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he electronic and mechanical proper-
Tties of graphene and its derivatives
make it an attractive material for the
development of devices with applications in
various fields, such as field-effect transistors,
capacitors, and mass, optical, or electrical
sensors.' 7 However it is still challenging to
obtain such devices in a routine and scal-
able manner. Mechanical exfoliation of gra-
phene from a graphite crystal followed by
electron beam lithography is the commonly
used technique for the preparation of con-
tacted graphene flakes.® This approach is
widely used in research laboratories, but has
a number of limitations that make it unsui-
table for device production at an industrial
level because of the critical manual opera-
tion steps that cannot be automated. More-
over the geometry of the flakes and the
layout of the contacts vary from one chip to
another. This can complicate manufacturing
processes and the operation of the devices
at later stages. Researchers are trying to
overcome these limitations by using CVD
(chemical vapor deposition)-grown graphene
as a starting material for device fabrica-
tion.”~ " Alternatively, solution-based fabri-
cation approaches have been tested, offering
promise for large-scale processing without
the use of bulky equipment or very high
temperatures. In such cases, a graphene sus-
pension is obtained from graphite through
intercalation of graphitic layers using organic
solvents or surfactants.'>"'* The disadvan-
tages of this approach include the low yield,
the small sizes of the flakes, and the inhomo-
geneity of the suspensions, attributed
mainly to the highly hydrophobic character
of graphene.’>'¢
A strategy to overcome the hydrophobi-
city aspect involves the preparation of an
aqueous solution of an oxidized form of
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ABSTRACT

Large-scale fabrication of graphene-based devices is an aspect of great importance for various
applications including chemical and biological sensing. Toward this goal, we present here a
novel chemical route for the site-specific realization of devices based on reduced graphene
oxide (RGO). Electrodes patterned by photolithography are modified with amino functional
groups through electrodeposition. The amine groups function as hooks for the attachment of
graphene oxide flakes selectively onto the electrodes. Graphene-like electrical behavior is
attained by a subsequent thermal annealing step. We show that this anchoring strategy can be
scaled-up to obtain RGO devices at a wafer scale in a facile manner. The scalability of our
approach coupled with the use of photolithography is promising for the rapid realization of
graphene-based devices. We demonstrate one possible application of the fabricated RGO
devices as electrical biosensors through the immunodetection of amyloid beta peptide.

KEYWORDS: graphene - reduced graphene oxide - chemical functionalization -
biosensors - amyloid beta

graphene, namely, graphene oxide (GO)."”
Due to the presence of polar groups such
as hydroxyl, carboxyl, and epoxy groups,'®
GO is very hydrophilic in comparison to
graphene. For the purpose of device appli-
cations, the drawback when using GO is that
it is an insulating material. This can be over-
come by the use of a reduction procedure,
which improves its conductivity,'” yielding
reduced graphene oxide (RGO). Fabrication
of RGO devices has been demonstrated by
drop casting an aqueous solution, followed
by search and contacting.'® Alternatively,
ac dielectrophoresis can be used to trap
the flakes at predefined locations.°~%2
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However, the scalability of such approaches is very
limited due to the need to address every device
individually during the fabrication process.

Here we report a chemical route for the realization of
devices starting from GO. Our strategy utilizes the
presence of reactive oxygen-containing functional
groups on the surface of GO. The procedure involves
the electrochemical rendering of photolithographi-
cally patterned electrodes with amino groups. These
amino groups react with the functional groups on the
GO surface, leading to the immobilization of the GO
flakes selectively at the electrode locations. Electrode
gaps of around 4 um could be easily bridged using this
procedure. The fixed GO flakes are subsequently re-
duced by a thermal annealing process to obtain RGO,
showing graphene-like field-effect behavior. Further-
more, we demonstrate that this procedure can be
scaled-up to obtain RGO devices on 4 in. glass wafers
with low resistances and a high device yield of more
than 80%. The obtained RGO-FET devices in liquid-
gated configuration can be used as electrical biosen-
sors. For this purpose we have realized an RGO-based
immunosensor for the detection of amyloid beta (AS)
peptide, the peptide that is commonly associated with
Alzheimer's disease.*®

RESULTS AND DISCUSSION

The protocol behind the chemical anchoring proce-
dure is outlined in Figure 1. Individual Si/SiO, sub-
strates prewritten with electrodes (45 nm Ti/8 nm Pt)
incorporating a gap (4 um) are utilized to demonstrate
the principle. In the first step, the platinum electrodes
were modified by oxidative electropolymerization (see
Experimental Section) of tyramine (Figure 1a), leading
to the formation of a thin polytyramine film (pTy).
The film has a high density of free amino groups
(Figure 1b),%* and its height can be controlled by the
parameters of electrochemical functionalization.”®
Subsequently, the pTy-functionalized chips are incu-
bated in a GO solution (see Supporting Information) for
one hour at room temperature, during which the GO
flakes are immobilized selectively on the electrode
surface (Figure 1¢). It has been reported that the epoxy
groups on the GO surface are responsible for a good
coupling to the amine groups.?® The coupling mechan-
ism is also supported by previous studies demonstrat-
ing the immobilization of biomolecules on tyramine-
functionalized microelectrodes.?’?® Finally, the samples
are annealed in argon at 350 °C for 60 min. This serves
two purposes, namely, the removal of the pTy film and
simultaneously the reduction of oxygen-containing groups
to a large extent (Figure 1d).

The substrate surface was characterized using atom-
ic force microscopy (AFM) at various stages of the
anchoring protocol. Figure 2a presents a final AFM
image of the sample (at the end of the protocol) along
with line profiles (Figure 2b) from AFM images taken at
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Figure 1. Scheme of the chemical anchoring protocol: (a)
electrochemical functionalization of Pt electrodes with tyr-
amine leading to (b) a coating of polytyramine on the
electrode surface; (c) incubation of the chip in a GO solution
results in the coupling of GO flakes to the polytyramine
layer; (d) annealing in argon at 350 °C leads to the removal
of the polytyramine layer and the reduction of most of the
oxygen-containing groups. WE = working electrode, CE =
counter electrode, RE = reference electrode.

various stages. It is apparent from the AFM image that
the GO flake is comfortably positioned at the gap
between the electrodes. Large-area images of the
substrates confirm that GO is attached exclusively to
the modified electrodes (see Supporting Information).
On substrates not treated with tyramine no GO flakes
were observed. The line profiles (Figure 2b) show the
height of the bare electrode region (without GO) at the
various stages: initial, after electrodeposition of poly-
tyramine, and after the final annealing step. From the
height profiles it is apparent that the layer of polytyr-
amine that is formed on the surface of the electrodes
during electrochemical functionalization has a thick-
ness of around 5—8 nm. After thermal annealing, the
height of the electrodes decreases to the initial value,
indicating the removal of the polymer layer from the
surface of the electrodes. Similar height profile analysis
of the electrode regions with GO on top suggests the
removal of the polymer layer also below the GO sheet
(see Supporting Information).

The electronic properties of the realized RGO de-
vices were investigated in parallel. Toward this goal,
the resistance of the devices was measured with the
help of impedance spectroscopy at various stages.
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Figure 2. Characterization of the devices by AFM and
electrical measurements. (a) AFM image of a typical sample
obtained at the end of the chemical anchoring protocol. The
electrode gap and the immobilized graphene oxide flake
are visible here. (b) Height profiles (along the black line (1) in
the AFM image taken at a GO-free region on the electrode,
as extracted from AFM images recorded at various stages of
the anchoring procedure. It is apparent that the pTy film
after electrodeposition is 5 to 8 nm thick (red curve).
Annealing leads to the reduction in electrode height (blue
curve) to the initial value, signifying the removal of the pTy
film. (Inset) Height profile of RGO taken along the blue line
(2) on the AFM image. (c) Impedance spectrum of a typical
anchored GO device before and after the thermal annealing
step (350 °C, argon, 1 h), ac amplitude 100 mV. Before
annealing the device is capacitive, signifying a high resis-
tance in the GOhm range. Upon annealing the resistance
has decreased to 600 kOhm. It can be inferred that the
annealing step significantly reduces the resistance of the
anchored flake.

Figure 2c shows the impedance of a typical device
before and after the final annealing step. It is apparent
that the RGO flake is insulating initially, as inferred from
the capacitive behavior of the impedance spectrum.?®
After thermal annealing, the resistance improves to
less than a MOhm and is stable in a broad frequency
range. A similar behavior was observed in other sam-
ples with resistances in the range 200 kOhm to 2
MOhm. This resistance improvement confirms the
removal of a majority of oxygen functionalities from
the GO surface.>® In order to gather further support for
the improvement in electrical transport, the devices
were investigated using Kelvin probe force microscopy
(see Supporting Information).>' 33

The advantage of this approach for device fabrica-
tion is the possibility to scale-up the process. Toward
this goal, we utilized a specialized layout as shown in
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Figure 3a. The substrates were composed of 6 mm x
30 mm Si/SiO, chips, allowing for long leads. The long
leads enable us to perform electronic transport mea-
surements in liquids, as is discussed later. Each chip has
six electrode gaps. All 12 electrodes are initially wire-
bonded in the outer region of the substrate to form a
parallel connection of 12 electrodes. In this manner all
the electrodes can be decorated electrochemically
with polytyramine in a single step. After the functio-
nalization, the wire bonds are removed to obtain six
individual devices. The remaining steps were carried
out in the same manner as described before. Finally,
in order to allow the use of such devices in liquids,
the electrode surfaces were passivated with Si0,.2%*
Passivation of the metal electrodes with an insulating
layer is a crucial step for some applications, such
as sensing of biomolecules in liquids.3**® Since the
positions of the electrodes are known beforehand,
the passivation step can be carried out using a second
photo mask with the help of alignment marks.
Figure 3b presents AFM images of the six resulting
passivated RGO devices from one chip. It is apparent
that by performing all the necessary steps only once
we have obtained a yield of six devices. In order to
demonstrate the versatility of such devices for sensing
applications, the field-effect behavior of the fabricated
devices was investigated in liquids. For this purpose,
a microwell made of polydimethylsiloxane is realized
to hold the liquid on the substrates as shown in
Figure 3a.>* An Ag/AgCl electrode immersed in the
liquid is used as the reference electrode. The gate
dependence of resistance of one of the devices is
shown in Figure 3¢, which is reminiscent of the typical
gate characteristics observed in the other back-gated
and electrochemically gated RGO devices.** 3 The
gate dependence is ambipolar and has a broad peak
corresponding to the Dirac point. The observed Dirac
voltage (50—100 mV) is different from the previously
reported value (200 mV). This difference may arise due
to the use of a different reference electrode and/or
due to a difference in the materials used for contacting
and passivation. Variability in the number of graphene
layers, in buffer composition, and in the extent of
graphene oxide reduction may also contribute to this
shift.

Due to the high sensitivity to chemical changes in
their surroundings, nanomaterials show great promise
for application as transducer components of various
chemical and biological sensors.*® Carbon nanotubes
and graphene have been used widely for fabrication of
electrical sensors for detection of sugars, nucleic acids,
gas molecules, proteins, etc.>%3#274¢ To demonstrate
the potential of presented self-assembled RGO devices
as biosensors, the detection of amyloid beta peptide
was carried out, due to its importance in Alzheimer's
disease.” In order to be able to detect amyloid beta
with a high specificity, anti-Af-antibody was used as a
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Figure 3. Scaling-up chemical anchoring. (a) Device layout showing six electrode gaps. Initially, the 12 electrodes are linked
externally through wire bonding. For liquid-gating measurements, a liquid channel connected by two circular wells is created
with the help of a polydimethylsiloxane layer. The inset shows a close-up of the electrode gap and the relative extent of the
liquid channel. An Ag/AgCl reference electrode inserted in the channel serves as the gate electrode. (b) AFM images of the six
gap positions (from one chip) at the end of the chemical anchoring protocol. In addition to the steps shown in Figure 1, the
electrodes are passivated with SiO, using a separate photo mask. (c) Liquid gate dependence of resistance of one of the RGO

devices, showing the typical ambipolar behavior.

receptor and was immobilized on the RGO surface in a
two-step procedure. In a first step, RGO was covered
with Staphylococcus aureus protein A (SpA) through
carbodiimide coupling.*” SpA ensures a proper orien-
tation of the subsequently immobilized antibodies
since it has high specificity to the Fc fragments.*® It is
expected that SpA attaches covalently to the carboxyl
groups remaining in RGO. In a second step, SpA-RGO
was modified with anti-AS-antibodies by incubating
the samples in a 50 mM antibody solution. Finally, the
samples were thoroughly washed with the buffer
before the sensing trials. Figure 4b presents the field-
effect characteristics of a typical RGO immunosensor
device at the various stages of fabrication along with
the response to amyloid beta peptide. Figure 4c shows
the sensor response of another control sample to Af
without using any antibodies. It is apparent that while
the immunosensor shows a clear response to 1 fM AS,
the control sample does not show changes in transport
characteristics upon introduction of 1 fM and 100 pM
amyloid beta solutions. This demonstration serves as
a proof-of-principle for the use of our self-assembled
RGO sensors as sensitive and selective electrical bio-
detectors. It is worth pointing out that the sensitivity of
this device is about 1 order of magnitude higher than
commercially available ELISA assays for A quantifica-
tion in biological fluids.*

From the foregoing discussions it is apparent that
the chemical anchoring protocol serves as a versatile
route to obtain RGO field-effect devices with a high
throughput at the location of interest. The real
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Figure 4. Sensing of amyloid beta peptide using RGO
immunosensor. (a) Schematic of RGO-FET immunosensor;
RE = reference electrode. (b) Field-effect characteristics of
the RGO immunosensor before and after functionalization
and after the exposure of antibody-functionalized device to
1 fM Ag. (c) Control device showing the field-effect char-
acteristics of another RGO device without the antibody.

advantage of such a technique in an industrial scenario
requires the demonstration of such a protocol at
the wafer scale. Furthermore, it will be important to
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Figure 5. Wafer-scale RGO devices with high yield. (a) Photograph of a 4 in. glass wafer with photolithographically patterned
electrodes. The electrodes in the red dashed region are connected to each other through the large pads in the upper left and
lower bottom. These large pads are used to deposit a polytyramine layer on all the electrodes in a single step. There are 15
chips in the red dashed region, each chip containing six electrode gaps with an electrode layout as shown in Figure 3a. (b)
Histogram of resistances of 77 out of the 90 electrode gaps at the end of the chemical anchoring protocol. Thirteen devices

showed very high resistances (more than 3 MOhm).

evaluate the feasibility of this protocol on other sub-
strates such as glass or polymers. With these aims in
mind, we have fabricated electrodes on 4 in. glass
wafers using photolithography as shown in Figure 5a.
The wafer is segmented into chips, each of which is laid
out as shown in Figure 3a. The layout is designed in
such a way that the electrodes of the chips in the
region marked with the red dashed line are all con-
nected to each other through the large common pads.
After carrying out the chemical anchoring protocol, the
wafer is diced whereby these electrode connections
are lost, resulting in stand-alone chips with six indivi-
dual gaps each. For the wafer shown in Figure 5a,
77 working devices (out of 90 electrode gaps) were
obtained, signifying a yield of 86%. A histogram of
the resistances from these 77 devices is presented in
Figure 5b, with resistances in the range 200 kOhm to
3 MOhm. These results underline the scalability of this
approach, demonstrating the capability to obtain RGO
devices at a high yield. The devices prepared on wafers
showed higher resistances on average in comparison
to those observed on individual samples. This could be
improved by optimizing the conditions of electropoly-
merization and thermal reduction for the substrate of
interest. It is worth mentioning here that this approach
was also successfully implemented on substrates with
differing electrode geometries, as well as on flexible

EXPERIMENTAL SECTION

The polymerization of tyramine was carried out by applying
0.8V (versus Pt) for 15 s to the platinum electrodes on the Si/SiO,
substrates immersed in a 10 mM tyramine solution with 10 mM
H,S0, using a CompactStat potentiostat (Ivium Technologies).
Platinum wires were used as counter and pseudoreference
electrodes. After electrochemical deposition of polytyramine
the substrate was washed with ethanol and water and dried in
nitrogen flow. An aqueous solution of graphene oxide was
prepared using graphite powder by the Hummers method."®*°
For the coupling of pTy with graphene oxide, we immersed the
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Kapton foils. Commercially available graphene oxide
could also be coupled using this procedure (see Sup-
porting Information).

CONCLUSIONS

In conclusion, we have demonstrated a new ap-
proach for the large-scale fabrication of RGO devices,
which can subsequently be deployed as sensitive
electrical biosensors. It allows preparing arrays of
RGO devices in a short time without the use of serial
techniques such as electron beam lithography. The
chemical anchoring protocol involves the rendering
of prepatterned electrode surfaces with amine groups.
With the help of oxygen-containing moieties on the
GO surface, the flakes are coupled to the amino groups
by cross-linking. Using a thermal annealing step, the
contacts could be improved and the oxygen function-
alities removed to a large extent. A field-effect was
observed on these devices when operating in liquids in
an electrochemical gating configuration. The ability to
realize wafer-scale RGO devices on arbitrary substrates
is an important step toward their widespread use in a
number of applications. As a proof-of-principle, we
successfully demonstrated the sensitive immunode-
tection of amyloid beta peptides in buffer. Future
experiments will focus on the deployment of such
sensors in realistic biological media such as serum.

substrate in the suspension of graphene oxide and left it for 1 h
in a shaker. After the substrate was taken out of the GO solution
it was immediately thoroughly washed with water and 2-pro-
panol and dried in nitrogen flow. Following this, thermal
annealing was carried out in an inert atmosphere (argon) at
350 °C for 1 h. After cooling to room temperature the sample
was washed with 2-propanol and dried. Impedance measure-
ments were carried out using an Agilent E4980A LCR meter.
AFM images and surface potential maps were obtained using a
Veeco/Digital Instruments Dimension IV.
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The procedure for the functionalization of RGO with the
antibody is described in the Supporting Information. For the
sensing experiments impedance spectra (20 Hz to 2 MHz) of the
devices were recorded in 10 mM phosphate buffer (pH 7.4)
containing 100 mM Nadl at different gate voltages provided by
an Ag/AgCl reference electrode.>*
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