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Abstract Graphene, a two-dimensional crystalline monolayer made of sp’-hybridized carbon atoms arranged in a honey-
comb lattice, holds a set of remarkable electronic and physical properties, such as ballistic transport with low resistivity, high
chemical stability, and high mechanical strength. By taking advantage of these, in recent years our research group has per-
formed a series of studies for modifying the surfaces of graphene and tuning its properties. These studies can be mainly di-
vided into two categories. First, we opened graphene’s band gap to some extent through covalent and/or noncovalent chemi-
cal modifications, and installed sensing functions into graphene. In detail, we grafted nitrophenyl group onto graphene
through an electrochemical method and methyl group onto graphene by plasma treatment to open its band gap. Also, we as-
sembled lead sulfide or titanium dioxide onto graphene through electron beam evaporation to achieve optical or gas sensing.
A rotaxane molecule with a bistable structure was also assembled onto graphene through n-m stacking to obtain optical
switches with logic capability. On the other hand, we also fabricated graphene-based nanoelectrodes for making a
new-generation molecular electronic devices with diverse functionalities. In detail, we cut graphene using electron beam li-
thography and reactive ion etching to obtain graphene electrodes. Poly(3-hexyl thiophene) or copper phthalocyanine was
spin-coated onto these electrodes to achieve field effect transistors with the high carrier mobility and photoresponsive prop-
erty. We further developed graphene nanoelectrodes by dash-line lithography, and molecular bridges with different functions
were connected between these nanoelectrodes. These single molecule devices can switch their conductance upon exposure to
external stimuli, such as metal ion, pH and light. Looking into the future, graphene, as a representative of carbon-based
nanomaterials, will continue to play an important role in the area of nano/molecular electronics.
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Figure 1 (a) Structural representation of the electrolytic cell used for
diazonium electrografting of graphenes, WE (working electrode): gra-
phene; CE (counter electrode): Pt; RE (reference electrode): Ag/AgCl (3
mol/L KCIl); (b) Schematic of electrochemical reduction of diazonium
salts and nitro groups™®!
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Figure 2 Statistical time trace of the drain current, /4, at the potential
bias of —0.6 V (gate potential, V,=—40 V); Inset shows the transistor
characteristics of representative devices fabricated from graphene sheets
in the same CV bath at different time stages; drain potential, V;=1 mV*
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Figure 3 (a) Device characteristics of a representative graphene tran-
sistor before plasma treatment, after plasma treatment and after annealing.
The inset shows the device structure; (b) the time-evolution of drain cur-
rents from the same device during plasma exposure. The inset shows the
switching cycles of the same device under the sequential plasma and
annealing treatments; (c) Infrared transmittance spectra of a single-layer
graphene (SLG) after plasma treatment and further annealing; (d) Scan-
ning tunneling microscopy studies of methylated graphenes and from left
to right are the initial state graphene, graphene after plasma treatment, the
theoretical results, respectively!*’!
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Figure 4 (a) Schematic representation of SLG transistors decorated by
PbS thin films; (b) The time trace of Iy for a PbS-decorated SLG while
visible light was toggled on and off, V=1 mV, V;=0 V; (c) I for the
same device as lights of different power were switched on and off; Inset
shows the power dependence of the changes in /3, Va4=1 mV, V,=0V;
(d) I, for another device as lights of different wavelength were switched
on and off, V4=1 mV, V,=0 V; Inset shows the UV-visible absorption
spectrum of a 2 nm thick PbS thin film on quartz substrate!**!
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Figure 5 (a) Optical images of a representative device with 2 nm PbS
thin films using pristine graphenes formed by a peeling-off technique; (b)
Device characteristics of a representative device with 2 nm PbS thin films
using pristine graphenes formed by a peeling-off technique under light
irradiation and in the dark, V3=1 mV; (c¢) Time traces of /; when the
device was held at different gate bias voltages, V=1 mV**!
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Figure 6 (a) Schematic representation and optical image of a SLG
transistor decorated by a 5-nm TiO, thin films and a pristine SLG transis-
tor as control; (b) Device characteristics of a representative device in each
step of sequential operations and simultaneously recorded Ip for a
TiO,-decorated graphene (blue) and pristine graphene (black) while UV
light was toggled on and off; (c) Representative sensing cycles of a
Ti0,-decorated graphene (red) and pristine graphene (black) devices upon
sequential exposure to high-purity oxygen (99.99%) and nitrogen under
continuous UV irradiation; A concentration-dependent spectrum of a
TiO,-decorated graphene device under UV irradiation; Inset shows the
linear response of the device to oxygen during exposure cycles !
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Figure 7 (a) Schematic representation of graphene transistors decorated with light-activated switchable [2]rotaxanes; (b) The Ip-time plot for a
[2]rotaxane-decorated CVD-grown graphene under different conditions: initial injection of the MeCN solution in the dark, only light irradiation, only
TEOA addition, both light and TEOA, dark with air and dark without air; pb=1 mV, V=0 V; (c) An optical image of a device using pristine graphene
formed by a peeling-off technique; Inset shows the enlarged optical image of the central part as indicated; (d) The gate-dependence of the photoswitching
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Figure 9 (a) Optical micrographs and an AFM image of a representative device before monolayer deposition and electrical characteristics of the same
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Figure 10 Fabrication of indented graphene point contact arrays; (a) A DesignCAD file with a 5 nm-width dash line (A, 150 nm; B, 40 nm) used for the
cutting process; (b) Precise cutting of graphene sheets by oxygen plasma through an indented PMMA window defined by electron-beam lithography; (c)
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