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✴ Thinnest material ever, 1 atom-layer thin, only surface 
✴ Impermeable  
✴ Strongest material and still flexible 
✴ Best thermal conductor  
✴ One of the best electrical conductors 
✴ Transparent 
    etc..
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Graphene Transistors
for Bioelectronics
In this paper, fabrication of solution-gated transistors from graphene is discussed,
and experimental results that demonstrate the suitability of graphene
for biological applications are presented.

By Lucas H. Hess, Max Seifert, and Jose A. Garrido

ABSTRACT | This paper provides an overview on graphene

solution-gated field-effect transistors (SGFETs) and their ap-

plications in bioelectronics. The fabrication and characteriza-

tion of arrays of graphene SGFETs is presented and discussed

with respect to competing technologies. To obtain a better

understanding of the working principle of solution-gated

transistors, the graphene–electrolyte interface is discussed in

detail. The in vitro biocompatibility of graphene is assessed by

primary neuron cultures. Finally, bioelectronic experiments

with electrogenic cells are presented, confirming the suitability

of graphene to record the electrical activity of cells.
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I . INTRODUCTION

A major challenge in the field of bioelectronics is the
advancement of neural prostheses that allow restoring
damaged abilities such as hearing [1] and vision [2], or can
help to find solutions for treating motor disabilities [3] or
brain pathologies [4]. For this, it is essential to develop
suitable interfaces between the biological system, such as
the cochlea in the ear or the retina in the eye, and electro-
nic devices (see Fig. 1). While the intermediate signal
processing can be done easily with standard microproces-
sors, an efficient signal transfer from the electronics to the
nervous systems, and vice versa, remains challenging.

Commercially available technologies are mostly based
on microelectrode arrays (MEAs) made from silicon or
metals [1], [2], [5]. MEA-based devices already have shown
partial success in reconstituting hearing and vision, or in
treating neural disorders. However, the performance of
such implants, including long-term stability, is far from
being satisfactory and has to be largely improved. In
addition, MEA devices have an intrinsic poor spatial
resolution, which is related to the rather large electrode
impedance [6].

Arrays of field-effect transistors (FETs), on the other
hand, have also been demonstrated for recording the elec-
trical activity of nerve cells and tissue [7], [8] and offer
certain advantages with respect to MEAs such as the intrinsic
amplification capabilities of FETs. Further, signal-to-noise
ratio can be considerably enhanced if submicrometer FETs
are used for recording. Finally, since FETs can be fabricated
by standard semiconductor technology, the production of

Fig. 1. Concept for a retinal implant. An image is acquired by a camera

which is mounted to eyeglasses. After processing, the information is

transferred to a retinal implant which stimulates nerve cells to

transmit the signal to the brain.
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high-density structures is relatively easy, which has been
used to demonstrate the recording of cell activity with
unprecedented spatial resolution [9].

However, the presently used FET platforms suffer from
some major drawbacks, which are not only related to an
imperfect technology but are also inherent to the materials
that are employed.

One of the problems is the poor stability of many
materials in the harsh biological environment. For exam-
ple, devices fabricated from the ubiquitous semiconductor
silicon are subject to stability problems in aqueous envi-
ronments [10], [11]. This does not only result in a de-
creased performance of the sensor but may also damage
the surrounding tissue.

Furthermore, to obtain high-performance electronic
devices exhibiting high charge carrier mobilities and low
electronic noise, which are required for a high signal-to-
noise ratio, it is necessary for classic semiconductors to
build devices on the basis of highly crystalline substrates or
even single crystals. However, such good crystalline pro-
perties come hand in hand with mechanical characteristics
like high rigidity and sharp edges. In biological systems, it
is known that rigid and sharp prostheses can induce scar-
ring around the device making it inoperative and damaging
the surrounding tissue.

Thus, it is a major challenge to develop sensors from a
chemically stable material, which should exhibit good
electronic properties, allowing at the same time the fabri-
cation of small, flexible devices. Graphene complies with
all of these requirements [12]. Built up only from sp2-
hybridized carbon atoms, whose interatomic bond is one of
the strongest in nature, graphene shows a very high chem-
ical stability even in harsh biological environments. As will
be discussed later, this stability results in an excellent
biocompatibility.

In addition, the band structure of graphene results in
outstanding electronic properties [13]. Charge carriers
close to the charge neutrality point, also referred to as
Dirac point, behave like quasi-relativistic particles, which
largely reduces scattering and gives rise to extremely high
charge carrier mobilities. Even at near-room temperature,
values of more than 105 cm2V!1s!1 [14] can be reached
with exfoliated graphene, outnumbering other semicon-
ductors, which have been so far used for similar appli-
cations. Furthermore, the chemical properties of graphene
allow the fabrication of transistors without any solid di-

electric [15], [16]. As a result, interfacial capacitances of
several !Fcm!2 can be obtained, which is almost one order
of magnitude higher than for traditional semiconductors
with a fairly stable dielectric [17]. Consequently, graphene
shows significantly higher transconductive sensitivities
than other materials [18]. Moreover, the fact that graphene
is only one atomic layer thick and can be transferred to
almost any arbitrary substrateVincluding thin polymer
filmsVallows the fabrication of high-performance fully
flexible transistors [19], [20].

Motivated by this combination of properties, such as
high sensitivity, low noise, and stability in aqueous elec-
trolytes, graphene solution-gated field-effect transistors
(SGFETs) have been used for the detection of biologically
relevant molecules and biomolecules such as glucose [21],
nucleic acids (NAs) [22], proteins [23], [24], and growth
factors [25].

Table 1 shows a comparison of the relevant properties
of FETs based on graphene and other commonly used
semiconductor materials. Although graphene technology is
still in its infancy, graphene-based FETs already offer ad-
vantages when compared to the other competing technol-
ogies. In terms of biocompatibility, graphene [26] exhibits
a similar performance to diamond [27] and AlGaN/GaN,
[28], whereas silicon devices require additional encapsu-
lation layers to improve their stability [29]. Some mate-
rials, such as carbon nanotubes, also allow the fabrication
of sensitive solution-gated transistors [30], but their bio-
compatibility is still controversial [31]. Manufacturing
flexible devices is not possible with single-crystalline
diamond or AlGaN/GaN heterostructures and strongly
deteriorates the electronic properties for silicon [32]. In
contrast, graphene proved to be chemically stable and the
feasibility of high-quality flexible transistors has already
been demonstrated [19], [20].

Fig. 2 shows a schematic of a neuroelectronic hybrid
circuit based on graphene devices. Cells are grown on top
of an array of graphene transistors, which can be used for
the bidirectional communication with cells. In fact, the
rather large interfacial capacitance of graphene SGFETs
offers a more effective capacitive stimulation than Si-based
SGFETs can provide. Thus, the graphene transistors can be
used to either stimulate or record signals from cells. Re-
cordings of the electrical activity of electrogenic cells using
graphene transistors have been reported recently [33],
[34], based on a configuration similar to the one shown in

Table 1 Overview of Materials for SGFETs
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C is the 4th most abundant element
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Scalable production of large quantities of defect-free  
few-layer graphene by shear exfoliation in liquids 
J. Coleman et al. Nature Materials 13, 624–630 (2014)
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