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Electrochemical regulation of the band gap of
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As a semimetal with a zero band gap and single-atom-scale thickness, single layer graphene (SLG) has
excellent electron conductivity on its basal plane. If the band gap could be opened and regulated
controllably, SLG would behave as a semiconductor. That means electronic elements or even electronic
circuits with single-atom thickness could be expected to be printed on a wafer-scale SLG substrate,
which would bring about a revolution in Moore's law of integrated circuits, not by decreasing the feature
size of line width, but by piling up the atomic-scale-thickness of an SLG circuit board layer by layer.
Employing scanning electrochemical microscopy (SECM), we have demonstrated that the
electrochemically induced brominating addition reaction can open and regulate the band gap of SLG by
forming SLG bromide (SLGBr). The SLG/SLGBr/SLG Schottky junction shows excellent performance in
current rectification, and the rectification potential region can be regulated by tuning the degree of
bromination of SLG. This work provides a feasible and effective way to regulate the band gap of SLG,
which would open new applications for SLG in micro—nano electronics and ultra-large-scale integrated
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Introduction

Graphene (Gr) is one of the most attractive two-dimensional
(2D) materials with a zero band gap, a single-atom-scale thick-
ness, and an excellent electronic property, providing a prom-
ising future for micro-nanoelectronics.™ However, the zero
band gap qualifies Gr as a semimetal but not a semiconductor,
which limits its applications in all-in-Gr electronic elements
and electronic circuits.>® If its band gap could be opened and
regulated, Gr could be changed into a semiconductor, providing
possibilities for fabricating all-in-Gr diodes, triodes and field-
effect transistors.”® If an electronic circuit could be “printed”
directly on a single layer Gr (SLG) wafer, it would cause a revo-
lution in Moore's law in the micro-nanoelectronics industry
and ultra-large-scale integrated circuits (ULSI) by piling up the
single-atom-thickness of an all-in-Gr circuit board layer by layer,
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not by reducing the feature size of the line width of the silicon-
based electronic elements and copper interconnectors.

For SLG to qualify as a material for electronic elements, it is
crucial to open its band gap to 0.4 eV or higher at room
temperature in order to ensure a sufficient on-off switch
ratio.”* Great efforts have been made to achieve such a goal by
either physical or chemical approaches.” The advantage of
a physical method is that it does not change the crystalline
structure of SLG, but the reversal symmetry of the lattice of the
double-layer or triple-layer SLG. Zhang et al. applied a vertical
electric field to a double-layer SLG plane, and found that the
band gap keeps increasing with the strength of the applied
electric field until it arrives at a maximum of 0.25 eV."? Zhou
et al. measured a band gap of less than 0.20 eV caused by
interaction between SLG and the silicon carbide (SiC) substrate.
However, conflicts exist because the results of theoretical
calculations show that the SLG still has a zero band gap.®
Schwierz et al. reported that if the width of an SLG nano-ribbon
was decreased to 10 nm or less, the band gap could be made
greater than 0.4 eV due to the quantum confinement effect of
charge transport.”* Other strategies, based on the spin-orbit
coupling effect,"*® stretching stress,"” physical adsorption,®
etc., have also been tried. In general, the biggest disadvantage of
a physical method is the narrow and unstable band gap. In
some cases, extra physical-field regulation is needed to main-
tain the band gap, e.g., an electric field or a stretching stress.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The band gap will go back to zero again if the extra physical-
fields are removed. On the other hand, as for physical modu-
lation, the controllable mass production of SLG electric
elements has a long way to go.

Using principles other than physical methods, in order to
open a band gap in SLG, chemical methods introduce sp*-
defects by surface modification and element doping. Chemical
interactions, such as chemical doping™®*° or surface adsorption,
between SLG and atomic hydrogen,” fluorine®* or oxygen
species,* have been reported. Ideally, if SLG is totally hydro-
genated to form graphene, the latter will have a band gap bigger
than 3.50 eV,** leaving a large space to open and regulate the
band gap of SLG. Elias et al. treated SLG with hydrogen plasma
to form hydride SLG, which transforms the highly conductive
semimetal into an insulator.”® Unfortunately, it changed back
into pristine SLG after thermal annealing, indicating instability
of the carbon-hydrogen interaction. Doping SLG with boron,
nitrogen, silicon or phosphorus has also been tried. Zhang et al.
doped SLG with silicon (Si) by chemical vapor deposition (CVD)
and found that the band gap could reach 0.28 eV.** By theo-
retical calculation, the authors determined an atomic ratio of Si
of 3.1%. Nevertheless, the main issues are the weak stability,
and the harsh conditions or advanced equipment required for
chemical doping. To solve the problem of instability, a prom-
ising approach is to form strong covalent bonds between the
carbon atoms and the foreign atoms through chemical reac-
tions, meanwhile not changing the crystalline integrity of SLG,
rather than chemical doping or surface adsorption.

We have previously demonstrated the feasibility of radical
addition for the functionalization of Gr. For example, we
proposed a strategy to extend the lifetime of the hydroxyl radical
(OH"), and to facilitate an OH" radical addition reaction with Gr
for the high-efficiency electrochemical production of Gr oxide.*
Here, we found that bromide (Br™) oxidation to bromine (Br or
Br,) on SLG forms highly stable brominated SLG (SLGBr)
through an addition reaction. Using this reaction, the band gap
of SLGBr can easily be opened and controlled by tuning the
degree of bromination. We also fabricated all-in-Gr SLG diodes
and investigated their current rectification performance.

Results and discussion

As depicted in Fig. 1a, an SLG microstrip with two gold (Au)
terminals works as the working electrode, a micropipette
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Fig. 1 (a) Schematic diagram of SLG bromination process. (b) Cyclic
voltammograms of SLG microstrip electrode in an aqueous solution
with 10 mM KBr and 10 mM H,SO.; the scan rate is 100 mV s~ %,
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containing an aqueous solution with 10 mM KBr and 10 mM
H,S0, was employed as the electrolyte cell, and platinum (Pt) as
the quasi-reference electrode and counter electrode, is fixed on
the midpoint of the microstrip to construct an electrochemical
system by the SECM manipulator. As shown in Fig. 1b, the
voltammetric behavior of the bromide anion (Br~) on the SLG
microstrip electrode corresponds to an irreversible electrode
process because, unlike a Pt electrode, carbon materials are not
known as good electrocatalysts for the redox reaction of halide
anions. The anodic peak potential of Br~ oxidation is observed
at 1.1 V and the cathodic peak potential of Br, reduction is
observed at —0.2 V vs. the Pt-wire quasi-reference electrode. A
distinct but interesting phenomenon should be noted: both
anodic current and cathodic current keep decreasing during the
sequential scan cycles, suggesting that the SLG microstrip
electrode is losing its electroactivity, hence predicting the
occurrence of a brominating addition reaction between SLG and
the electrogenerated bromine species. In principle, atomic
bromine (Br) should be more reactive than molecular bromine
(Br,) because the latter involves extra energy for the breakage of
the Br-Br covalent bond in the brominating addition reaction
with SLG. Thus, it is reasonable to formulate the anodic process
on the SLG working electrode as follows:

Br — Br+e™ (1)
SLG + Br — SLGBr (2)
2Br — Br; (3)

And the cathodic process on the SLG microstrip electrode is
attributed to the electrochemical reduction of excessive Br,
which does not react with SLG in time:

Br, + 2¢ — 2Br~ (4)

The advantage of cyclic voltammetry chro-
noamperometry and chronopotentiometry lies in the unreacted
Br, being able to be reduced to Br~ and diffuse into the solu-
tion, and the adsorption of Br, and Br~ can be well avoided at
the negative potentials. Thus, clean SLG/SLGBr/SLG microstrips
can be obtained, which will be further demonstrated by the XPS
characterization.

To identify the occurrence of an electrochemically induced

over

brominating addition reaction, Raman experiments were first
performed to detect the sp*>-defect contents of the SLGBr area.
Fig. 2a displays the Raman images of pristine SLG and SLGBr
after 50, 100 and 150 cycles of brominating procedure by cyclic
voltammetry. They clearly show that the degree of bromination
can be well controlled by the potential-scan cycles. Fig. 2b
shows the corresponding Raman spectra of the three SLGBr
patterns and pristine SLG. The black line shows a typical Raman
spectrum of pristine SLG with a G-peak at ~1580 cm * and a 2D
peak at ~2680 cm ™. The 2D peak is symmetric and its intensity
is much stronger than that of the G peak. The absence of the D
peak confirms the high quality of the SLG sample.”” After the
brominating process, the D (~1350 cm ') and D’ (~1620 cm )

Chem. Sci., 2023, 14, 4500-4505 | 4501
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peaks, which only appear in defective Gr,***® were observed and
their intensities increased with the increasing number of
potential-scan cycles. The intensity ratio (Ip/Ig), which is
regarded as a criterion for the ratio of non-sp® to sp> bonding
character for carbon-based materials,*® increases from 0.93 to
2.71 as the duration of bromination varies from 50 to 150 cycles.
The I, /I ratio also increases from 0.18 to 0.51, indicating that
the sp>-C content of the SLGBr crystalline structure increases
with the increased potential-scan cycles.

XPS experiments were performed to identify the carbon-
bromine (C-Br) functionalization of the SLG surface. In Fig. 2c,
the characteristic photoelectron peaks of C 1s, O 1s and Si
elements can clearly be observed. The peaks at 103 eV (Si 2p)
and 154 eV (Si 2s) are related to the SiO,/Si substrate. In the case
of SLGBr, new characteristic peaks appeared due to the
bromination process, which are attributed to Br 3s at 257 eV, Br
3p at 183 eV and Br 3d at 70 eV, respectively. The high-
resolution XPS spectrum for the Br 3d signal is shown in
Fig. 2d. The Br 3d peak can be fitted into a pair of peaks at
70.3 eV and 71.3 eV, which is caused by spin-orbit splitting that
leads to a doublet structure of Br 3ds,, and Br 3d;/,. This signal
indicates the formation of a covalent C-Br bond.** It should be
noted that, because the final potential of cyclic voltammetry was
set at —0.5 V during the bromination process, there should be
little residual Br, on the SLG strip. However, a very weak XPS
peak is observed at about 68.5 eV, which might be due to a trace
amount of adsorbed Br™. All the above results demonstrate the
occurrence of an electrochemically induced brominating addi-
tion reaction and that the SLG can be brominated to form
SLGBr with a different degree of bromination by tuning the
potential-scan cycles.

SLG/SLGBr/SLG diodes with different degrees of bromina-
tion were prepared, as depicted in Fig. 3a. The current I45 was
measured and plotted as a function of Vg, as shown in Fig. 3b.
The pristine SLG strip exhibits a linear I45-Vys curve (black line)

4502 | Chem. Sci, 2023, 14, 4500-4505

which reflects the typical electrical properties of a pure resistor.
However, the SLG/SLGBr/SLG devices show a quite different
nonlinear Iys—Vg4s response, such as the red, blue and green
curves which correspond to the diodes obtained with bromi-
nation processes of 50, 100 and 150 potential-scan cycles.
Similar to a previous report on Gr nanoribbons,* the electronic
transport properties of SLGBr display the distinctive charac-
teristics of a semiconductor. Those results show that the elec-
trochemically induced brominating addition can open the band
gap of the semimetallic SLG and make it into a qualified
semiconductor.

The differential conductance (dZ/dV) as a function of Vg has
previously been employed to evaluate the band gap of Gr.*** As
shown in Fig. 3c, the potentials where d//dV is equal to 0 are
marked for the different SLG/SLGBr/SLG diodes. Thus, the
rectification potential ranges are measured as 0.4 V, 0.7 V and
1.2 V, from which band gaps of 0.4 eV, 0.7 eV and 1.2 eV are
estimated for SLGBr with the brominating processes of 50, 100

pristine
—— 50 cycles
4F 100 cycles

‘é ——150 cycles
3

<
diidV (uS)

0
Vas (V)

Fig. 3 (a) The illustration of a typical SLG/SLGBr/SLG diode. (b) The
lgs—V4gs curves of SLG/SLGBr/SLG diodes with different degrees of
bromination. (c) The corresponding differential conductance d//dV as
a function of Vg for the diodes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and 150 potential-scan cycles, respectively. Depending on the
potential-scan cycles, the band gap of SLGBr is indeed deter-
mined by the degree of bromination, that can easily be char-
acterized by the amount of sp>-C defects of SLGBr. This is well
demonstrated by the linear correlation between the band gap
and the ratio of Ip/Ig and I,/Ig shown in Fig. 4a and b.

The current rectification performances are evaluated by
multiple potential-step experiments, as shown in Fig. 5a. The
applied potentials were set at —4.0 V, 0 V and 4.0 V with a period
of 0.5 seconds. The current-time (I-¢) curve shows the rapid and
stable response of the current on/off switch. The stability of the
SLG/SLGBr/SLG diodes was characterized, as shown in Fig. 5b
with multiple cycles, Fig. 5c with different preservation times
and Fig. 5d at different temperatures. The excellent electronic
performances show that both the SLGBr and the SLG/SLGBr/
SLG junctions have very good stability due to the covalent C-
Br bond formed by the electrochemically induced brominating
addition reaction. The results are different from what was re-
ported previously by doping SLG with hydrogen, fluorine or
oxygen plasma.*** However, the thermal stability of SLGBr is
much better than these results. All the results indicate the
feasibility of fabricating all-in-SLG electronic elements or circuit
boards by electrochemical nanoimprint lithography in the
future.’¢*

Experimental

Chemicals and materials

All chemicals used in the experiments (H,SO,4, KBr, (NH,),S,0s,
acetone, isopropanol) were of analytical grade, purchased from
Sinopharm Group Co. Ltd. and used as received without further
purification. Copper foil (25 um, 99.8%) and poly(-
methylmethacrylate) (PMMA, 99.9%) for graphene preparation
were purchased from Alfa Aesar Co. The photoresist (AZ5214E)
was purchased from Merck Group. High-purity gases used in
graphene growth (N,, CHy, Ar, 99.999%) were purchased from
Linde Gas Co. High-purity hydrogen (H,, 99.999%) was
produced by a hydrogen generator. All aqueous solutions were
prepared with ultrapure water (18.2 MQ cm, Milli-Q, Millipore
Co.).

Fabrication of the microchip with an SLG microstrip array

SLG was grown on the copper foils (2 cm by 2 cm) by CVD
(FirstNano, ET2000) and then transferred to a 300 nm-thickness
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Fig. 4 Band gap of SLG/SLGBr/SLG diodes with different degrees of
bromination vs. (a) Ip/lg and (b) Ip/lg, respectively.
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Fig. 5 (a) The multiple potential-step response of a SLG/SLGBr/SLG
diode obtained with 150 potential-scan cycles. (b) The /g4s—Vys
response of the diode. (c) The /4s—V4s response of the diode before and
after storage for two months. (d) The /4s—Vys responses of the diode
after treatment at different temperatures.

silicon dioxide (SiO,)-covered silicon (Si) wafer using poly-
methylmethacrylate (PMMA) as a transfer mediator. After that,
a microchip with SLG strips (width: 700 pm, length: 1 cm) array
was fabricated, as depicted in Fig. 6: first, a thin layer of
AZ5214E photoresist was spin-coated on the SiO,/Si wafer sup-
ported SLG (Fig. 6a); then, the photoresist layer was patterned
with laser direct-writing lithography (Microtech, LW405D) to
leave spaces and, on the exposed SLG area, a 10 nm-thickness
chrome (Cr) film and then a 40 nm-thickness gold (Au) film
(700 pm by 500 um) were deposited by magnetron sputtering,
acting as the current terminals of the SLG diodes, and then the
photoresist layer between the aligned SLG strips was removed
by laser direct-writing lithography (Fig. 6b). After that, the
exposed SLG areas were removed by oxygen plasma etching
(Fig. 6¢). Finally, the SLG microstrip array was prepared by
removing the residual photoresist (Fig. 6d).

Oxygen plasma

Photoresist e SiO,/Si aangsssse Graphene Gold

Fig. 6 Fabrication of the microchip with an SLG microstrip array. (a) A
thin layer of AZ5214E photoresist was spin-coated on SLG. (b) A gold
connector was deposited on both ends of the SLG microstrip to form
a good ohmic contact with the external circuit; the photoresist layers
between the aligned SLG belts were then removed. (c) The exposed
graphene was etched by oxygen plasma. (d) The photoresist protec-
tion layer was removed by acetone and isopropanol.

Chem. Sci., 2023, 14, 4500-4505 | 4503
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Electrochemical microfabrication and electronic
characterization of the SLG/SLGBr/SLG diodes

The central area of each SLG strip was brominated by a scan-
ning electrochemical microscopy (SECM) workstation (CHI
920c, CH Instruments Inc.). As depicted in Fig. 1a, a micropi-
pette (inner diameter: 1 mm) was employed as the electrolyte
cell, inside which two platinum (Pt) wires act as the counter
electrode and reference electrode. The aqueous electrolyte
contained 10 mM KBr and 10 mM H,SO,. The micropipette was
fixed on the SLG strip, acting as the working electrode. Cyclic
voltammetry was performed to brominate SLG in the potential
range [—0.5 V, 1.4 V] with a scan rate of 100 mV s *. The band
gap of SLG was tuned by controlling the number of potential-
scan segments, ie., the degree of bromination of SLG. Once
the SLG/SLGBr/SLG diodes were prepared, their current rectifi-
cation performances were evaluated with a Keithley 4200 SCS
probe station in source-drain configuration in a clean and
shielded box.

Instrumental characterizations of the SLG/SLGBr/SLG diodes

Raman measurements were performed to characterize the sp*-
defects of SLG on an Xplora (Horiba Jobin Yvon, France) with
532 nm laser excitation. The Raman spectra were recorded with
1200 lines per mm grating, and the laser power kept at 5 mW
with an acquisition time of 2 s. X-ray photoelectron spectros-
copy (XPS) data were recorded to identify the occurrence of the
brominating addition reaction, i.e., the formation of C-Br
bonds, on a Kratos Axis Supra instrument (Kratos Analytical,
Manchester, UK) using monochromatic Al Ko radiation
(1486.7 €V, 150 W) with a spot size of 400 um. Survey spectra
were acquired using an analyzer pass energy of 160 eV and 1 eV
step size. Core level spectra were acquired using a pass energy of
40 eV and 0.1 eV step size. The hybrid lens mode was used in
both cases. A charge neutralizer was used throughout the
measurements after the samples were mounted, so that they
were electrically isolated from the sample bar. Spectral cali-
bration was done over Si at 103 eV, in order not to lose infor-
mation with C 1s. The core level spectra were peak-fitted using
CasaXPS software, version 2.3.18. UV-visible-NIR absorption
spectroscopy (Varian, Cary 5000) was employed to characterize
the light absorption properties of the SLG strips and SLG-Br
patterns. Optical microscopy (Olympus, BX-60) and scanning
electron microscopy (SEM, JEOL, JXA-840) were also used to
characterize the morphology of the SLG strips and the SLG/
SLGBr/SLG diodes.

Conclusions

We demonstrated that the band gap of SLG can be opened and
regulated by an electrochemically induced brominating addi-
tion reaction. The SLG bromination was assessed by charac-
terizing the sp*-C defect contents of the crystalline structure of
SLG with Raman spectroscopy, and the formation of covalent C-
Br bonds with XPS experiments. The current rectification
performance of the SLG/SLGBr/SLG diodes were evaluated by
the I-V and I-t curves and detected under different working

4504 | Chem. Sci, 2023, 14, 4500-4505

View Article Online

Edge Article

conditions, including multiple potential-modulation cycles,
preservation time and temperature, showing excellent perfor-
mance, duration and stability of current rectification. Most
importantly, the band gap of SLGBr has very good correlation to
the degree of bromination of SLG, which can easily be regulated
by tuning the degree of bromination during the voltammetric
microfabrication of the SLG/SLGBr/SLG diodes. In this work, we
provide an effective way to open and regulate the band gap of
SLG and make SLG a qualified semiconductor. This will provide
feasibility to produce all-in-SLG electronic elements and further
electronic circuits.
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