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When assisted with an inhomogenous vertical magnetic field, ultraviolet (UV) ozonation turns directional
and is testified to be applicable to graphene patterning. Using a more cost-effective low-pressure
mercury lamp, we further explore the underlying working mechanism by changing oxygen content,
introducing reactive ozone or inert nitrogen molecules, and study the lateral under-oxidation impeded
Dirac point shifts for a graphene field-effect transistor under UV irradiation. The paramagnetic oxygen
molecule X325 accelerates toward graphene with the magnetic moment aligned parallel to the
magnetic field. The O(P) atoms, stemming from such a directional oxygen molecule, have a high initial
velocity before being further accelerated, and therefore enhance the oxidation capability compared with

Received 25th May 2017,
Accepted 17th September 2017

those from weak diamagnetic ozone molecules. Intermolecular or atomic-molecular collisions between
the high-speed oxygen molecules/atoms and the randomly moved weak diamagnetic molecules,
including nitrogen and ozone, appear crucial in deteriorating graphene patterning by increasing the
lateral under-oxidation. This study may shed light on our understanding of graphene patterning by
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1. Introduction

Accompanied with the quick development of high-quality large-
area chemical vapour deposition (CVD)-grown graphene
film,"® properly cutting it into certain micro/nanostructures
plays an important role in its applications in electronics and
optoelectronics." ™  Photo-/electron-beam lithography and
direct laser writing are the two most popularly used approaches
for micro/nanoscale graphene patterning.>”> To overcome the
obstacles of resist contamination and substrate damage, some
new alternatives such as TiO,-film-based photocatalysis, soft
lithographic patterning, and resist-free reactive ion etching
(RIE) were proposed.”” Recently, we proposed a solution
toward resist-free, substrate non-damaging, and cost effective
graphene patterning through stencil masks by magnetic-
assisted UV ozonation under 172 nm irradiation of a xenon
excimer lamp.™ In this process, the electrically neutral but
paramagnetic oxygen radicals (O(*P)) and molecules X°Z, are
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magnetized, and they convert into directional photochemical
reaction due to attractive magnetic forces toward graphene film
in an inhomogeneous vertical magnetic field (B, = 0.31 T, VB, =
90 T m™*)."**® The magnetic-assisted UV ozonation was testi-
fied to have a capability of patterning CVD-grown graphene
film with an initial oxygen pressure of 10 Pa.'* However,
because of the strong absorption of oxygen molecules X’ at
172 nm,"”'® a slight oxygen increase can severely deteriorate
graphene patterning by weakening the photochemical reaction.
Moreover, a minimum of 60 kPa nitrogen gas, even though
inert under UV irradiation, is necessary to illuminate the xenon
excimer lamp."'® These two traits make it hard to grasp the
essential dynamic kinetics in the magnetic-induced directional
photochemical etching of graphene.

Compared to the xenon excimer lamp, a cost-effective and
low-power-consumption low-pressure mercury lamp is more
widely used to modify graphene or improve graphene-based
electronic properties in UV ozonation.?">* Using a vacuum-type
machine, oxygen can be precisely controlled to work at a certain
atmospheric pressure after first vacuuming the chamber, since
such a mercury lamp can work in a low vacuum condition (a
few Pascals).”” Moreover, the photochemical oxidation intensity
changes gently with oxygen content because of its low optical
absorption at 184.9 nm.'>**?>?

In this report, we further explore the feasibility and under-
lying working mechanism of graphene patterning by magnetic-
assisted UV ozonation under irradiation of the low-pressure
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mercury lamp. Tuning oxygen content, introducing ozone or
nitrogen molecules in the magnetic-assisted UV ozonation can
all affect graphene patterning. Experimental analyses indicate
that the O(*P) atom has an initial velocity toward graphene after

photodissociation from the accelerated oxygen molecule X’y

in the vertical magnetic field. As a consequence, its oxidation
capability is enhanced compared to that converted from O('D)
in the photolysis of randomly moved ozone molecule. Further-
more, intermolecular or atomic-molecular collisions between
the directional oxygen molecules/atoms and the randomly
moved weak diamagnetic nitrogen or ozone molecules become
crucial in deteriorating the graphene patterning because of the
increasing lateral diffusion and dissipation. Analyses of the
electrical transport for graphene field-effect transistors (FET)
reveal that ozone diffusion increases, and the Dirac point-shift
toward the negative gate-voltage (n-doping) under UV irradiation
is retarded by its lateral under-oxidation.

2. Experimental

CVD grown graphene film transferred onto the SiO,/Si sub-
strate (p'", 0.001-0.004 ohm cm) was used for microstructure
patterning as previously reported."**>*® A home-designed one-
chamber UV ozonation vacuum machine was used for graphene
patterning under irradiation by a low-pressure mercury lamp.
Oxygen and nitrogen gases can be individually controlled for
feeding into the chamber after first pumping it down to 2 Pa.
The UV lamp has an electric power of 200 W and a fixed
distance of 20 mm to the graphene film. A cube magnet was
placed underneath the SiO,/Si substrate to provide an inhomo-
geneous vertical magnetic field (B, =0.31 T, VB, =90 Tm™ ') on
the graphene surface."”® Graphene patterns were attained
through the same magnetic steel mask (a hexagonal lattice of
holes with a constant of 220 pm and rib width of 29 &+ 2 pm at
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the surface)."® Three cycles of consecutive room-temperature
UV ozonation treatments (10 min per cycle, with the same
initial oxidation parameters) were carried out, if not otherwise
specified. A home-made ozone generator was used to provide
an oxygen-ozone mixture (Oz, 8% by volume). Graphene FET
arrays were fabricated by first evaporating Cr/Au (5 nm/95 nm
thick) metal contacts through a 20 um-thick steel mask and
then patterning graphene film by the magnetic-assisted UV
ozonation."

The morphologies of graphene patterns were characterized
using an optical microscope (Leica DM 4000) and a highly
resolved scanning electron microscopy (SEM, Zeiss Ultra Plus)
system under 3 kV biases. The lateral under-oxidation of graphene
patterns was characterized via confocal micro-Raman spectroscopy
(Senterra R200-L) under 532 nm excitation (50x objective, 1.2 um
spot size) with a scanning step size of 1 pm. The electrical
transport property was measured in a high vacuum chamber
without or under irradiation by the 253.7 nm mercury line
combined with the Keithley 6430 and 2400 electronic measure-
ment system."®** When combined with a micro-Raman system
(Jovin Yvon Labram 800002), the localized UV irradiation induced
a Dirac point-shift toward n doping was measured in a flowing
nitrogen atmosphere under irradiation by a 325 nm HeCd laser.
The UV laser has a power of 120 uW, and its spot size is 10 pm.

3. Results and discussion
3.1 Influence of O,, O3, and N, content

As shown in the SEM topographical images of Fig. 1(a)-(d),
changing the oxygen content can have a great impact on
graphene patterning when an external magnetic field is applied
in UV ozonation. The white dotted circles represent the stencil
mask profile. When decreasing oxygen from 5 kPa via 2 kPa,
1 kPa to 0.5 kPa, we can see that a content of 2 kPa oxygen is
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Fig. 1 SEM topographical images of the graphene pattern varying with an oxygen content of (a) 5 kPa, (b) 2 kPa, (c) 1 kPa, and (d) 0.5 kPa in the magnetic-
assisted UV ozonation. (e) Micro-Raman map of the D band intensity in the region denoted by the red rectangle in (b), and (f) its Raman spectrum
evolution for dots outlined with the black rectangle in (e). Red dotted lines represent graphene edges. a.u. indicates arbitrary unit.
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optimal for obtaining the best conformal pattern. An increase
or decrease of oxygen content can cause over-etching of graphene
edges and weaken the oxidation intensity by leaving more
graphene wrinkle residues.”*?” It is notable that the multilayer
nucleii cannot be etched off under irradiation of the low-pressure
mercury lamp because of its weak etching intensity compared to
that of the xenon excimer lamp.

For the best conformal graphene, micro-Raman defect (D)
band characterization for the region outlined with the red
rectangle is shown in Fig. 1(e). Specific Raman spectrum
evolution in Fig. 1(f) for dots outlined with the black rectangle
indicates that the lateral under-oxidation is up to 9 pm because
of molecular/atomic diffusion underneath the mask. The lateral
under-oxidation is larger than that obtained in a low pressure
oxygen atmosphere (10 Pa) under irradiation of the xenon
excimer lamp.

When the oxygen-ozone mixture is used to substitute oxygen,
the microstructure graphene pattern appears over-etched (see
Fig. 2(a)) after the same UV ozonation treatment as that shown
in Fig. 1(b). The pattern degrades with part of its ribs broken as
indicated by the blue arrows. In addition, an increase in graphene
residues manifests the weakening oxidation intensity. When
reducing the photochemical treatment to two cycles (10 min per
cycle), the graphene pattern changes with the decreasing oxygen-
ozone content (1 kPa, 0.5 kPa and 0.2 kPa in sequence) as shown
in the SEM topographical images of Fig. 2(b)-(d). A conformal
pattern is attained when reducing the mixture down to 0.5 kPa,
though quite a bit of graphene wrinkle residues show up. Either
an increase or decrease of the oxygen-ozone mixture leads to
severe over-etching and blurring of graphene edges. Moreover,
they also result in an increment of residues, demonstrating a
continuous weakening of photochemical oxidation.

The graphene pattern in Fig. 2(c) is characterized by the
micro-Raman mapping as shown in Fig. 2(e) and (f) for the
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red-outlined region. The D band mapping and its corres-
ponding Raman spectrum evolution for the black-outlined dots
show that all graphene underneath the mask is oxidized.

When nitrogen molecules, which have a bond energy of
9.8 eV, are introduced into the magnetic-assisted UV ozonation,
they can greatly affect graphene patterning as shown in Fig. 3
even though the 184.9 nm irradiation (single photon energy,
6.71 €V) is too low to dissociate them.*® Fig. 3(a) shows a
conformal graphene pattern etched by the magnetic-assisted
UV ozonation with an initial oxygen pressure of 2 kPa, a zoom-
out SEM topographical image of Fig. 1(b). Keeping the oxygen
pressure constant, an addition of 20 kPa nitrogen can weaken
the oxidation intensity by shrinking the graphene pattern and
leaving more residues, as shown in Fig. 3(b). Upon further
increasing the nitrogen content to 40 kPa, the graphene pattern
appears under-etched because of continuously weakening
oxidation intensity (see Fig. 3(c)). Therefore, nitrogen molecules,
though chemically inert in the directional photochemical oxidation,
can impede graphene oxidation via some physical interaction
mechanism as discussed in the next subsection.

It should be noted that the quality of graphene patterning
deteriorates when no vertical magnetic field is applied during
UV ozonation for the three cases discussed above (see ESI,T
Fig. S1-S3).

3.2 Dissociation and collision model for the directional
photochemical oxidation

In the traditional UV ozonation, a sequence of photochemical
reactions occurs as described in eqn (1)-(5).2°2**°! Under
irradiation by the low pressure mercury lamp, the paramagnetic
ground state triplet oxygen molecule X°Z, dissociates into two
ground state O(*P) atoms by absorbing photons at 184.9 nm.
Then, the O(*P) atoms can react with oxygen molecules X’Z, to
form ozone, an unstable molecule that can further dissociate
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Fig. 2 SEM topographical images of the graphene pattern etched by the magnetic-assisted UV ozonation with (a) 2 kPa O,/Oz mixture after three-cycle
treatment, and (b) 1 kPa, (c) 0.5 kPa, (d) 0.2 kPa O,/O3 mixture after two-cycle treatments. (e) Micro-Raman map of the D band intensity in the region
denoted by the red rectangle in (c), and (f) its Raman spectrum evolution for dots outlined with the black rectangle in (e).
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Fig. 3 SEM topographical images of the graphene pattern varying with nitrogen content in the magnetic-assisted UV ozonation. (a) 2 kPa O; (b) 2 kPa

O, + 20 kPa Ny; (c) 2 kPa O, + 40 kPa N,.

with products mainly composed of the diamagnetic singlet
oxygen molecule o'A, and O('D) atom under irradiation at
253.7 nm. The electronically excited state o'A, and O('D) can
quickly convert into the ground state X’Z, and O(’P), respectively,
via nonreactive quenching collisions.** Furthermore, in the
abovementioned photochemical process, ozone generation and
dissociation is thirty times higher than the dissociation of oxygen
molecules.*

Notably, for UV ozonation under irradiation of a xenon
excimer lamp, a mixture of O(*°P) and O('D) atoms forms when
absorbing photons at 172 nm as described in (eqn (1/)).>%*"

0,(X°%,) + hf175.0 < /. < 242.4 nm) —» 20CP) (1)

or
0,(X’%;) + lfA < 175.0 nm) - O('D) + OCP) (1’
OCP) + 04(X’Zg) + M — O3 + M(N, or O, or O;)

0; + hi{/ < 310 nm) — O,(a'A,) + O('D)
o('D)+M — OCP) + M
0,('Ag) + M - 0,(X°Z,) + M

The singlet O('D) and triplet O(*P) atoms exhibit diamagnetic
and paramagnetic properties, respectively, according to their
individual electron configurations. Because of the severe collision
quenching of O('D) atom,*** the ground-state O(*P) atom acts
as the major oxidant that can oxidize graphene into carbon
monoxide (CO) or carbon dioxide (CO,) molecule, as described

in eqn (6). The oxidation intensity is related to the collision rate
Z3, between the O(*P) atom and the carbon atom in eqn (7).>*°

C + O(P) - CO,(CO) (6)
Zip = pnbmaxzvrnl*nz* )

where p is the steric factor, by,ax is the sum of the hard-sphere
molecular radii of O(°P) atom (r,) and carbon atom (r,), ie.,
bmax = I'1 * I, V; is their relative velocity, and n,* and n,* are the
mole concentrations of the O(°P) atom and carbon atom,
respectively. The variants v, and n,* can be described by
eqn (8) and (9), respectively.

Ve = (vy) = (3kTImy)"? (8)

ny* = (P/RT)Ny 9)
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In eqn (8), k is the Boltzmann’s constant, T is the absolute
temperature, and m, is the mass of O(*P) atom. In eqn (9), P is
the atomic gas pressure, R is the gas constant equal to 8.314 X
10° em® Pa mol ' K™', and N, is the Avogadro number.

For graphene supported on the SiO,/Si substrate, the sp”
composed carbon atoms have a constant concentration n,*. The
collision rate is determined by the velocity (v;) and the concen-
tration n,* of the O(°P) atoms. This model is consistent with the
previous experimental reports that the higher the oxygen content
(<1 atm) or the higher the reaction temperature, the stronger
the traditional photochemical etching of graphene when no
magnetic field is applied in UV ozonation.**?

When a vertical magnetic field is applied, oxygen molecules
X°Z, and O(°P) atoms are attracted to the magnetic field,
resulting in an increasing concentration of n;*. In this process,
ozone generation resulting from their collisions, shown in
eqn (2), could be impeded because the directional motion can
decrease their relative speed, particularly with an increasing
magnetic gradient toward the substrate as shown in Fig. 4(a). In
this circumstance, deviating from the conventional photochemical
oxidation, the O(*P) atoms dissociated directly, or converted from
O('D) (eqn (1)), may play an important role in oxidizing graphene.
According to the molecular orbital theory, two unpaired electrons
of the oxygen molecule X’%, are individually distributed in the
Top* orbital.>* When magnetized, the oxygen molecule has a
magnetic moment parallel to the external magnetic field. More-
over, considering energy and momentum conservation in the
photolysis process, the O(*P)/O('D) atoms can acquire an initial
velocity in the magnetic field after dissociation from the
accelerated oxygen molecule X’%,. The O(°P) atoms directly
dissociated under 184.9/172 nm irradiation, or converted from
O('D) under 172 nm irradiation, keep accelerating (Fig. 4(b)). As
a comparison, the O('D) atom dissociated from the ozone
molecule moves randomly, and the subsequent product O(*P)
has a low velocity when accelerated in the same magnetic field
(Fig. 4(b)). Therefore, the magnetic-induced attraction and
acceleration of paramagnetic oxygen molecules (X’%;) and
O(*P) atoms result in an increase of n;* and (v;) (a component
perpendicular to the graphene film) and then improve the
photochemical etching of graphene as experimentally demon-
strated in Section 3.1.

In the vertical magnetic field, the increasing intermolecular
or atomic-molecular collisions between the oxygen molecules/
atoms and the weak diamagnetic nitrogen/ozone molecules can

This journal is © the Owner Societies 2017


http://dx.doi.org/10.1039/c7cp03523c

Published on 18 September 2017. Downloaded by Shanghai Jiaotong University on 19/10/2017 06:03:009.

View Article Online

PCCP Paper
A=184.9 &253.7 nm ‘oo
a b C N
(a) orA=172 nm & B (b) & (c) e
® ocp) = , Collision H
® . &® 0,(Xs,) / A=184.9 nm /61'“‘:@\:172 nm 0‘
% S w fo@s) @ ® ® i
) 03 {{Collislon / / £ A=184.9 or “
N \ / \ 172nm -~ ‘.\A=172 nm
2 \ - L
co ‘@ . Q ®. O Q. ) o -
PR a W N /e *
co, L i Collision ,::‘ ’ Collision ,,")
‘e o o ‘e e \ o o,/
! v ®R' ‘Q

Fig. 4 Dynamic photochemical reaction in the magnetic-assisted UV ozonation (B; = 0.31 T, VBz =90 T m

~Y) under irradiation of the low-pressure

mercury lamp. (a) Dynamic motion of various molecules with green arrows denoting the velocity. (b) Photodissociation of ozone and oxygen molecule
under different UV excitations in the magnetic field. (c) Collisions between the oxygen molecule/atoms and the diamagnetic molecules. The diamagnetic
singlet oxygen molecule (oclAg) and atom (O(*D)) deactivate individually to their ground states via collisions.

impair the directionality of the photochemical reaction.*™> As
shown schematically in Fig. 4(c), oxygen molecule X’Z, is
scattered after collision with nitrogen, and its acceleration in
the magnetic field is impeded. Then, the velocity (v;) of the
O(°P) atom dissociated directly from the oxygen molecule, or
subsequently converted from O('D), will decrease. The following
collision between O(*D)/O(*P) atoms and the diamagnetic molecules
like ozone in Fig. 4(c) can also decrease the velocity (v;). For ozone
molecules, however, molecular collisions introduced by nitrogen up
to 60 kPa may decrease the mean free path and contribute to the
small lateral under-oxidation, as reported in ref. 13.

The abovementioned dissociation and collision model can
well explain the experimental observations in Fig. 1-3. Specifically,
introduction of either ozone (by addition of 8% ozone or
increasing oxygen content) or nitrogen molecules can weaken
the photochemical oxidation and degrade the quality of graphene
patterning.

The vertical magnetic field can affect the collision rate Z;,
between the O(*P) atom and graphene because of two opposite
contributions. One is the increasing concentration of the O(°P)
atom n,* and the other is its decreasing v, aroused by collision
with the diamagnetic molecules. In this circumstance, v, and
n.* can be described by eqn (10) and (11), respectively.

v = ) = fi(B2,VBy) X fo(Y,n3%) x (3kT/my)">  (10)

n* = g1(Bz,VBz) X 22(Y,n3*) X (P/RT)Ny (11)

Herein, f(Bz,VBz) and g;(Bz,VB;) denote contribution from the
non-uniform magnetic field, and f,(Y,n;*) and g,(¥,n5*) denote
contribution from some specific diamagnetic molecule Y with
concentration nz*.

As noticed, the photochemical oxidation intensity in Fig. 1
weakens compared with that reported in ref. 13, even though
assisted with the same magnetic field (B, = 0.31 T, VB, =
90 T m ™). This indicates that the collision rate Z,, determined
by two variants v, and ny* in eqn (7) decreases. Since v,
increases upon decreasing atomic/molecular collisions (2 kPa
O, vs. 60 kPa N, + 10 Pa O, atmosphere), a decreasing n,*

This journal is © the Owner Societies 2017

induced by the low optical absorption of oxygen molecule stg
at 184.9 nm should play a critical role.*

3.3 Lateral under-oxidation affected Dirac point-shift under
UV irradiation

Using the same oxidation parameters in Fig. 1(b), graphene FET
arrays are fabricated and then characterized by micro-Raman
spectroscopy and carrier transport measurements. As shown in
the optical topographical image (see Fig. 5(a)), the graphene
FET device has a dimension of 578 x 165 um?. The left and
right blue dotted lines, L1 and L2, represent the two scanning
routes under irradiation of 325 nm laser. The red rectangle
represents the scanning scope for micro-Raman spectrum
mapping as drawn in Fig. 5(b) and (c). We can observe that
graphene is more severely damaged within twenty micrometers
of the edge area. The uniformly oxidized graphene in the
central area stems from molecular diffusion underneath the
mask contributed by the 100 nm-thick metal contacts.

The graphene FET device is highly p-doped as indicated by
the solid black conductivity curve varying with the back-gate
voltage in Fig. 5(d). After 50 min irradiation under the mercury
253.7 nm line in a high vacuum condition (4.5 x 10~* Pa), its
Dirac point shifts and stabilizes at 7 V (slight p doping), as
shown by the solid pink line."**>° This observation deviates
from the previous report that graphene became n doped under
UV irradiation.’**> The hole and electron mobilities are
deduced to be 574 cm®> V' s and 640 cm® V' s, respectively,
almost three times lower than those patterned under irradiation
of the xenon excimer lamp.'**’

Substituting the mercury lamp with the 325 nm laser, we can
observe lateral under-oxidation induced electrical transport
variation by scanning it between two metal electrodes with a
dwell time of 2 s and a fixed step size of 7.2 pm. When scanning
along L1 adjacent to the central area, the Dirac point shifts
monotonically toward n-doping, and it saturates at a value
exceeding 60 V after 27 min irradiation. When scanning along
L2 in the edge area, the Dirac point exhibits a slower shift
toward n-doping after 3 min irradiation and then shifts slightly
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Fig. 5 Characterization of a graphene FET device patterned by the
magnetic-assisted UV ozonation. (a) Optical image. The blue dotted lines
represent the micro-scale scanning of 325 nm laser. (b) Micro-Raman map
of the D band intensity in the region denoted by the red rectangle in (a),
and (c) the corresponding Raman spectrum evolution for the dots outlined
by the black rectangle in (b). The white dotted line denotes the graphene
edge. (d) Conductivity as a function of back-gate voltage for the graphene
FET device varying with lateral under-oxidation after localized irradiation at
325 nm. The source—drain voltage is fixed at 0.1 V.

back after 27 min irradiation because of the readsorption of
oxygen and water molecules on the defects.”® The saturated
p-doping is related to the lateral under-oxidation in graphene
patterning. Furthermore, the more the graphene FET is oxidized,
the slower and lesser the Dirac point shifts toward the negative
gate voltage.

4. Conclusions

In summary, we have explored the working mechanism of
graphene patterning in the magnetic-assisted UV ozonation
by varying oxygen content and introducing reactive ozone and
inert nitrogen molecules. A non-uniform vertical magnetic
field, which makes oxygen molecules X’%,; and O(°P) atoms
directional, can bring new vitality to the traditional photochemical
oxidation. The O(*P) atom dissociated directly from oxygen
molecule X°%,, or subsequently converted from O('D) atom
via collisions under 172 nm irradiation, can obtain an initial
velocity before being further accelerated in the magnetic field,
and therefore it can enhance the oxidation intensity compared
to that stemming from the randomly moved ozone molecule.
Intermolecular or atomic-molecular collisions between the
directional oxygen molecules/atoms and the randomly moved
weak diamagnetic molecules play an important role in impeding
the directional photochemical reaction. For ozone molecules,
however, decreasing molecular collisions with the initial oxygen
pressure being no more than a few kilopascals (at least an order
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lower than nitrogen in ref. 13) can increase the mean free path
and incur severe lateral under-oxidation."® Compared with the
previous work,"® a decreasing concentration of n,* induced by the
low optical absorption of oxygen molecule X°Z, at 184.9 nm
contributes to the weakening photochemical oxidation intensity.
When the magnetic-assisted UV ozonation is applied to fabricating
graphene FET devices, the metal contact induced 100 nm gap
between the mask and graphene appears detrimental to graphene
patterning because of severe lateral under-oxidation. We find that
the more severe the graphene FET is oxidized, the more difficult it is
to shift the Dirac point toward n-doping under UV irradiation.

In order to facilitate application of the low-pressure mercury
lamp in graphene patterning, it is a prerequisite to simultaneously
improve the photochemical oxidation intensity and restrain the
lateral under-oxidation stemming from ozone diffusion and
dissipation. This study may shed light on our understanding
and designing of graphene patterning by magnetic-assisted UV
ozonation.
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