 2. Results and Discussion 

 Because of its proven scalability, [  20  ]  epitaxial graphene was 
chosen for fabrication of solution-gated fi eld effect devices. 
Growth was achieved on the (0001) Si face of semi-insulating 
6H-SiC by thermal decomposition at 1200  ° C under ultra high 
vacuum (UHV) conditions and was confi rmed by examining the 
low-energy electron diffraction (LEED) patterns upon annealing 
(see experimental section). [  26  ,  27  ]  In situ STM images of large 
areas (see Supporting Information) reveal terraces with lateral 
sizes between 10 and 100 nm, typical of the UHV graphitized 
Si-face of SiC. [  19  ,  26  ,  27  ]  Monolayer graphene (ML) can be identifi ed 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  1 .      Fabrication and operation of graphene solution-gated fi eld effect tra
epitaxial graphene. It consists of large terraces covered with single layer gra
(with respect to SiC) characteristic of monolayer graphene on SiC(0001). Pa
the surface. Image size: 50 mm  ×  36 nm, sample bias:  − 0.5 V, tunneling cu
Au structures (bright) represent drain and source contacts for the transistor
the van der Pauw structure in the centre. c) Schematic drawing representin
gate voltage (with respect to the reference electrode) shifts the Fermi level in
number of free carriers.  
through the interface contribution which appears as a 
(6  ×  6) modulation in high bias images ( Figure  1   a ) and through 
the honeycomb contrast in low bias images with atomic reso-
lution (see Supporting Information). [  26  ]  Auger spectra taken in-
situ at different spots on the substrate separated by several mm 
also suggest an average graphene thickness between 1 ML and 
1.5 ML which is homogeneous over large areas. The graphene 
SGFET devices were fabricated using UV-photolithography 
(see experimental section): transistors with different gate areas 
(40  μ m  ×  10  μ m and 40  μ m  ×  20  μ m) were processed around 
the sample center, where a van der Pauw structure of 700  μ m  ×  
700  μ m was fabricated for in-electrolyte Hall-effect measure-
ments (Figure  1 b).  

 Using the concept of an ideally polarizable electrode/elec-
trolyte interface the modulation of the conductivity and carrier 
concentration with the electrolyte potential is schematically 
shown in Figure  1 c, in which the applied gate voltage fi xes the 
potential drop between  E  F  in the graphene and the reference 
electrode, and thus the density and type of the charge carriers. 
 Figure  2   a  shows the effective modulation of the graphene con-
ductivity by the electrolyte potential; henceforth, the electrolyte 
potential will be referred to as gate potential ( U  G ) and the elec-
trolyte potential at the minimum of the conductivity– U  G  curve 
will be referred to as the Dirac point ( U  D ). The conductivity, cal-
culated from the 4-point resistivity measurements performed 
using the van der Pauw structure, exhibits the expected V-shape 
consistent with the semimetal nature of graphene.  
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3117–3124

nsistors . a) In-situ STM image revealing the morphology of the as-grown 
phene (ML) showing a pronounced modulation with (6  ×  6) periodicity 
tches of bilayer islands (BL) with smaller corrugation are also found on 

rrent: 0.2 nA. b) Optical microscopy image of graphene SGFETs. The Ti/
s (gate areas of 40   μ m  ×  10  μ m and 40  μ m  ×  20  μ m) and contacts for 

g the modulation of the carrier density in the graphene fi lm: the applied 
 graphene above (shown) or below the Dirac point, thus modulating the 
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      Figure  2 .      Electrolyte-gating of graphene.  A) Sheet conductivity derived from the 4-point resistivity measurements performed using the van der Pauw 
structure. The minimum of the conductivity occurs at a gate potential of  − 0.5 V versus the Ag/AgCl reference electrode. B) Carrier concentration versus 
gate voltage calculated from the 4-point Hall-effect experiments. Close to the Dirac point, it is not possible to estimate the number of carriers. The 
curve exhibits a clear asymmetry around the Dirac point. C) Hall mobility versus carrier concentration. For comparison, we include the mobility-carrier 
density dependence of diamond solution gate fi eld effect structures, in which a 2D hole gas is formed at the surface of a hydrogenated diamond. A 
clear asymmetry around the Dirac point is revealed, with electrons showing a higher mobility than holes. For both electrons and holes, the Hall mobility 
decreases with increasing carrier concentration, following a power law in which   μ    ≈  n  − 0.3 .  
 In addition, we have performed Hall-effect measurements 
under electrolyte gate control in order to directly determine 
the carrier charge, density, and mobility as a function of the 
applied gate potential (see the Experimental Section). Figure 
 2 b shows the variation of the sheet carrier concentration as a 
function of  U  G  in which three regions should be considered: 
for  U  G   >   U  D  a quasi-linear relationship between the electron 
density and  U  G  is observed; for  U  G   <   U  D , on the other hand, 
a supralinear dependence between the hole density and  U  G  is 
observed. Near the Dirac point, the estimation of the carrier 
concentration becomes diffi cult, since the Hall voltage goes to 
zero when the number of holes and electrons is similar. In any 
case, the estimated carrier density near the Dirac point, which 
is about 10 12  cm  − 2 , can be considered an upper limit. Ideally, 
for SL graphene, a concentration of about 10 11  cm  − 2  holes and 
electrons is expected at the Dirac point at room temperature. [  11  ]  
We note that the presence of charged impurities can induce 
chemical doping, increasing signifi cantly the number of car-
riers and shifting the Fermi level away from the Dirac point in 
the absence of a gate potential. Furthermore, it has been shown 
that the built-in electric fi eld at the graphene/SiC interface can 
result in electron doping of the graphene layers. [  19  ,  20  ,  28  ,  29  ]  

 In order to fully understand the modulation of the carrier 
density in graphene with the electrolyte potential we have to 
consider the charge distribution at the graphene/electrolyte 
interface. An electrical double layer is expected to form at an 
ideally polarizable electrode/electrolyte interface. For carbon-
based electrodes, this interfacial layer is typically described by 
a double layer capacitance ( C  DL ) with values varying from a few 
 μ F cm −2  (for diamond electrodes [  30  ] ) to a few tens of  μ F cm −2  
(for graphite electrodes [  31  ] ). In the case of graphene, in addi-
tion to the double layer capacitance, the so-called quantum 
capacitance ( C  Q ) must be considered.  C  Q  is defi ned as  ∂Q/∂U  gr , 
where  Q  =  e( p–n )  corresponds to the total charge in graphene 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 3117–3124
and  U  gr  represents the electrostatic potential in graphene, i.e. 
the position of the Fermi level in graphene with respect to the 
Dirac point. [  32–34  ]  Therefore, for the case of graphene both the 
quantum capacitance and the double layer capacitance con-
tribute to the total interfacial capacitance. Thus, the applied gate 
voltage cannot be directly assigned to the electrostatic potential 
in graphene, since part of the applied voltage drops in the elec-
trolyte close to the graphene surface. We note that previous 
studies have relied on a description of the bulk electrolyte using 
a homogeneous dielectric constant of water of about   ε    =  78  ε   0 , 
which can lead to a signifi cant overestimation of the double 
layer capacitance. [  24  ,  25  ]  In order to model the graphene/electro-
lyte interface, two different descriptions of the electrolyte have 
been used. In the fi rst model, we assume an electrolyte with 
a homogeneous static dielectric constant of   ε   r   =  78, in which 
ions are described by a Poisson–Boltzmann (PB) distribution. 
It is well known that the Poisson–Boltzmann modelling of an 
electrolyte suffers from several limitations. Thus, our second 
model considers a spatially varying static dielectric constant 
  ε   r ( x ) for water based on molecular dynamic simulations, [  35  ]  
which takes into account the structuring of water in the vicinity 
of a nonpolar (hydrophobic) solid wall. Additionally, we use an 
extended Poisson–Boltzmann (ePB) equation which includes 
for each ion (i  =  Na  +  , Cl  −  ) a spatially varying potential of mean 
force (PMF) using the parameterization suggested by Schwierz 
et al. for hydrophobic interfaces. [  35  ]  The PMFs are only relevant 
in the vicinity of the interface (0 nm to 1.4 nm), and introduce a 
repulsive term which prevents the unphysical situation of ions 
coming too close to the graphene surface. Using the next nano  
software, [  36  ]  we calculated self-consistently the spatial charge 
and electrostatic potential distributions in the graphene/elec-
trolyte system by solving the nonlinear Poisson equation, [  37  ]  in 
which a spatially varying static dielectric function   ε   r ( x ) can be 
considered. The ion distribution in the electrolyte is calculated 
bH & Co. KGaA, Weinheim 3119wileyonlinelibrary.com



FU
LL

 P
A
P
ER

3120

www.afm-journal.de
www.MaterialsViews.com
as described above. The sheet charge density in graphene is 
calculated according to Fang et al., [  33  ]  assuming a linear energy 
dispersion E( k ) for isolated graphene. A detailed description of 
the simulations is given in the Supporting Information. 

 Using this model we have evaluated the carrier densi-
ties in graphene and the ion densities in the electrolyte at the 
graphene/electrolyte interface.  Figure  3   a  shows the potential 
profi le across the graphene/electrolyte interface for different 
 U  G  values. In the case of the PB model, with a static dielectric 
constant   ε    =  78  ε   0 , the potential drop in the electrolyte region 
is very small, so that the applied gate voltage nearly directly 
changes the Fermi level in the graphene layer. On the other 
hand, in the case of the ePB model, a strong potential drop is 
observed in the vicinity of the graphene/electrolyte interface, 
which results in a lower value of the electrostatic potential in 
the graphene layer. Figure  3 b shows the carrier density calcu-
lated based on the previous models; the carrier density expected 
from the quantum limit in graphene ( U  G   =   E  F  /e ) is shown for 
comparison, together with the experimental results obtained 
from the Hall measurements. This comparison confi rms that 
the graphene/electrolyte interface cannot be solely described 
by the quantum capacitance, since the experimental carrier 
density is much smaller than predicted by the quantum limit. 
Furthermore, the PB model cannot describe the experimental 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  3 .      Modeling the graphene/electrolyte interface . Results of the 
simulation of the graphene/electrolyte interface in which the electrolyte 
is described by i) a Poisson-Boltzmann (PB) distribution and a homoge-
neous static dielectric constant, corresponding to bulk water   ε   r   =  78, and 
ii) an extended Poisson-Boltzmann (ePB) model including a local dielec-
tric constant and a local potential of mean forces for the ions. A) Variation 
of the electrostatic potential across the graphene/electrolyte interface, 
for two different values of  U  G  revealing a signifi cant potential drop in the 
electrolyte. Only results for  U  G  <  U  D  are shown; for  U  G  >  U  D  the results are 
symmetric with respect to the potential axis. B) Carrier density versus 
applied gate voltage obtained for the two different models, together with 
the “quantum limit” situation, i.e.,  E  F  graphene   =   eU  G . The experimental 
results ( x -axis has been shifted so that  U  D   =  0 V) are included for com-
parison. In the case of the PB model, the potential drop in the electrolyte 
is almost negligible, i.e. the electrostatic potential in graphene approxi-
mately equals  U  G , resembling the “quantum limit” situation. In the case 
of the ePB model, an important potential drop occurs in the electrolyte, 
which strongly reduces the electrostatic potential in the graphene fi lm.  
results; the double layer capacitance predicted by this model is 
too high, and therefore the situation is similar to the quantum 
limit. Finally, the carrier density predicted by the ePB model, 
which accounts for the microscopic structure of water near the 
interface with no fi tting parameters, is in reasonable agreement 
with the experimental results. We note that the electron-hole 
asymmetry found experimentally (Figure  3 b) cannot be under-
stood with this model. Other considerations, such as bilayer 
graphene with its different effective mass for electrons and 
holes, [  38  ]  or chemical doping by ion adsorption, [  24  ]  could pos-
sibly explain this effect.  

 Using the resistivity and carrier density determined directly 
from in-solution Hall-effect measurements, the dependence of 
the carrier mobility on the electrolyte gate potential and carrier 
density can be evaluated (Figure  2 c). It is observed that the Hall 
mobility decreases with increasing carrier density. The magni-
tude of the mobility is in good agreement with values for epi-
taxial graphene prepared on the Si-face of SiC, where low carrier 
mobilities are typically reported. [  21  ,  39  ]  There is also a clear asym-
metry for hole and electron mobilities: at the same carrier con-
centration, the electron mobility is noticeably higher than the 
hole mobility. Although the infl uence of charged impurities on 
transport in graphene is widely acknowledged, the limiting scat-
tering mechanism is still a matter of discussion. [  40–42  ]  It has been 
suggested that Coulomb scatterers present at the graphene/sub-
strate interface, or even adsorbed on the graphene surface limit 
the carrier mobility. Theory predicts that long-range Coulomb 
scattering, such as that due to charged impurities in the vicinity 
of graphene, will lead to carrier mobilities which are inde-
pendent of the carrier density. [  40  ,  41  ]  On the other hand, short-
range scattering, such as that due to point defects or ripples in 
the fi lm, is predicted to decrease the mobility with increasing 
carrier density. [  40  ,  42  ,  43  ]  Recently, Tedesco et al. have reviewed the 
dependence of the Hall mobility on the carrier density in epi-
taxial graphene on SiC. [  39  ]  For graphene grown on the Si-face 
of SiC, the mobility strongly decreases with the increase in car-
rier concentration (both electrons and holes), almost following 
a   μ    ≈  n  − 1  dependence. It was suggested that the relationship 
between carrier mobility and carrier concentration may result 
from the stepped morphology of graphene due to the under-
lying SiC substrate, and is an intrinsic characteristic of epitaxial 
graphene synthesized by the sublimation method. [  39  ]  As can 
be seen in Figure  2 c, our experiments do not reproduce such 
a trend; instead, the mobility exhibits a weaker dependence on 
the carrier concentration, following   μ    ≈  n  − 0.3 . However, we note 
that the exact dependence of the mobility on the carrier density, 
as theoretically predicted for ripple-induced scattering, strongly 
depends on the surface morphology, and it has been shown to 
vary from an almost constant value to a   μ    ≈  n  − 1  dependence. [  40  ,  42  ]  
In our specifi c case, in which the graphene fi lm is in contact 
with an aqueous electrolyte, additional Coulomb scattering is 
expected due to the double layer formed at the graphene/electro-
lyte interface. As shown in the Supporting Information, the ion 
density in the vicinity of the graphene depends on the carrier 
density, due to the charge neutrality requirement. Therefore, 
even if the ions are treated as long-range Coulomb scatterers, 
the mobility is expected to decrease with increasing carrier den-
sity, due to the correspondingly increased density of ionic scat-
tering centers. Additional scattering mechanisms related to the 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 3117–3124
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      Figure  4 .      Characterization of graphene SGFETs in electrolyte.  A) Drain-source current curves 
(for  U  DS   =  100 mV) measured (solid symbols) at different gate voltages, for two graphene 
transistors with different active area 10  μ m  ×  40  μ m and 20  μ m  ×  40  μ m. The solid line repre-
sents the estimation of the drain-source current from the 4-point resistivity measurements and 
the contribution of the access resistance. B) Effect of the access resistance on the transcon-
ductance. The solid symbols correspond to the so-called extrinsic transconductance, i.e., 
 ∂I  DS  /∂U  G , which represents the modulation capability of the gate. Due to the effect of the access 
resistance, the extrinsic transconductance is strongly reduced with respect to the intrinsic 
transconductance.  
graphene/aqueous electrolyte interface could also be relevant, 
such as interface dipole scattering introduced by structuring of 
water in contact with the hydrophobic surface of graphene. In 
Figure  2 c, we compare the mobility-carrier density dependence 
of the graphene SGFET with that of diamond SGFET devices, 
in which a 2D hole gas is formed at the surface of a hydrogen-
ated diamond. [  44  ,  45  ]  The similarity between both sets of data is 
striking and may suggest a common origin of the scattering 
mechanism induced by the solid/electrolyte interface. Further 
experiments are planned to conclusively identify the main scat-
tering mechanisms in graphene SGFETs. 

 The characteristics of two micrometer-scaled SGFETs (10  μ m  ×  
40  μ m and 20  μ m  ×  40  μ m) are shown in  Figure  4   a . The sym-
bols correspond to the measured drain-source current at a con-
stant  U  DS   =  100 mV as a function of the gate voltage (see the 
Experimental Section). The solid lines have been derived (see the 
Supporting Information) from the 4-point conductivity measure-
ments and consider the series resistance due to the access region 
resulting from the fabrication method. This access region, which 
cannot be modulated by the gate potential, corresponds to that 
part of the graphene fi lm between drain and source which is cov-
ered with the chemically insulating SU-8 resist. Figure  4 a shows 
an excellent agreement between the measured drain source cur-
rent and the calculated current. It is worth recalling that the cal-
culated current is based on the resistivity measurements, which 
are performed using a van der Pauw structure of large dimen-
sions (700  μ m  ×  700  μ m). On the other hand, the characterized 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2010, 20, 3117–3124
transistors have much smaller dimensions 
(down to 10  μ m  ×  40  μ m) and can be sepa-
rated by more than 1 mm, highlighting the 
homogeneity of the graphene fi lm and con-
fi rming the potential of epitaxial graphene for 
large scale device production.  

 One of the key parameters characterizing the 
sensitivity of a FET is the transconductance, i.e., 
the  I  DS  modulation induced by a small  U  G  vari-
ation. While the change of current relative to 
its absolute value is in general higher for tran-
sistors operated in the subthreshold regime, 
the device should be operated at the point of 
maximum transconductance, where the ratio 
between amplifi ed signal and noise is maxi-
mized for each device. This signal-to-noise ratio 
will determine the fi nal sensitivity of the device. 
It can be easily shown that the access resist-
ance limits the maximum transconductance of 
the device. Figure  4 b shows the transconduct-
ance calculated from the  I  DS  -U  G  curves of the 
20  μ m  ×  40  μ m transistor in Figure  4 a, which 
we refer to as the extrinsic transconductance 
( g  m,ext ). For comparison, we include the so-
called intrinsic transconductance ( g  m,int ), which 
is calculated from the resistivity measurements 
after correction for the access resistance. As 
the graph shows, the access resistance reduces 
the transconductance maximum by a factor of 
3. By using an improved transistor design with 
a reduced access region length, the  g  m,ext  will 
approach  g  m,int . Furthermore, improving the 

a advanced and rapidly improving growth tech-
carrier mobility vi
niques will also result in a signifi cant increase of  g  m,int . 

 In addition to the transconductance, the low-frequency noise 
of a graphene transistor will have a major infl uence on its 
sensitivity. [  46  ]    Figure    5    a  shows the current noise spectral den-
sity measured as described in the experimental section. For all 
measured devices, we have found a 1/ f  dependence of the cur-
rent noise spectral density, where  f  is the frequency. 1/ f  noise in 
electronic devices is often characterized by the empirical Hooge 
law, [  47  ]  in which the noise scales inversely with the number of 
carriers ( N ) contributing to the electronic transport, following

 
S

N f
II

H
DSDS =

α 1 2

   
 (1)   

     Here,   α   H  is the so-called Hooge parameter, often used to char-
acterize the noise properties of electronic conductors like metals 
and semiconductors. For device characterization, the number of 
carriers is often not known, and the noise amplitude  A   =    α   H / N  
is thus used to assess the noise performance. We fi nd that the 
current noise density is proportional to the current squared, indi-
cating that the 1/ f  noise is due to resistance fl uctuations. Figure  5 b 
shows the gate voltage dependence of the calculated noise ampli-
tude, together with the  U  G -dependent resistance (solid line) for 
one of the devices, revealing a maximum at the Dirac point. 
This is not unexpected, since the number of carriers,  N , has a 
minimum at the gate voltage corresponding to the Dirac point. 
eim 3121wileyonlinelibrary.com
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      Figure  5 .      Low-frequency noise characterization . A) Current noise density versus frequency 
curves measured for a graphene SGFET in electrolyte, at different gate voltages. In the low 
frequency range, the noise spectra follow a 1/ f  dependence. B) Gate voltage dependence of 
the noise amplitude  A  defi ned as   α  H  / N  (see  Equation (1) ), where  N  is the total number of 
carriers. For comparison, the resistance curve of one of the transistors (T3) is shown (solid 
line). As described in the text, the noise amplitude has a maximum at the Dirac point, where  N  
exhibits its minimum. C) Gate noise density of the graphene SGFETs compared to Si SGFETs. 
Due to the minimum of the transconductance close to the Dirac point, the gate noise exhibits 
a maximum in this gate voltage region. Away from this maximum, the graphene SGFETs exhibit 
a RMS gate noise of  ≈ 20  μ V.  
However, in order to properly calculate the Hooge parameter, 
the contribution of the access resistance must be considered. 
A detailed discussion of the limitation in the calculation of   α   H  
is provided as Supporting Information. The values of the noise 
amplitude shown in Figure  5 b are in good agreement with recent 
reports on low-frequency noise in graphene devices. [  46  ,  48  ,  49  ]  

 With respect to the device sensitivity, the relevant noise 
parameter to be assessed is the gate voltage noise spectral den-
sity, which determines the minimum gate signal that will be 
detected by the device. For instance, the gate signal can be the 
action potential of a nerve cell in the proximity of the transistor, 
or the surface charge modulation induced by a local pH varia-
tion. The relation between the gate voltage noise density and the 
current noise density is given by SUG = SIDS/g 2

m
 , where  g  m  repre-

sents the extrinsic transistor transconductance. Figure  5 c shows 
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhwileyonlinelibrary.com
the gate voltage noise power density of the 
transistors in Figure  5 b. The maximum at the 
Dirac point results from the minimum of the 
transconductance at this gate potential. From 
the minimum of the gate voltage noise power 
density, and considering the typical bandwith 
used in biosensors and bioelectronic applica-
tions (1 Hz to 5 kHz), we estimate the RMS of 
the noise at the gate to be  ≈ 20  μ V. This value 
is nearly one order of magnitude lower than 
in standard Si-devices used in biosensors, and 
as low as those of ultralow-noise Si devices 
currently used in bioelectronic applications. [  3  ]  
The graphene SGFET intrinsically omits some 
sources of noise, such as defects at the inter-
face to an oxide, by being directly exposed to 
an electrolyte. Of course, the electrolyte inter-
face itself, as well as the SiC interface, remain 
as sources of noise. Therefore, the noise per-
formance of the graphene SGFET devices 
presented here might differs from graphene 
devices using solid gates. [  50  ]  

 Since the extrinsic transconductance can 
be signifi cantly increased by straightforward 
reduction of the access region length and by 
larger carrier mobilities, future electrolyte-
gated graphene biosensors have the potential 
to greatly outperform existing technologies.   

 3. Conclusions 

 Indeed, our results strongly indicate that 
graphene-based SGFETs can set a new para-
digm in biosensing and bioelectronics, 
enabled by their high sensitivity (transcon-
ductance) and low noise properties, together 
with the reliability and scalability demon-
strated for epitaxial graphene. Furthermore, 
the ambipolar character of the devices may 
enable novel ways of addressing the study of 
the solid/liquid interface. However, important 
challenges must be overcome before graphene 
SGFETS are available for biosensor applica-
tions. Among others, we highlight the interaction of organic and 
bioorganic molecules with graphene surfaces. For biosensors and 
bioelectronics, surface modifi cation in a controlled way is a man-
datory step in order to introduce chemical specifi city, as well as to 
modify the surface reactivity. Developing methods of functionali-
zation with selective biomolecules and understanding the effects 
of these modifi cations on the electronic properties of single and 
multilayer graphene, without doubt, constitute extremely rich 
and interesting fi elds which remain to be explored.   

 4. Experimental Section 
  Grapheme preparation : Epitaxial graphene was prepared on the Si 

face of a semi-insulating 6H-SiC substrate purchased from Norstel AB 
(Sweden) and chemico-mechanically polished by NovaSiC (France) 
eim Adv. Funct. Mater. 2010, 20, 3117–3124
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to an RMS roughness of  ∼ 0.2 nm. Following polishing, samples were 
thoroughly cleaned in solvents and were subjected to two cycles of 
plasma oxidation and etching in 5% HF for 5 min. Growth was achieved 
using an ultrahigh vacuum setup equipped with low-energy electron 
diffraction (LEED), Auger, and scanning tunneling spectroscopy. The 
semi-insulating [0001] 6H-SiC was fi rst annealed at 900  ° C under low 
Si fl ux, which produces a [3  ×  3] Si-rich phase. Further annealing at 
1100  ° C resulted in the C-rich phase of the so-called [6 √3  ×  6 √3]R30 °  
reconstruction. Final graphitization was achieved at 1200  ° C. 

  Device fabrication : The graphene SGFET device array was fabricated 
using optical lithography, as follows. A Ti/Au layer stack (10 nm/100 nm) 
was evaporated to form bond pads and leads to the active area. Prior to the 
metal evaporation, the open areas were defi ned by selective etching in an 
oxygen plasma. In this way, the graphene layer was fully removed from the 
contact area, improving the adhesion of the Ti/Au layer to the SiC substrate. 
The active graphene areas of the transistors were defi ned by etching the 
surrounding graphene regions using an oxygen plasma. In order to contact 
the active area of the FETs and form drain and source contacts, an additional 
Au layer (100 nm) was deposited on the leads, partly overlapping the 
graphene active region. To prevent the direct contact between the electrolyte 
and the metal contacts, the entire sample was covered with two subsequent 
layers (1.5  μ m each) of a chemically stable photoresist (SU-8), which were 
opened at the gate area by optical lithography. Transistors with two different 
gate areas (width  ×  length: 40  μ m  ×  10  μ m and 40  μ m  ×  20  μ m) were 
processed around the sample center, where a van der Pauw structure of 700 
 μ m  ×  700  μ m was fabricated for Hall-effect measurements [Figure  1 b] 

  Resistivity and Hall Effect Measurements : The sheet resistivity and the 
Hall effect measurements were performed with the graphene sample in 
electrolyte solution under control of the gate potential. The gate potential 
was controlled with a potentiostat in a three electrode electrochemical 
cell with a Ag/AgCl reference electrode, a platinum wire counter electrode 
and one of the four contacts of the van der Pauw structure connected as 
a working electrode. All potentials applied between the contacts during 
measurements were grounded with respect to this working electrode. A 
5 mM phosphate buffer adjusted to an ionic strength of 100 mM with 
NaCl was used as electrolyte. Probe voltages for both the sheet resistivity 
and Hall effect measurements were ac with a frequency of 1 Hz, making 
use of lock-in amplifi ers for both signal generation and measurement. 
The applied voltages between the contacts were 50 mV maximum 
to guarantee a homogeneous gate potential distribution across the 
sample. The sheet resistivity was measured and evaluated according to 
the method by van der Pauw, permuted through all four contacts. The 
Hall-effect measurements were executed similarly, with the contacts also 
permutated in order to achieve higher accuracy. A 2 T magnetic fi eld was 
provided by a standard coil magnet and fi eld controller. 

  Transistor Characteristics Measurements : Transistor characteristics were 
investigated using a two electrode electrochemical cell, with a Ag/AgCl 
reference electrode and the source contact of the device as the working 
electrode. A 10 mM phosphate buffer adjusted to an ionic strength of 
50 mM with KCl was used as an electrolyte. The drain-source voltage 
was applied by a voltage source. The gate voltage was applied using a 
second voltage source, which sets the potential of the source contact 
with respect to the reference electrode. 

  Low-Frequency Noise Measurements : For the low-frequency noise 
measurements, transistors were biased in a two-electrode setup in 
which the drain-source and gate voltages were applied by a battery-
powered setup. The drain-source current was amplifi ed ( × 10 5 ) with 
a battery-powered low-noise current pre-amplifi er (DL Instruments 
Model 564). This setup was shielded against external noise with a 
Faraday cage. Another battery-powered low-noise amplifi er (EG&G Parc 
Model 113) was used to fi lter frequencies lower than 0.1 Hz and higher 
than 300 kHz. The noise power spectral density was measured with a 
spectrum analyzer in a frequency range of 1 Hz to 100 kHz.     

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.    
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Supplementary Information 

 

STM characterization 

In-situ STM was used to assess the quality and thickness of the graphene film. STM images of 

large areas (Fig. S1a) reveal terraces with a lateral size between 10 and 100 nm. Small scale 

STM images at low sample bias (Fig. S1b) confirm the presence of mostly a monolayer 

graphene film. However, as usual for UHV grown samples19,26,27, patches of the substrate not 

covered by graphene (0 L) and islands of bilayer graphene (BL) are also observed. 

 

 



  Submitted to  

22222222224222 

 

Figure S1. STM characterization of epitaxial graphene. (a) Large scale STM image 

revealing the morphology of the film, which consists of a large terrace covered with a single 

layer of graphene (ML). Patches not covered with graphene (0L) and bilayer islands (BL) are 

also found on the surface. Image size: 200×183 nm², sample bias: -1.0 V, tunneling current: 

0.2 nA. A zoomed-in image of the boxed area in (a) is displayed in Fig. 1a (in main text). (b) 

Atomic resolution image taken on the ML phase. It shows the honeycomb contrast expected 

for monolayer graphene. Image size: 7×7 nm², sample bias: -0.1 V, tunneling current: 0.15 

nA. 

 

Impact of access resistance on the transistor characteristics 

The characteristics of two micrometer-scaled (10x40 μm2 and 20x40 μm2) graphene 

transistors are shown in Fig. 4a (main manuscript). The solid symbols correspond to the 

measured drain-source current at a constant UDS=100 mV as a function of the gate voltage. 

The solid lines have been derived from the 4-point conductivity measurements considering 

the series resistance due to the large access region. This access region, which cannot be 

modulated by the gate potential, corresponds to that part of the graphene film between drain 

and source covered with the chemically insulating SU-8 resist; in our transistor design, the 

access region has a length of 12 μm. The solid lines in Fig. 4a are calculated as 
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in which L and W correspond to gate length and width, respectively; ρvdP (UG) is the gate 

voltage dependent resistivity calculated using the van der Pauw design (Fig. 1b in main text); 

RAC corresponds to the access resistance and has been used as a free parameter to fit the 

measured drain-source current to equation (s1). The calculated currents using equation (s1) 

are shown in Fig. 4a; the estimated access resistances are between 5100 and 5900 Ω. 

Considering the dimensions of the access region, the estimated access resistances amount to a 

sheet conductivity of about 0.5-0.6 x 10-4 Ω-1. From the van der Pauw measurements, the 

conductivity minimum is about 0.3 x 10-4 Ω-1, suggesting that the deposition of SU8 leads to a 

weak chemical doping of the underlying graphene film. 

 

Low-frequency noise 

The Hooge parameter can be derived from the experimental data, once the contribution of 

the access resistance is taken into consideration. The total resistance (RT) fluctuations can be 

written as   
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in which the subindices AC, and CH refer to access region and channel region, respectively. 

Thus, the Hooge parameter can be calculated from 
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Equation (s3) indicates that when the effect of the access resistance is negligible (RCH >> 

RAC, and RT ≈ RCH), the Hooge parameter can be calculated as in equation (1) of the main 

manuscript. However, when the access resistance becomes dominant, the Hooge parameter 
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can only be estimated if the noise amplitude corresponding to the access region AAC is known. 

Fig. S2 shows the first and the second terms of equation (s3) as a function of the carrier 

concentration. The second term in equation (s3) is proportional to (NCH)3, as given by the 

dashed line in the figure; note that RCH ∝ 1/NCH. For the noise amplitude in the second term 

AAC, we assume the maximum value which can be expected from the data depicted in Fig. S2, 

AAC=3x10-10. This is approximately the same noise amplitude which was measured close to 

the Dirac point (see Fig. 5 in main text), once the correct geometry factor for the access 

region is considered. In summary, the Hooge parameter can be estimated to be close to 10-2, 

not far away from the value obtained for other semiconductors. 
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Figure S2. Derivation of the noise Hooge parameter calculated from equation (s3). The figure 

shows the carrier concentration dependence of the different terms in equation (s3). The solid 

circles correspond to the first term, representing the measured noise normalized by a factor 

considering the ratio of the total and channel resistance.  The second term corresponds to the 

contribution of the access resistance to the Hooge parameter and is represented by the star 

symbols. From equation (s3), it is expected to have a (NCH)3 dependence. Open green circles 
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are the calculated Hooge parameter, once the contribution of the access resistance is 

considered. 

 

Modelling of the graphene/electrolyte interface 

Using the nextnano software (http://www.nextnano.de) we calculate self-consistently the 

spatial charge ρ(x) and electrostatic potential φ(x) distribution in the graphene/electrolyte 

system by solving the nonlinear Poisson equation  

( ) ( ) ( )xx
x

x
x

ρφεε −=
∂
∂

∂
∂

r0
                                                          (s4) 

assuming a spatially varying static dielectric constant εr(x) where ε0 is the permittivity of 

vacuum. We used the Dirichlet boundary condition φ(∞) = UG for the electrostatic potential in 

the bulk electrolyte which is determined by the voltage UG of the reference electrode 

(corresponding to zero net ion charge density in the electrolyte far away from the interface), 

and the Neumann boundary condition V/m 0/ =∂∂ xφ  (vanishing electric field) deep in the 

graphene layer corresponding to overall charge neutrality.  

The sheet charge density in graphene is calculated according to Fang et al.,36  assuming a 

linear energy dispersion E(k) for bulk graphene leading to electron densities n and hole 

densities p given by 
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where the Fermi velocity vF of the charge carriers in graphene was chosen to be 0.98×106 

m/s. F1 is the Fermi-Dirac integral of the order 1 having ( ) TkEE BDF /−=η as its argument 

where the position of the Fermi level EF relative to the Dirac point ED determines the charge 
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density. Usually ED is assumed to be at ED,0 = 0 eV due to the symmetry of the energy 

dispersion. Fermi-Dirac integrals of any order can be evaluated numerically very efficiently 

using approximation formulas. 

We assume the Fermi level to be constant and fixed at EF = 0 eV, i.e. the position of the 

Dirac point equals 0 eV in the case of zero electrostatic potential (ED = ED,0 – eφ(x)). 

Consequently, an applied gate voltage UG in the electrolyte modifies the electrostatic potential 

in the graphene layer and thus alters its charge density by moving the Dirac point with respect 

to the Fermi level. For the graphene layer we assume a thickness of 0.334 nm, corresponding 

to half the lattice spacing in graphite, i.e. the thickness of one monolayer. The dielectric 

constant in the electrolyte is proportional to the water density according to Ref. [38], and 

varies from εr = 1 at the interface to εr = 78 further away from the interface (Fig. S3).  For 

simplicity, pyroelectric charges at the SiC/graphene interface, which arise due to spontaneous 

polarization in hexagonal 6H-SiC, have not been considered. 

The distributions of the N different ions (N = 2) in the electrolyte are calculated using an 

extended Poisson-Boltzmann approach that takes into account recently published ionic 

potentials of mean force (PMFs) VPMF,i(x) (i={Na+,Cl-}) (Fig. S4).38 The ion density is thus 

given by 
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where zi is the ion valency, and ci,0 is the bulk concentration of the ion species i. The 

temperature has been assumed to be room temperature (T = 298.15 K). The fitting functions 

for the PMFs correspond to hydrophobic (i.e. non-polar) solid/liquid interfaces (Fig. S4), 

based on data obtained from atomistic molecular dynamics simulations.38 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 
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where no PMFs are employed while assuming a constant value of εr = 78 for the static 

dielectric constant of the electrolyte. We find significant differences for both the spatial 

distribution of the resulting ion density (Fig. S4) and the potential distribution (Fig. 3a in 

main manuscript). In our model, the pH has been set to 7, thus the concentrations of OH- and 

H3O+ ions are not relevant for the simulations compared to the Na+ and Cl- concentrations of 

100 mM NaCl. The buffer ions (5 mM PBS buffer) have not been included in the simulations 

as they are two orders of magnitude lower in concentration.  

The hydrophobic model leads to results very close to the measured electron and hole 

densities in graphene (Fig. 3b). The total capacitance C=∂Q/∂UG is defined as the derivative 

of the total charge Q=e(p-n) in the graphene sheet with respect to the applied gate potential 

UG. The results of the calculations using the standard Poisson-Boltzmann model (read dashed 

line) and the extended Poisson-Boltmann model (black solid line) are compared in Fig. S6 

with the case of the quantum limit of bulk graphene (blue line).  The grey line in Fig. S6 

corresponds to a simple plate capacitor model of width d = 0.32 nm and a static dielectric 

constant of εr = 1. One can see that at large voltages UG 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 found to have a value of 

about 3 μF/cm2. As discussed above, a proper description of the graphene/electrolyte 

interface, which considers the effect of the solid surface on the water dielectric properties, can 

explain this seemingly low value of the double layer capacitance. 

The Poisson equation has been discretized on a nonuniform grid using the finite differences 

method. It is solved numerically with a Newton-Raphson scheme. As CPU time is not critical 

(order of seconds) the grid spacing has been chosen to be very small (0.02 nm) to resolve the 
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fit functions of the potentials of mean force reasonably well at the solid/liquid interface. More 

details on the simulation of the combined system of semiconductor/electrolyte systems with 

the nextnano software are described in Ref. [40]. 

 

 

Figure S3. Spatially varying static dielectric constant εr(x) (dotted line) of the electrolyte at a 

hydrophobic solid/liquid interface according to the parameters of Ref. [38].  
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Figure S4. Ionic potentials of mean force (PMF) for the ions Na+ (solid line) and Cl- (dotted 

line) at a hydrophobic solid/liquid interface according to the parameters of Ref. [35]. The 

interface is at 0 nm, and the PMFs are zero beyond 1.4 nm indicated by the vertical line. One 

can clearly see that the PMFs repel the ions strongly for distances below 0.4 nm from the 

interface. 

 

 

 

Figure S5. Total ion density profile ρ(x) 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 potentials of mean force are nonzero.  
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Figure S6. Interfacial capacitance of the graphene/electrolyte system as a function of applied 

gate electrode potential UG for the hydrophobic (black solid line) solid/liquid interface 

(extended Poisson-Boltzmann model). The results of the standard Poisson-Boltzmann 

approach (red dashed line) are shown for comparison. The blue line shows the quantum limit 

of bulk graphene where a shift in UG corresponds directly to a shift of the Fermi level with 

respect to the Dirac point. 

 

 


