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Abstract. In this work, an enzymatic liquid-gated field-effect-transistor sensor based on chemi-
cally reduced graphene oxide film was developed for determination of acetylthiocholine in aque-
ous conditions. The device was designed with interdigitated electrode configuration and then
manufactured by combining lithography and chemical vapor deposition techniques in clean room.
Graphene oxide material (prepared by Hummer method) was chemically reduced using a strong
reducing agent hydrazine, and then drop-casted onto the channel region. The X-Ray diffraction
patterns and Raman spectra have clearly indicated an effective reduction of graphene oxide. Con-
sequently, the transfer curve of as-prepared reduced graphene oxide based transistor exhibits am-
bipolar characteristics with a V-shape. Acetylcholinesterase was immobilized on top of reduced
graphene oxide film with the aid of glutaraldehyde trapping agent. It was found that the release of
proton from enzymatic hydrolysis of acetylthiocholine has caused significant variation in charge
concentration and mobility in the channel, thus generated a significant blue shift in position of
Dirac point on ambipolar curve. The developed sensor exhibits good sensing performances with
LOD of 250 µM and sensitivity of 2.0 µA. mM−1.cm−1 in concentration range 0 – 0.8 mM.
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I. INTRODUCTION

The use of graphene and its derivatives in electronic sensors has recently attracted increas-
ing attention for their high conductivity and many other chemical, optical and electrical behav-
iors [1–6]. However, the massive production of graphene is really limited since it requires expen-
sive instruments and strict conditions. Thus, reduced graphene oxide (rGO) which can be easily
synthesized and manipulated in aqueous conditions can be considered to be one of the best can-
didates to replace graphene [7–11]. To achieve reduced form of graphene oxide, it is essential
to control the reduction process in which almost intrinsic oxygen-containing groups (carboxylic,
hydroxyl, epoxy) in graphene oxide (GO) are eliminated [12, 13]. The restored sp2 carbon atoms
in reduced graphene oxide makes this material similar to graphene in term of electrical behaviors
as well as other physical properties. In the same time, the residual functional groups remained
after reduction process (if any) might even facilitate the immobilization of targeted molecules (i.e,
biomolecules) for further applications in biosensors [14–17].

The field-effect transistors (FETs) have recently been utilized in bio-sensing applications
due to their high sensitivity, miniaturization, and real-time capability [17–20]. In principle, field
effect transistor is an electronic device in which the variation of applied electric field leads to
changing the current across the semiconductor channel between two electrodes (source and drain).
In FET biosensors, a bio-recognition element is generally immobilized onto the surface of device
channel so that the interaction between targeted molecules (substrate, antigen. . . ) and relevant
recognition element (enzyme, antibody) can be transduced into measurable signals [21, 22]. In
order to improve the sensitivity of FET sensors, the channel is usually functionalized with highly
conductive materials. rGO with high charge mobility, tunable ambipolar field-effect characteristics
and biocompatibility [23] is probably a very promising material for improving performances of
FET biosensors [24–26].

In this work, we develop an enzymatic rGO-based liquid-gated field effect transistor for
determination of neurotransmitter acetylthiocholine (ATCh). rGO was prepared from graphene
oxide via chemical reduction using hydrazine as reducing agent. The quality of GO and rGO was
examined by XRD and Raman techniques. rGO was then deposited onto the channel in order to
enhance the conductivity and compatibility of FET device. Acetylcholinesterase (AChE), which is
a bio-catalyst for hydrolysis of acetylthiocholine, was then immobilized on the rGO-modified FET
channel via cross-linking method using glutaraldehyde. The concentration of acetylthiocholine
will be later recorded via the shift of Dirac point on transfer curve of as-developed rGO-based
FET device.

II. EXPERIMENT

II.1. Chemical preparation of rGO
To have the rGO, firstly, the GO was prepared by the well-known modified Hummer’s

method as described previously [27]. In this method, the graphene layers from the natural graphite
flakes are intercalated by adding suitable chemical species (H2SO4 and NaNO3). The oxidation
processes happen when KMnO4 was added into these intercalated graphene layers and forming
pristine graphene oxide (PGO). The reaction between PGO and water converts the PGO to GO.

In contrast to the GO fabrication process, which required a strong oxidant to be able to
oxidize the graphene layer to GO, the rGO synthesis process requires a reducing agent to be able
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to remove GO functional groups. In this work, the prepared GO was reduced by using hydrazine
hydrate solution. In detail, 3g synthesized GO was dispersed in a ratio of 1/4 of DI water/ethanol
solution and sonicated for 2h. Hydrazine hydrate was then added at a weight ratio of 1:3 comparing
to GO. The final solution was kept at 7 mg/ml concentration and stirred at 80˚C for 24h. The
obtained black powder, rGO, was filtered and dried in a vacuum oven at 50˚C for 24h. Fig. 1
shows the whole synthesized process of rGO. The quality of rGO product was characterized by
Raman spectroscopy and X-ray diffraction pattern.

Fig. 1. Flowchat of reduced graphene oxide (rGO) preparation process.

II.2. Fabrication of rGO based FET devices
The FET configuration using in this work includes interdigitated electrodes served as source

and drain electrodes associated with a platinum top gate electrode. To construct the source (S)
and drain (D) interdigitated electrodes, photolithography and thermal evaporation techniques were
utilized. In brief, the silicon substrate with 300 nm oxide layer was treated with a standard cleaning
procedure and then covered by an AZ 5214E photoresist layer. After removing the solvent by
soft-bake, this wafer is exposed with a pre-designed mask for 2 seconds and then following by
120˚C for 2 minutes baking. The pattern which is appeared after development was deposited by
co-evaporator system with gold material. Final structures were obtained by lift-off in acetone
solution.

The synthesized rGO (0.1 mg/ml) was drop-casted onto the FET electrodes and then ther-
mally annealed at 60oC for 10h. The covering rGO layer must be sufficiently large to cover all
interdigitated electrodes and except the source and drain measurement pads.

II.3. Acetylcholinesterase FET sensor
Enzyme acetylcholinesterase (10 U/µl) and acetylthiocholine (50 mM) were prepared in

PBS solution and stored in deep frigde at -20˚C. 5 µl enzyme acetylcholinesterase (AChE) was
immobilized onto rGO modified FET channel with using GA (glutaraldehyde) as cross-linking
agent at 4˚C for 120 minutes. The electrical properties of this device were characterized by using
a 4-probe station “Keithley 4200-SCS”.

III. RESULTS AND DISCUSSIONS

III.1. rGO formation
X-ray diffraction (XRD) patterns of GO and rGO were recorded with using Cu Kα radiation

(λ = 0.154184 nm) (Fig. 2). GO exhibited a peak at 2λ = 10.9˚ (d = 0.811 nm) corresponding
to the (002) reflection plane and interlayer distance of 0.811 nm, and a very small peak at 2λ =
22.4˚ (d = 0.397 nm) remained from raw graphite powder. It seems that the reduction in Hummer
method is not really complete even with using such strong oxidizing agents due to stacking effect
in graphite material. The increase in interplanar distance is probably resulted from the intercalation
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of water molecules and the formation of oxygenated functional groups at basal planes and edges
of graphite flakes during oxidation process. Meanwhile, rGO only shows a broad peak located
at 2λ = 23.9˚ (d = 0.372 nm) relevant to (002) reflection plane of graphite structure (JCPDS 75-
2078), indicating a successful reduction of GO to form rGO [28,29]. The tiny peak in XRD pattern
of rGO at 2λ = 44˚ is attributed to the turbostratic band of disordered carbon materials [30, 31].
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Fig. 2. XRD pattern of GO and rGO.

The Raman spectra of GO and rGO (Fig. 3) show the consistency with the XRD results.
Both GO and rGO have two most intensive peaks, corresponding to the so-called D-band and G-
band. The G-band represents the symmetry and crystallinity of the material, while D-band reflects
the defects and disorders. In the case of GO, these two peaks were observed at 1370 cm−1 for
the D-band and 1590 cm−1 for the G-band. Whereas, these bands in the rGO sample are slightly
shifted to 1320 cm−1 and 1600 cm−1, respectively. This effect indicates a higher disorder level
of the graphene layers and increasing the defect numbers after the reduction of GO. Besides, the
intensity ratio between D-band and G-band in rGO (ID/IG = 1.21) is slightly higher than that in
GO (ID/IG = 0.79), suggesting the presence of a more isolated graphene domain and the removal
of a large number of oxygen-containing functional groups in rGO [32,33]. In fact, the ID/IG ratio
is not a reliable parameter to evaluate the disorder of material because for the small crystallite size
(∼ 2 nm) this ratio increases with order [34]. Another parameter which has been suggested to
evaluate the disorder is the width of D and G peaks [35]. The fitting results of these peaks one
more time confirmed the region of the increasing disorder. These results are comparable with the
previous studies [36, 37].

III.2. rGO based FET devices
The interdigitated geometry is widely used in modern electronic devices since it has a wide

contact area between the electrodes within a limited area, and thus would give higher efficiency.
The interdigitated electrodes design used in this work has the same configuration as described in
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Fig. 3. (color online) Raman spectra of the synthesized GO and rGO.

our previous report [38]. The morphology of drain and source channels of interdigitated elec-
trodes coated with and without rGO were examined by SEM. As we can see in Fig. 4, the rGO
layer covered all the area of interdigitated electrodes. The inset image showed details of the rGO
wrinkles. The source and drain electrodes include ten lines for each one in which each line has a
width of 60 µm and a length of 2500 µm [38, 39]. The distance between them was 50 µm. The
decrease of line width and their space may enhance the obtained signal, but the limitation of the
mask fabrication method does not allow the higher solution.

The rGO functionalized FET was then evaluated electric properties by transfer characteris-
tic. The transfer curve represents an ambipolar property of FET that is capable of both electron
and hole transport [40, 41]. The transition between two conducting regimes is identified through
a value of voltage called Dirac point which is the minimum value in the relationship between the
gate voltage and drain-source current. The drain-source current (or channel current) is given by
following equation [42]:

IDS =
W
2L

Cd lµ(VGS−Vth)
2 (1)

where W , L are the width and length of FET channel, respectively, Vth threshold voltage, VGS gate-
source voltage, Cdl capacitance of electrical double layer, and µ is the charge carrier mobility.

The drain-source current (IDS) was measured while the gate voltage (VGS) was swept from
1.0 to 4.5 V. As seen in Fig. 5, there was a Dirac point, which is defined as the VGS value at which
the minimum IDS, at 2.4 V. This result indicates that the conductivity of rGO was altered by the
field effect and the type of charge carrier was changed.

III.3. Sensing performance
Acetylcholinesterase sensors can be employed to determine the level of acetylcholine –

an important neurotransmitter - in human body fluids, or detect some neurotoxins such as sarin,
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Fig. 4. SEM images of (a) interdigitated electrodes of FET device, (b) one line of FET
channel without the coated rGO layer and (c) one line of FET channel with rGO-modified
layer. The inset shows the rGO winkles of detail.
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Fig. 5. Transfer characteristic of bare FET/rGO. The Dirac point was located at VGS = 2.4 V.

organophosphates, carbamates. Herein, acetylcholinesterase was fixed onto rGO modified FET
channel for further application in determination of acetylthiocholine level. The immobilization of
enzyme was assisted by glutaraldehyde cross-linking agent which provide a net to trap enzyme
on the channel surface. In the same time, the residual oxygenated functional groups such as
–OH, –COOH in rGO after reduction process might also help to improve the adhesion of enzyme
molecules onto the channel of FET device.
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The hydrolysis of acetylthiocholine (ATCh) with the aid of acetylcholinesterase (AchE) [43]
can be depicted as follows:

ATCh + H2O AChE−→ Thichocholine+CH3COOH. (2)

This enzymatic reaction will release the H+ ions (from the acid acetic CH3COOH). These
produced ions then can be used as an indicator to determine the concentration of ATCh molecules.
The interaction between protons releasing from the enzymatic reaction and rGO material might
lead to the change in charge concentration and mobility at the FET channel [44]. Consequently,
the Dirac point which is ambipolar characteristic of carbonaceous material (seen in Fig. 4) might
be shifted.
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Fig. 6. (color online) Transfer characteristic of sensor with different ATCh concentrations.

Figure 6 shows the drain-source current (IDS) plotted as a function of gate voltage (VGS)
at different concentrations of ATCh ranging from 0.0 mM to 0.8 mM. In this measurement, the
VDS was kept at 0.5 V and the gate voltage VGS was scanned from 1.0 to 4.5 V. When ATCh
was not added yet, the minimum of the current (or Dirac point) is observed at 2.8 V. This slight
shift of Dirac point by 0.4 V (compared with rGO modified channel) is directly related to the
presence of enzyme molecules which are not highly conductive. When ATCh is introduced, the
Dirac point was slightly shifted toward lower potentials (Fig. 7a) whereas the current response
was increased (Fig. 7b). The linear relation of conductance and ATCh concentration (Fig. 7a)
indicates that the higher ATCh concentration corresponding with the higher number of H+ ions
release and higher mobile charges on the FET/rGO channel. This result is in accordance with
previous reports [14,43]. The limit of detection (LOD) value determines by five calibration points
from the 0 mM to 0.8 mM concentration of ATCh. The obtained value is 250 µM, which seems
not to be comparable to the case of using graphene in the channel [38]. This result might be due
to the order of the reduction process, in which some residual oxygen functional groups lead to the
lower conductivity of rGO. The sensitivity was estimated to be 2.0 µA. mM−1.cm−1.
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Fig. 7. Dirac point current (a) and voltage (b) as a function of ATCh concentration.
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Fig. 8. Electron and hole mobility with different ATCh concentrations. (Obtained from
the fits of transfer curve in Fig. 5).

The electron and hole mobility derived from fits of the transfer curves and their dependence
on the ATCh concentration through the following formula [45]:

µ = mlinear
L

WVDSCi
,

where mlinear is the slope of the transfer curves linear fit, L and W are the length and width of the
channel, respectively. VDS is the applied source-drain voltage and Ci is the top gate capacitance
(Ci = 1.2 µF/cm2) [38, 45]. It can be seen in Fig. 8, the highest the hole mobility reaches a value
of ∼950 cm2/Vs while this value of electron mobility is only ∼750 cm2/Vs. These values are
much higher than that obtained on rGO channel without enzyme (hole and electron mobility are
only 270 cm2/Vs and 78 cm2/Vs, respectively).
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The mobility of the hole and electron also show opposite trends. The hole mobility de-
creases as increase of ATCh concentration and vice versa with electron mobility. At the lower
ATCh concentration, the holes are majority charge carriers, while electrons dominate at higher
ATCh concentrations. There is one point between 0.5 to 0.6 mM of ATCh concentration which
could be called “iso-mobility point”. At this point, the mobility of electron and hole are about
equal, similar to the isoelectric point [45].

IV. CONCLUSIONS

In this work, we have fabricated FET device with the channel modified by the rGO material
for further application in the detection of ATCh molecules. We measured the Dirac voltage shift
as a function of ATCh concentration and found that the concentrations of H+ ions released dur-
ing the hydrolysis of ATCh lead to an increase in charge numbers on the FET/rGO channel. The
conductance of the device, as a consequence, increases with the increase of ATCh concentration
whereas the Dirac point voltages diminish. This work contributes one puzzle piece to the modi-
fication of FET channel by using carbonaceous materials. Although the LOD of rGO-based FET
is not comparable to graphene-based FET, the simple and massive preparation makes it becomes
a promising sensing platform. It is essential to control better reduction process to obtain higher
quality of rGO material in near future.
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