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ABSTRACT: We report a comparative study involving the
formation of self-assembled molecular films by two types of
alkanethiols (1-octadecanethiol and 1-dodecanethiol) on graphene
grown via chemical vapor deposition, for heavy metal sensing
applications. Scanning tunneling microscopy measurements
confirm that the alkanethiol molecules can form localized, ordered
molecular films on single-layer graphene despite the presence of
structural and chemical irregularities. To test and compare the
sensory characteristics associated with graphene functionalized by
1-octadecanethiol and 1-dodecanethiol, graphene-based field effect
transistors are fabricated via photolithography on silicon dioxide
substrates. Devices based on graphene functionalized with 1-
octadecanethiol are successfully employed to demonstrate the detection of mercury and lead ions at the 10 ppm level via Dirac
point shifts, with a notable difference in response associated with the use of different heavy metal ions. On the other hand,
devices based on graphene functionalized with 1-dodecanethiol exhibit p-type character, before and/or after exposure to heavy
metal ions, complicating their use in heavy metal sensing in a straightforward fashion via Dirac point shifts.

■ INTRODUCTION

The exceptional physical and chemical properties of graphene
have made it the focus of extensive theoretical and experimental
research in the past decade.1−3 Among a large variety of
proposed applications, graphene-based chemical and biological
sensors are especially promising because graphene’s electronic
properties change significantly upon adsorption of particular
atomic and molecular species.4−9 Despite this fact, a major
limitation associated with the use of graphene in chemical
sensing involves the fact that graphene consists of carbon atoms
held together by strong covalent bonds, and as such, graphene
exhibits weak chemical affinity and specificity toward other
atoms and molecules in its vicinity.
A particular strategy to overcome the inherent inertness and

low specificity of graphene toward targeted atomic and
molecular species involves its chemical modification (i.e.,
functionalization) with organic and inorganic molecules that
either chemisorb or physisorb on graphene, through covalent or
noncovalent interactions, respectively.10−13 Functionalized
graphene can be then integrated into field-effect transistor
(FET) devices in order to detect specific chemicals in the
environment. The principle of operation involves the fact that
the molecules used to functionalize graphene capture the target
species with high specificity, which in turn causes changes in
the electrical characteristics of graphene (e.g., the location of
the Dirac point), which are subsequently detected as a change
in the current−voltage (I−V) characteristics of the FET.

Within this context, the detection of heavy metal ions in
aqueous solutions is of particular interest for human health and
environmental safety reasons.9,14−17 As the bare graphene
surface does not selectively adsorb heavy metal ions, its
functionalization by molecules which display particular affinity
toward these species is required for such an application. For
instance, in a study performed by Sudibya et al., FETs based on
reduced graphene oxide functionalized via two types of proteins
(calmodulin and metallothionein type II) were fabricated for
real-time detection of various metal ions in aqueous solution,
including calcium (Ca2+) and mercury (Hg2+).18 In this work,
pyrene linker molecules have been employed to firmly attach
the proteins to the graphene oxide surface. In another study,
the detection of mercury ions (Hg2+) by FET sensors based on
reduced graphene oxide sheets decorated with thioglycolic-acid-
functionalized gold nanoparticles has been reported.19 While
successful detection of a variety of heavy metal ions has been
demonstrated, the hybrid sensor requires the completion of
complex fabrication steps such as electrospraying and electro-
static force directed assembly. On the other hand, a surface
functionalization method relying on weak noncovalent
interactions with the graphene surface and a straightforward
fabrication procedure is desirable to (i) preserve the unique
electrical characteristics of graphene and (ii) retain the
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practicality of the devices for large-scale production. The work
by Zhang et al. constitutes an important step toward this
direction, where mechanically exfoliated graphene function-
alized by a self-assembled film of physisorbed 1-octadecanethiol
molecules has been employed for Hg2+ detection at the 10 ppm
level,12 based on the previously demonstrated strong affinity of
thiol groups toward heavy metal ions.20 However, the use of
mechanically exfoliated graphene limits the applicability of the
proposed devices in terms of practicality and production
volume. Moreover, open questions remain regarding the effects
of using different alkanethiol molecules and different heavy
metal ions on the detection characteristics of the devices.
Based on the perspective outlined above, we present here a

comparative study involving the fabrication of FET devices
based on graphene grown by chemical vapor deposition (CVD)
and functionalized by two types of alkanethiols (1-octadecane-
thiol, ODT, and 1-dodecanethiol, DDT) and their use toward
the detection of two types of heavy metal ions (mercury, Hg2+

and lead, Pb2+). Motivated by previous studies of alkanethiol
adsorption on highly oriented pyrolytic graphite (HOPG) in
the literature21−25 and to confirm the formation of molecular
films with nanometer-scale spatial resolution, we additionally
report the results of scanning tunneling microscopy (STM)
measurements performed on functionalized graphene under
ambient conditions. The presented data demonstrate the local
formation of ordered molecular films by the two alkanethiols
on the CVD graphene surface. While graphene functionalized
with ODT is successfully implemented in FET devices toward
the detection of heavy metal ions in aqueous solutions based on
Dirac point shifts, FET devices based on DDT-functionalized
graphene are found to exhibit p-type character (before and/or
after exposure to heavy metal ions), complicating their
implementation toward heavy metal sensing in a straightfor-
ward fashion.

■ EXPERIMENTAL DETAILS

Single-layer graphene was grown on copper foils in a quartz
tube furnace via the CVD method and then transferred onto
highly doped silicon wafer chips covered by 100 nm-thick
silicon dioxide (SiO2) according to well-established procedures
in the literature.26 Subsequently, Raman spectroscopy (WITec
alpha300 S) was used to confirm the single-layer character of
graphene grown by CVD (Figure 1).27 For overall structural
characterization, scanning electron microscopy (SEM, FEI
Nova NanoSEM 600) was utilized. To establish electrical
contact to graphene samples for STM imaging, samples were

covered by several strips of 2 mm-wide and 100 nm-thick gold
deposited via thermal evaporation using a shadow-mask-based
method. Figure 2 shows a picture of the sample prepared for
STM imaging as well as an SEM image of a region on the
sample featuring graphene situated between two gold electro-
des.

ODT and DDT molecules were procured from Alfa Aesar
and Sigma-Aldrich, respectively. Ethanol was obtained from
Ildam Kimya. All chemicals were used without further
purification. ODT powder was dissolved in ethanol to produce
solutions of 5 mg mL−1 (17 mM) concentration. As DDT is in
liquid form, solutions of this molecule were prepared by
diluting pure DDT with ethanol to achieve a concentration of 5
mg mL−1 (25 mM). For STM measurements, solutions were
first drop-cast in volumes of 2.5−5.0 μL onto the surface of
CVD-grown graphene situated on SiO2. The STM measure-
ments were performed after complete solvent evaporation
under ambient conditions with a Nanosurf EasyScan 2 STM
instrument. The tips were mechanically cut from 0.25 mm-
diameter Pt/Ir wires (Sigma-Aldritch, 70% Pt−30% Ir). The
majority of STM images were acquired in the constant-current
mode. For certain images, topographical feedback was slowed
down to achieve semiconstant-height conditions under which
the “error signal” channel (reflecting deviations in current from
the set point value) contained structural information about the
surface.
To fabricate the FET devices, source and drain electrodes

were formed on graphene-covered SiO2 substrates via a
standard UV-photolithography process using the AZ5214E
photoresist in positive mode, followed by metallization and lift-
off steps. Metallization was performed via thermal evaporation

Figure 1. Typical Raman spectrum associated with CVD-grown
graphene transferred onto SiO2. The intensity ratio of ∼2.50 between
the 2D and G peaks confirm the single-layer character.

Figure 2. (a) Picture of a graphene sample situated on SiO2 substrate
and covered by gold electrodes, ready for STM imaging. Electrical
contact between the electrodes and the sample holder is established via
conductive epoxy. The sample holder is positioned on the cylindrical
piezoelectric scanner of the STM. (b) SEM image of a region on the
sample surface depicting graphene between two gold electrodes.
Certain structural irregularities (such as a tear in graphene below
which the SiO2 substrate can be seen) are observed.
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of 80 nm-thick gold on 3 nm-thick chromium. The devices
were isolated from each other using oxygen plasma etching via
an inductively coupled plasma (ICP) system (exposure time: 15
s, pressure: 20 mTorr, O2 flow rate: 99 000 sccm, RF coil
power: 400 000 W, RF platen power: 20 000 W). In the FET
devices, the single-layer graphene acts as the electron channel
and the highly doped Si substrate works as the gate electrode.
For heavy metal sensing experiments, mercury(II) chloride

(HgCl2) and lead(II) nitrate (Pb(NO3)2) solutions (Sigma-
Aldrich) were diluted in DI water to a concentration of 10 ppm.
Minute amounts of heavy metal ion solutions were drop-cast
onto alkanethiol-modified graphene-based FETs at room
temperature (see Figure 3 for a related schematic). After 20

min, the devices were thoroughly rinsed with DI water and
blow-dried with nitrogen. Two-probe electrical characterization
of the devices (before and after treatment by heavy metal
solutions) was carried out with a semiconductor parameter
analyzer (Keithley 4200-SCS). A 5 mV drain voltage was
applied in dc mode and the drain current (I) of the devices was
monitored as a function of the gate voltage (V) applied through
the 100 nm-thick SiO2 from beneath the chip. For reference, a
sample I−V measurement on a nonfunctionalized graphene-
based FET device is provided in Figure 4.

■ RESULTS AND DISCUSSION
Figure 5 shows large-scale STM images of the graphene surface
after functionalization by ODT and DDT molecules. When
compared with STM images of molecular films formed by the
same alkanethiols on HOPG,21,23−25 the images obtained on

functionalized graphene exhibit a much more corrugated and
structurally irregular character. In particular, corrugated regions
are observed which can be attributed to chemical residue from
the graphene transfer process (which might be trapped under
the graphene or located on top of it),28 as well as the inherent
corrugation exhibited by graphene due to an interplay between
its out-of-plane rigidity and interactions with the substrate.29

Nevertheless, for both ODT- and DDT-functionalized
graphene, the existence of localized, ordered regions charac-
terized by the imaging of self-assembled molecular “stripes” is
observed (see the white arrows in Figure 5a and the white
dashed rectangle in Figure 5b). Moreover, the weak character
of the noncovalent interactions exhibited by alkanethiol
molecules with graphene are confirmed by the frequent
occurrence of spontaneous lateral displacement events during
imaging (such as the one highlighted by the dashed white
rectangle in Figure 5a) due to tip−sample interactions.
In order to investigate the molecular arrangement associated

with films formed by ODT and DDT molecules in more detail,
short-scale STM measurements have been performed on
surface regions exhibiting molecular order (Figure 6). In
particular, Figure 6a shows a frequently observed, parallel-
striped arrangement for ODT molecules on graphene, similar
to the results presented by Zhang et al.12 Based on a number of
prior studies, it is well established that the thiol end groups in
alkanethiols exhibit a significantly higher local density of states
(LDOS) when compared with the alkyl chains.30 As STM
images reflect contours of constant LDOS,31 we assign the
bright positions in high-resolution STM images such as Figure
6a to the thiol end groups associated with the alkanethiols while
the darker parts of the images can be attributed to the alkyl
chains. In Figure 6a, the bright stripes associated with the
molecular film formed by ODTs exhibit a periodicity of ∼5.0
nm, about two times the length of a single ODT molecule.21,25

Consequently, we propose that the ODT molecules are
arranged in a head-to-head configuration on graphene,12 as
shown by the overlaid molecular model. Somewhat similarly,
Figure 6b shows a short-scale STM image of self-assembled
DDT molecules on graphene. The molecules are again
observed to arrange in parallel stripes where the main
periodicity perpendicular to the bright stripes is measured as
∼3.2 nm, about two times the length of a single DDT
molecule.24 As such, we can again make the proposition that

Figure 3. Schematic drawings depicting the graphene-based FET
devices in their bare (top), alkanethiol-functionalized (middle), and
finally, heavy-metal-exposed (bottom) states. Please note that a
representative alkanethiol (1-hexanethiol) has been employed for
visualization purposes.

Figure 4. Transport measurements associated with a FET device based
on nonfunctionalized graphene, featuring ambipolar behavior and a
Dirac point located at a gate voltage value of about −18 V.
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DDT mainly self-assembles in a head-to-head configuration on
graphene, as shown by the overlaid molecular model. However,
irregularities associated with the proposed arrangements are
often observed, as for instance signified by the detection of an
additional bright stripe indicated by the white arrow in Figure
6b. It also needs to be mentioned that ordered films formed by
DDT molecules on the graphene surface proved to be
considerably smaller in number when compared with those
formed by ODT molecules and their stable imaging also
required the application of a more closely controlled set of
parameters. These observations could be potentially attributed
to the smaller chain length of DDT molecules when compared
with ODT, which tend to decrease thermodynamic stability,32

an effect that could become evident under the presence of weak
noncovalent interactions with the substrate.

While the STM measurements summarized above have
established the existence of localized molecular films formed by
alkanethiols on graphene, it needs to be confirmed whether the
localized molecular films formed by ODT and DDT can be
employed for the detection of low concentrations of heavy
metal ions when integrated into FET devices. The results of
related experiments performed with graphene-based and
alkanethiol-functionalized FETs are summarized below.
Figure 7 shows electrical transport characteristics of an ODT-

modified graphene FET measured before and after being
treated with an aqueous solution of lead ions. The red curve
shows the drain current plotted against the applied gate voltage
before the application of the heavy metal solution. On the other
hand, the blue curve was measured for the same device after

Figure 5. (a) Large-scale STM image (error signal) of the graphene
surface functionalized by ODT molecules. Local formation of
molecular films is indicated by the white arrows. Tip-induced lateral
displacement of ODT molecules on the graphene surface is
highlighted by the dashed white rectangle (bias voltage: 600 mV,
average tunneling current: 200 pA, scale bar: 50 nm). (b) Large-scale
STM image of the graphene surface functionalized by DDT molecules.
Local formation of molecular films is indicated by the dashed white
rectangle (bias voltage: 600 mV, tunneling current: 300 pA, scale bar:
20 nm).

Figure 6. (a) Short-scale STM image (error signal) of the graphene
surface functionalized by ODT molecules. The proposed molecular
arrangement (head-to-head) is overlaid on the image, with thiol end
groups highlighted by blue circles (bias voltage: 600 mV, average
tunneling current: 200 pA, scale bar: 2 nm). (b) Short-scale STM
image of the graphene surface functionalized by DDT molecules. The
proposed molecular arrangement (head-to-head) is overlaid on the
image, with thiol end groups highlighted by blue circles. An additional
bright stripe (not in agreement with the head-to-head arrangement) is
highlighted by the white arrow (bias voltage: 600 mV, tunneling
current: 200 pA, scale bar: 3 nm).
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exposure to the 10 ppm heavy metal solution, as explained in
the Experimental Details section. It can be clearly observed that
the Dirac point of the graphene-based FET device shifted about
50 V upon heavy metal exposure. The shift is toward positive
voltages, consistent with previous studies of heavy metal
adsorption on functionalized graphene.12,18 The measurements
were repeated with several individual devices, with both lead
and mercury solutions, and average Dirac point shifts of 30.2 ±
6.8 and 7.1 ± 4.8 V were obtained, for lead and mercury,
respectively. Thus, the capability of our ODT-functionalized
graphene-based FET devices to function as heavy metal sensors
is confirmed. Additionally, the consistently higher values of
Dirac point shifts measured for lead exposure potentially point
to a stronger affinity exhibited by thiols toward lead ions, when
compared with mercury ions.33 Finally, the remarkable
similarity in Dirac point shift values measured with our
ODT-functionalized devices based on CVD graphene upon
mercury adsorption (7.1 ± 4.8 V) and those devices reported in
the literature based on mechanically exfoliated graphene (6.2 ±
2.0 V)12 needs to be emphasized.
Electrical transport measurements associated with a single

DDT-modified graphene FET, before and after treatment by
mercury solution, are presented in Figure 8. While the device
initially features a well-defined Dirac point around 20 V,
exposure to the heavy metal solution causes a strong shift in the
transport characteristics toward p-type behavior, such that the
minimum conductivity point extends beyond the maximum
value of the applied gate voltage (+80 V). As such, it is not
possible to characterize the response of the FET to heavy metal
exposure as a well-defined shift in the Dirac point. Additionally,
it needs to be mentioned that for certain FET devices based on
graphene functionalized with DDT, p-type behavior is observed
even before heavy metal adsorption (see, e.g., the I−V curves
presented in Figure 9). While one could argue that a change in
drain current values at a given gate voltage upon heavy metal
adsorption could be used for sensing purposes for such
devices,8 the downward shift in current values upon heavy
metal adsorption exhibited by the device in Figure 9, when
contrasted with the opposite trend shown by the device in
Figure 8, further underlines the inconsistent and, as such,
unfavorable characteristics of DDT-functionalized devices for
heavy metal detection. It should be indicated that the

observation of p-type behavior for all investigated devices
(before and/or after heavy metal exposure) rules out
fabrication-specific effects (such as the chemical cleanliness of
the specific graphene sample used for a given device) as
potential reasons behind the unfavorable characteristics of the
sensors.
Physical and chemical mechanisms responsible for sensing

behavior in devices based on carbon-based nanomaterials (such
as carbon nanotubes and graphene) are still under debate. The
work of Heller et al. has identified potential mechanisms,
including electrostatic gating and capacitance effects, as well as
associated signatures in I−V curves.34 The electrostatic gating
effect manifests as a noticeable shift of the I−V curve along the
gate voltage (i.e., horizontal) axis, induced by a modification of
the strength of the field effect acting on the carbon-based
material upon adsorption of target species, which leads to p- or
n-type doping and a corresponding change in the position of
the Dirac point. On the other hand, the capacitance effect

Figure 7. Transport measurements associated with a FET device based
on ODT-functionalized graphene, before and after exposure to a 10-
ppm lead solution. The positive shift in the position of the Dirac point
is clearly detected.

Figure 8. Transport measurements associated with a FET device based
on DDT-functionalized graphene, before and after exposure to a 10-
ppm mercury solution. While the device exhibits a well-defined Dirac
point around 20 V before exposure (in conjunction with ambipolar
transport characteristics), postexposure measurements reveal p-type
behavior until the maximum gate voltage of 80 V.

Figure 9. Transport measurements associated with a FET device based
on DDT-functionalized graphene, before and after exposure to a 10-
ppm lead solution. The device exhibits p-type behavior until the
maximum gate voltage of 80 V, both before and after heavy metal
exposure. A downward shift in the drain current upon heavy metal
adsorption is observed.
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causes a noticeable broadening in the I−V curves, and
consequently the reduced capability to control the drain
current via the application of the gate voltage, which is induced
by the low electrical permittivity of adsorbed species. Among
the proposed mechanisms, the electrostatic gating effect is seen
to be the predominant effect responsible for the sensing
behavior in the majority of our experiments (see, e.g., Figures 7
and 8), as signified by a shift in the position of the Dirac point
toward more positive values. As suggested before,18 the
underlying mechanism could involve a conformational change
in the alkanethiol molecules upon heavy metal adsorption,
resulting in a closer separation between the electron-rich thiol
groups of the molecules and the graphene surface, thus
strengthening the associated field effect leading to p-doping in
graphene. The consistent observation of positive Dirac point
shifts in the sensing experiments supports this hypothesis. On
the other hand, a broadening of I−V curves associated with the
proposed capacitance effect is not observed in the great
majority of the measurements, which is to be expected as such
an effect would require the almost-complete coverage of the
graphene surface by alkanethiol molecules,34 which is not
realized in our devices as confirmed by STM imaging
experiments. Within this context, one could speculate that the
different behavior exhibited by devices based on ODT- and
DDT-functionalized graphene arises from the different size of
the molecules. In particular, the shorter chain length of DDT
molecules could (in the presence of similar packing arrange-
ments, as demonstrated in Figure 6) lead to a higher density of
thiol groups forming on the graphene surface, which would
result in a stronger response to heavy metal adsorption such
that Dirac points could now extend beyond the maximum
applicable gate voltage values (Figure 8). Moreover, devices
where the coverage of graphene by DDT is particularly
extensive could feature a high degree of p-doping such that the
Dirac point is already located beyond the applicable gate
voltage range (Figure 9). Nevertheless, a thorough evaluation
of the proposed mechanisms requires further experiments.
Finally, since the sensing experiments presented here involve

the detection of a single type of heavy metal ion for each
measurement, future work could focus on the evaluation of
device selectivity toward particular species by performing
measurements in aqueous solutions involving two or more
types of metal ions. Moreover, while the heavy metal
concentration of 10 ppm is low enough to confirm the high
sensitivity of the functionalized devices and allow direct
comparison to existing results,12 aqueous solutions with a
wider range of heavy metal concentrations can be probed in
future work for a more complete characterization of device
capabilities.

■ CONCLUSIONS
We have demonstrated, via STM measurements performed
under ambient conditions, the formation of localized films on
CVD graphene by ODT and DDT molecules. Graphene
functionalized by ODT and DDT molecules has been
implemented into FET devices, which were tested as heavy
metal sensors. Devices based on ODT-functionalized graphene
successfully detected the presence of mercury and lead ions in
aqueous solutions at the 10 ppm level, as a noticeable shift in
the position of the respective Dirac points. The stronger
response of the sensors to lead ions, when compared with
mercury, has been attributed to a stronger affinity exhibited by
the thiol groups of molecular films toward lead. Devices based

on DDT-functionalized graphene exhibited p-type character
(before and/or after heavy metal exposure), such that a
straightforward evaluation of sensing performance based on
Dirac point shifts was not possible. Nevertheless, our results
underline the feasibility of noncovalent functionalization of
CVD graphene for chemical sensing applications, which may be
extended to target species other than heavy metals with the use
of different functionalization agents.
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