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physical properties including single-atom-scale thickness
remarkably high charge carrier mobility. However, its semi-
nature with a zero bandgap poses challenges for its ap@li
high-performance field-effect transistors (FETSs).
overcome these limitations, various approaches ha
to modulate graphene's bandgap, including n
external field induction, doping, and c
Nevertheless, the stability and controll
improved. In this study, we propose a feasi

Through this method, we succ|
SLG (SLGBr) micropatterns wi

conveniently tunet
SLGBr exhibited a

demonstrated

semiconducting characteri offers a prospective
route for the fabrication

potential applications in the rea

d devices, providing
pf microelectronics.

Graphene has been Yonsidered as the most
prospective material because of its excellent properties,
including single-atom-scale thickness!'l, extremely high
charge carrier mobility!?l, superior optical transparency®,
high thermal conductivity®l, etc.. Recently, the mass
production of high-quality single layer graphene (SLG) at
wafer scale makes it qualified in various possible
applications such as micro/nano-electronics, sensors and
actuators, microelectromechanical system (MEMS), etc.l571.
To this, the localized micropatterning and functionalization
of SLG at wafer scale is crucial in order to tune the physical
and chemical properties, e.g., band gap, electron
conductivity, transmittance, wettability, etc., and to fulfil the
requirements of various industrial domainst®l.

glogy, Wuhan 430

top-down methods are to
toms from pristine SLG wafer by the
including the focused laser beam,
beam, plasma beam, reactive ion beam, etc.['0.
top-down methods can be realized by either direct
template forming combined with various
techniques. The bottom-up methods are to

copper, nickel, platinum, gold, etc.'"-'3l. The most
ntage of physical methods lies that the crystalline
structure of SLG are not destroyed. Consequently, the
intrinsic properties of SLG are kept very well. Nevertheless,
the physical properties of SLG, e.g., the band gap, can be
regulated by the external physical fieldl'Yl. However, when
the external physical field were dismissed, the band gap of
SLG would go back to zero.

Comparing physic methods, chemical micropatterning
can change the crystalline structure and thus, change the
physical and chemical properties of SLGEl. Chemical
adsorption!' or doping!'®l have been adopted to tune the
SLG'’s properties by introducing the sp3-C defects. However,
after thermal annealing, many of the functionalized SLG
materials change back to be pristine due to the weak
interaction between SLG and the adsorbates or dopants,
e.g., van der Waals' forcel'”], adsorption bond!'®], or even
chemical bond!"™. To this, we developed an in-situ
electrochemically induced radical addition reaction to
functionalize SLG with high efficiency and stability20: 211,
Here we report that the functionalized SLG micropatterns
has tuneable electron transport properties, making SLG act
as single-atomic-thickness resistor or rectifier, depending
on the introduced sp3-C defects density.

The electrochemical micropatterning and
functionalization procedures of SLG are depicted as in
Scheme 1. First, a thin-layer viscosifier (HMDS) was spin-
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Scheme 1 Preparing processes of brominated SLG with patterns. (i)

photoresist coating, (ii) Photolithography, (iii) electrochemical

brominating.

coated on the SLG wafer to increase the adhesion between
SLG and photoresist. Second, a thin layer of photoresist
(AZ5214E) film was spin-coated on the substrate. Then, the
photoresist film was exposed by the laser-beam direct-
writing photolithography. Later on, the exposed photoresist
was removed by tetramethylammonium hydroxide for
several times and the aimed SLG micropattern array was
obtained. After that, the obtained SLG micropattern arr
was immersed in an aqueous electrolyte containing 1Q,
KBr and 10 mM H2SO4 to performed bromination a

of SLG is realized by the
Because SLG is conducti
electrode, bromide anions
which can react with SL

he corresponding
on microScopy (SEM) and
SRM) were shown in Figure
jes between the SLG and
indicating the different

images of scanning €
scanning Raman microscof
1b and 1c. The clear boun&
SLGBr were also observed
properties between them.

The Raman spectrum of the SLGBr region is much different
from that of the SLG region (Figure 1d). The pristine SLG has a
G-peak at near 1586 cm™" and a 2D peak at 2687 cm™'. The 2D-
peak is sharp and symmetrical, and the peak intensity is about 4
times larger than that of G-peak, indicating that the pristine SLG
has a perfect lattice structurel??. After the functionalization by
bromination addition reaction, the newly observed D-peak
(~1350 cm™) and D'-peak (~1620 cm™') represents the sp*-C
defects?d, indicating that the symmetry of the lattice is changed
due to the formation of C-Br bond. Furthermore, the G-peak
blue-shifted to 1597 cm™" at the brominated region, and 2D peak
blue-shifted to 2692 cm™, predicting that SLGBr is p-type
doping®, which is consis ith the strong electron absorption
ability of bromine.
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Figure 1 The optical image (a) and SEM image (b) of patterned SLGBr
with the “XMU” logo.(c) Raman Ib/lc mapping of the patterned SLGBr.
(d) The corresponding Raman spectra of pristine SLG and SLGBr. (e)
Statistical Io/Ic histograms from the mapping image of (c).
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The intensity ratio (Ib/lc) is wusually adopted to
characterize the defect density of graphene, that is, the
ratio of the sp® to sp? bonding character. A higher the Ip/ls
ratio means a higher defect density?d. The statistical
analysis of SRM image gives a distribution of Ip/lc ratio as
shown in Figure 1c. The Ip/lc ratio in the “XMU” region is
much higher than that in the remaining region, which
indicates that photoresist micropattern can protect well the
underlying graphene and let the bromination addition
reaction selectively occur in the exposed area. The
statistical Ib/le-ratio histogram was employed to analyzed
the bromination degree of SLG. From Figure 1e, Ibl/ls
ranged from 0.5 to 1.5 with a mid-value about 1.2,
suggesting that the bromination degree of SLGBr
micropattern was pretty uniform.

To demonstrate the versatility and reliability of the
method, SLGBr micropattern array such as square ring,
cross and an H- type Chinese knot were fabricated. The
optical microscopy images of the SLG micropatterns after
laser-beam direct-writing photolithography were shown in
Figure 2a-2c, and the relevant optical images of the SLGBr
micropatterns were shown in Figure. S2, indicating the clear
SLG/SLGBr boundaries. The relevant Ib/lc distribution
the SLGBr micropatterned SLG was characterized
SRM as shown in Figure 2d-2f, indicating the,  un
functionalization of bromination addition reaction

We have demonstrated that the electron
electronic properties) and interfacial electron
electrochemical properties) of functionali
lot from the pristine SLGR%. To investig
properties of SLGBr, we designed a
SLGBr interdigitated electrodes i
current collectors (Scheme 2)
(FET), where the SLG elect
acts as the source, and the S
order to investigate the ch
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Figure 3 (a-c) The Ips-Vbs curves of the SLGBr Interdigitated Electrode
when Ib/lc value is 0.5, 1.7 and 2.4, respectively. Inset: the slope of the
Ibs-Vbs curves changes with Vgs. (d) The statistic relationship curve
between the bromination degree (/o/lc) and the conductance (d/ps/d Vbs)
at Ves=0 V.

electrodes and SLGBr electrodes were prepared simultaneously.
The SLG electrodes exhibit resistance characteristics and p
doping due to the residual photoresist (Figure S 3a-3b), while
the SLGBr electrodes with higher defect density showed
semiconducting characteristics (Figure S 3c-3d). Akin to
chemical functionalization, electrochemically induced

bromination addition introduced new sp® C-Br bond to SLG.
Because of the asymmetric broken honeycomb structure, the
bandgap of SLGBr rises, and a semimetal-semiconductor
transition takes place in SLGBr.
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)
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Figure 2 (a-c) Optical images of SLG with photoresist patterns, including (a
square rings, (b) crosses and (c) H- type Chinese knot. (d-f) Correspondin¢
Raman Io/lc mapping of the SLGBr patterns.
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Scheme 2 (a-g) Preparing processes of the graphene Interdigitated Electrodes with designed SLGBr patterns. (h) The optical image of a typical
Interdigitated Electrode with patterned SLGBr.
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