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Electron-beam (e-beam) lithography at a low energy can efficiently write deoxygenated micro-patterns
on graphene oxide (GO) films with high edge-definition. The deoxygenation caused by the secondary
process of back-scattered electrons leads to a shrinkage of pattern height. A lower energy e-beam is
found to be more effective in deoxygenating of GO than that by using a higher energy e-beam. The
thickness and the oxygen-to-carbon atomic ratio of the pattern are strongly related that decreases

progressively with increasing the electron dosage before reaching a steady level. In addition, as the
electron dose increases the patterned area also expanded in lateral direction. The observations of the
proximity effect are justified with our results and the Monte Carlo simulation of electrons trajectories.
These results can be a guideline for the fabrication of all-carbon thin film electronics.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The emerging research towards graphene-based micro-elec-
tronics originates from the unique electronic, thermal and me-
chanical properties of the single layer carbon sheet [1,2]. In
particular, graphene-based materials have attracted much atten-
tion of electronics industries owing to their great versatility by
opening up the band gap through introduction of physical con-
straints (lateral size and defect) or chemical modifications (doping
and functionalization) [3—7]. By this advantage, graphene de-
rivatives have shown their applications as various important elec-
tronic components, such as field-effect transistors, diodes,
supercapacitors, electronic circuits, memory cells and circuit sub-
strates [8—16]. The wide application of semiconducting graphene
derivatives has therefore brought up the idea of printable all-
carbon micro-electronics on flexible substrates [15—19]. However,
one major difficulty of the idea is the creation of miniaturized
electronic components at desired substrate locations. Typically, this
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requires sophisticated lithographic processes to locate target ma-
terials and to remove auxiliary masks. When graphene oxide (GO)
is the substrate, the process can be much simplified by reductive
lithographic patterning on the substrate to create conductive paths
or semiconducting patterns, depending on the degree of deoxy-
genation [20—23]. For example, direct inkjet printing of conductive
circuits and laser-beam writing of deoxygenated patterns on a GO
film can efficiently produce millimeter-scale graphene-based
electronic components [10—12]. Unfortunately, these techniques
are typically incompetent for micro-electronics fabrication, owing
to the large spot size of the print-head and the laser-beam.

As an alternative, electron-beam lithography (EBL) offers highly
focused beam line and can render nanometer-to micrometer-scale
patterns on a soft substrate [24]. Moreover, electron-beam (e-
beam) irradiation has demonstrated the ability of reducing GO to
create locally deoxygenated micro-patterns on a GO substrate using
moderate to high energy e-beams [25—27]. However, high-energy
e-beams often provide low throughput and can cause substrate
damage and strong proximity effect on polymer resists [28—30]. In
this report, we have demonstrated the use of low-energy e-beam to
write edge-defined micro-patterns on a GO film. Atomic force mi-
croscopy (AFM), scanning electron microscopy (SEM) and optical
microscopy revealed the morphology and the visible features of the
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micro-patterns. X-ray photoelectron spectroscopy (XPS), energy
dispersive spectroscopy (EDS) and Raman spectroscopy suggested
that the low-energy e-beam deoxygenates the surface of patterned
area without restoring or further damaging the lattice structure of
GO. The effect of electron dose on pattern properties was further
investigated and correlated with the results obtained from Monte
Carlo simulations.

2. Experimental section
2.1. Synthesis of the graphene oxide

A modified Hummer's method was employed to prepare GO
from expandable graphite flakes (GrafGuard 160-50-N, Graftech,
USA) [31]. Basically, 120 mL of concentrated H,SO4 was added to a
mixture of graphite (1.0 g) and KMnOg4 (6.0 g). The reaction flask
was quickly transferred into a 50 "C bath for continuous stirring
over 4 h. After cooling the reaction mixture to room temperature,
3 mL 30 vol.% H,0, together with 100 mL water was poured into it.
The mixture was centrifuged (4500 rpm for 30 min), and the su-
pernatant decanted away. The product gel was washed and
centrifuged repeatedly for at least 5 times using deionized water
until the pH of the supernatant was close to 7. The gel was re-
dispersed in water (1 mg/mL), subjected to probe ultrasonication,
resulting in a stable colloidal GO solution.

2.2. Electron-beam writing of deoxygenated GO pattern

A GO film substrate was prepared as follows: 6 pL of the GO
suspension was drop-cast and dried on a clean, polished Si wafer to
form a thin GO film; the film thickness was determined to be
220 nm, using a stylus surface profiler (Dektek 150). Inside the
vacuum chamber of a JEOL 6610 scanning electron microscope, the
raw GO film was irradiated with an e-beam at a beam current of
2.0 nA to create a 3 x 3 array of 20 um x 20 um square micro-
patterns at different given electron dose, from 5 mC cm™2 to
500 mC cm 2. The movement of the e-beam was programmed by a
Raith EBL system. Both 5 kV and 20 kV e-beams were used to
pattern the square array at the same condition for direct
comparison.

2.3. Characterization of the GO films

AFM was performed by using a MFP-3D (Asylum Research)
atomic force microscope in ambient air. The microscope is mounted
on an anti-vibrational table (Herzan) and operated within an
acoustic isolation enclosure (TMC, USA). The cantilevers used in this
study were conductive (Pt coated) NSGO3 model, from NT-MDT
(Russia), having a nominal resonant frequency between 50 kHz
and 150 kHz. SEM was performed on a JEOL 6610 scanning electron
microscope at 15 kV, equipped with an Oxford EDS detector for EDS
measurement. For the EDS measurements on the square micro-
patterns, at least 5 samples were collected and the errors were
based on the standard deviation. Optical microscopy was carried
out on an optical microscope (Olympus BX61). Image analysis and
color inversion were performed using Image] 1.48v to promote
visual effect and analysis; the transforming parameters were kept
constant to ensure minimal alteration to the raw data. XPS was
recorded using a Kratos Axis Ultra spectrometer with Al Ko radia-
tion (15 kV, 150 W). The XPS survey was collected over
0 eV—1200 eV with pass energy of 160 eV and an energy interval of
1 eV/step. The high resolution XPS spectra were measured with a
width of 14—20 eV, pass energy of 20 eV and an energy interval of
0.05 eV/step.

2.4. Monte Carlo simulation of electron trajectories

The Monte Carlo simulation of electron trajectories was per-
formed on CASINO v2.42 software package. A two-layer model
similar to our experimental condition was employed for the
simulation: a layer comprised of carbon and oxygen at a ratio of
70:30 with a thickness of 220 nm and a layer of pure Si substrate
with infinite thickness. The simulated number of electrons for each
condition was 200,000 and the beam voltages varied from 5 kV to
20 kV.

3. Results and discussion

Fig. 1a depicts a schematic diagram of the EBL process. A GO film
was formed by drop-casting on a polished silicon wafer, and the e-
beam writing using an EBL system was directly performed on a
relatively flat area of the film to create square micro-pattern arrays
(an optical image of the drop-cast GO film with micro-pattern ar-
rays can be found in Fig. S1, Supporting information). The
morphology of the micro-patterns was characterized by AFM. In
Fig. 1b, the patterned squares were shrunken in height after
electron-beam irradiation, as shown by the dark purple area. The
thickness reduction is a typical characteristic of GO reduction
through removal of the intercalate water molecules and oxygen
groups that support the puffy GO stacking. Wei et al. as well
observed a decrease in the film thickness when they used a hot
AFM tip to reduce a GO film [32]. Moreover, the extent of shrinkage
is associated with the amount of given electron dose. Fig. 1c shows
the surface profile along the path of the black arrow in the AFM
micrograph; the grey arrow in the figures indicates the interference
from contaminant particulate matter. The result suggests that the
e-beam irradiation indeed decreased the thicknesses of the irra-
diated areas by ~78 and ~65 nm for the irradiation of 100 and
50 mC cm 2 electron dose, respectively. We also evaluated the
sample heights for the micro-patterns at higher electron dosages.
Fig. S2, Supporting information shows that the reduced sample
height is dependent on the electron dosage in a saturating growth
behavior. In general, a higher electron dose can give rise to a greater
degree of deoxygenation and therefore result in a stronger
shrinkage in the sample height.

As it was seen that the decrease in thickness is related to the
electron dose, we therefore investigated the effects of electron dose
on the patternability. Fig. 2a and b displays the SEM and optical
images of (3 x 3) arrays of square micro-patterns. Each pattern was
given by a certain electron dose using e-beams at two different
accelerating voltages (5 kV and 20 kV). A gradual change in gray-
scale contrast of the square patterns in the SEM and optical mi-
crographs can be observed along with increasing electron dose for
both 5 kV and 20 kV patterns. This probably suggests that the
micro-patterns at high doses are relatively more deoxygenated. For
the patterns produced by a 5 kV e-beam, there shows distinct
square patterns with excellent edge-definition for all the electron
doses. In contrast, the micro-patterns produced by a 20 kV e-beam
appear to be murky at low electron doses (5—20 mC cm~2) and the
high-dose patterns exhibit diffuse edges that make the square
patterns appear to be slightly bigger than their expected sizes.
Clearly, the proximity effect is much stronger in the patterning
using a higher energy e-beam.

In an effort to quantify the proximity effect by e-beams at
different energies, we inverted the color of the optical micrographs
to enhance the contrast of pattern edges for the purpose of image
analysis. Fig. 2c displays the color-inverted optical micrographs; the
target patterning area and the observed pattern area are respec-
tively framed by yellow and pink boxes. The 5 kV beam-scribed
patterns demonstrated very little proximity effect given by their
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Fig. 1. (a) Schematic diagram of the e-beam patterning process on a drop-cast GO film. (b) AFM topographic image of the square micro-patterns; number indicates electron dosage
(mC cm~2). (c) Surface profile across the square micro-patterns (along the path of the black arrow in the AFM image) scribed with a 5 kV e-beam. (A colour version of this figure can

be viewed online.)

small size expansion (0.60 + 0.09 um extension from one side @
500 mC cm2), whereas such effect was much stronger in the
squares written by a 20 kV e-beam (3.05 + 0.21 um extension from
one side @ 500 mC cm~2). This proximity effect should be due to the
large electron—matter interaction volume and the subsequent
physical processes delivered by high-energy e-beam [28]. In a later
discussion, we will address the mechanism of the proximity effect
on GO with the help of Monte Carlo simulations of electron tra-
jectories in the sample. Nevertheless, the results suggest that GO
patterning using EBL can generate micro-patterns with a decent
lithographic resolution when a low-energy e-beam is used.

We further evaluated the correlation between the optical color
contrast and electron dose using different e-beam energies. Image
analysis was again performed on the color-inverted optical micro-
graphs to minimize background interference; the relative intensity
of contrast should stay unchanged when the transforming param-
eters were kept the same. Despite of the dark-colored scheme, it
can be picked up that the color of the square patterns turned from
dark purple to black upon exposure to high electron doses. The
optical contrast values of the micro-patterns in reference to the raw
GO film without e-beam irradiation were plotted against the elec-
tron dose for the two sets of squares, as shown in Fig. 2d. The op-
tical contrast for both cases displays a saturating growth behavior
along with increasing electron dose. If the optical contrast values
are directly associated with the degree of chemical change, then
there is likely a progressive deoxygenation with an extended e-
beam exposure time. Furthermore, the contrast values for the 5 kV
patterns stay stably at a higher level than that for the 20 kV patterns
over the range of electron dose. This means that the low-energy e-
beam can perform reductive lithographic patterning of GO more
effectively than the higher energy e-beam. This is in agreement
with the results of EBL on polymer resists using low-energy e-
beams [28,30]. Interestingly, the level of relative optical contrast is

1.5-fold higher for the 5 kV patterns than that for the 20 kV patterns
for all of the electron doses. The constant relative contrast value
within the examined range of electron dose suggests that the
relative extent of GO reduction within the patterns is closely related
to the relative beam accelerating voltage when the beam current is
controlled, irrespective of the given electron dose. In a mathe-
matical expression, the relationship may be described in Eq. (1),
where § is the optical contrast, V is the beam accelerating voltage
and « is an auxiliary coefficient corresponding to each e-beam
patterning process.

01 apVh
0,  a1Vy

(1)

If we treat the relative optical contrast as a reflection of the
relative amount of electrons “stored” in the GO patterns at each
beam voltage, then Eq. (1) is equivalent to an expression of relative
capacitance (Eq. (2), C = q/V), where § is the percentage gain of
incident electrons by the patterns.
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In this situation, the auxiliary coefficient, « in Eq. (1) is basically
analogous to 3, and the «y/a; value would provide the relative ef-
ficiency of electron gain. For the present example, a a/aq value of
0.375 can be found by inserting the measured value of relative
optical contrast and the beam voltages. This means that the elec-
tron gain by the square patterns created by a 20 kV e-beam is only
37.5% of that created by a 5 kV e-beam. Therefore, it is clear that the
reductive patterning of a GO film is more energy efficient with a
low-energy e-beam than with higher energy e-beams. Despite the
observation of a constant relative contrast inside the examined
range of electron dose, it is expected that the relative contrast
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Fig. 2. (a) SEM and (b) optical micrographs of 3 x 3 arrays of square micro-patterns at different electron dose (mC cm~2) using 5 kV (top) and 20 kV (bottom) e-beams; (c) the color-
inverted optical micrographs for a better visual contrast of the pattern size. (d) A plot of optical contrast against electron dose for 5 kV and 20 kV micro-patterns and (e) the relative
optical contrast of the patterns (5 kV/20 kV). (A colour version of this figure can be viewed online.)

would finally arrive at a value of 1.0 when the GO pattern reaches a
saturated reduced state.

XPS and EDS are powerful micro-analytical techniques that
allow surface and small-area composition analyses. Unfortunately
these techniques cannot provide accurate composition of patterns
that are both small and thin, due to the nature of their measure-
ments. For instance, XPS can afford decent surface analysis (up to
10 nm into the sample), but the analytical area is approximately
100 pum, limited by the spot size of the laboratory X-ray beam.
While EDS can offer small-area analysis by the small beam spot
size, the energetic e-beam can penetrate deeply into the sample
(typically ~2 pm into a carbonaceous sample for a 15 kV e-beam)
and interact with the matter for a bulk-like analysis. In a purpose to
recognize the chemical composition of raw GO film and the pat-
terns, we firstly studied the composition of a large-area GO pattern
(100 um x 150 um) at an initial (raw) state and at a highly reduced
state after given a very high dose (>8000 mC cm~2) using a 20 kV e-
beam. The optical images of the raw and reduced pattern are dis-
played in Fig. 3a. Obviously the high-dose, irradiated pattern
exhibited a very dark color as compared to the raw film. In Fig. 3b,
the XPS survey spectra confirm that the irradiated pattern was
greatly deoxygenated. Only oxygen and carbon signatures were

found in the spectra and the oxygen-to-carbon (O/C) atomic ratio of
the GO pattern has changed from 0.422 (raw) to a ratio of 0.213
(irradiated). This suggests that a considerable amount of oxygen
has been removed from the pattern after the e-beam irradiation.
Furthermore, we characterized the small square patterns
(Fig. 2a—c) with EDS for a qualitative investigation. Fig. 3¢ is a
sample EDS spectra collected at two different positions in a micro-
pattern array (by a 20 kV e-beam). In agreement with the XPS
result, the O/C ratio is much lower at inside of the square pattern
than at the outside. This directly confirms that e-beam irradiation
can induce deoxygenation (and reduction) of GO and lead to a gray-
scale contrast under a SEM or a color contrast under an optical
microscope. Moreover, we collected the EDS spectra of each square
pattern given by 5 kV and 20 kV beam, and the O/C atomic ratios are
displayed in Fig. 3d. Since EDS could only provide a bulk-like
analysis, the measured composition is an average of the reduced
pattern and the unmodified GO beneath it. Nonetheless, the result
still reflects the trend of progressive deoxygenation of the patterns
along the given electron dose. A similar decreasing behavior in the
O/C ratio was observed for both the 5 kV and 20 kV patterns. It is
worthy to note that the O/C ratio maintained at a lower level for the
5 kV patterns than for the 20 kV patterns. Even at a very low dose
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Fig. 3. (a) Optical micrographs of a large-area GO pattern before and after given a very high dose at 20 kV, and (b) the XPS survey spectra of the raw and irradiated patterns. (c) The
EDS spectra at two positions in a micro-pattern array, and (d) the O/C atomic ratios of the square micro-patterns at different electron dose produced by 5 kV and 20 kV e-beams. (A
colour version of this figure can be viewed online.)
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(5 mC cm2), the pattern created by 5 kV beam could show obvious
difference in the O/C ratio (O/C = 0.384) in reference to raw GO film
(O/C =0.422). In contrast, there is almost no change in the O/C ratio
for the low-dose pattern created by 20 kV beam (O/C = 0.421). This
result again suggests the better efficiency of using low-energy e-
beam in the direct deoxygenation of GO film.

The chemistry of GO before and after e-beam irradiation was
studied by high-resolution XPS. Fig. 4 shows the deconvoluted C 1s
spectra and O 1s spectra of a large-area GO pattern before and after
irradiation. Clearly, the raw GO film was rich in oxygen functional
groups such as epoxide (C—O—C, 287.0 eV), carbonyl (C=O,
288.2 eV) and carboxyl (COOH, 289.0 eV) groups, as given in Fig. 4a.
These are typical functional groups of GO, as reported in the liter-
ature [33,34]. After irradiation, the relative intensity of the oxygen-
containing groups significantly decreased with a small amount of
hydroxyl (C—OH, 286.0 eV) groups was produced. It is also inter-
esting to note that the carbonyl/carboxyl groups were almost
completely removed after the irradiation. In a typical thermal
deoxygenation of GO, the epoxide groups could be largely removed
at a temperature of 200 °C, whereas the carbonyl/carboxyl groups
are only eradicated at above 400 °C [35]. Perhaps this suggests that
e-beam irradiation is effective in getting rid of these oxygen groups.
On the other side, the O 1s spectra in Fig. 4b also support the sig-
nificant removal of epoxide groups by e-beam irradiation. The large
reduction of C—0 (532.8 eV) relative to C=0 (531.5 eV) means that
there were much more epoxide groups removed than the carbonyl/
carboxyl groups. From above, it is clear that e-beam irradiation on
GO can remove a large amount of the epoxide group and almost
eliminate the carbonyl/carboxyl groups.

Raman spectroscopy can provide information about structural
disorder in the graphitic lattice of GO. Fig. 5 displays the Raman
spectra of the GO film treated with different electron doses by 5 kV
and 20 kV e-beams, respectively. There are two main peaks relating
to the first-order phonon vibration of the carbon lattice: D
(1352 cm™ !, ring breathing mode) and G (1605 cm™, stretching
mode); the hump at ~2800 cm~' (2D) is associated with the
second-order overtone of the D band [36]. The D and G bands are
very similar in the peak features, and the spectral envelope of the
patterns can be superimposed with each other. This result suggests
that the e-beam irradiation does not restore the structural disorder
or incur further damage in GO during the deoxygenation process. It
is to be noted that a considerable amount of fluorescence, which is
attributable to the oxygen-containing groups (C—O, C=0 and
COOH) nearby the remaining sp®> carbon domains [37], was
observed in a raw GO film (Fig. S3, Supporting information) and the
intensity of the fluorescence sharply dropped with the introduction
of e-beam irradiation. Most of the fluorescence dropped in the 5 kV
patterns after irradiation with a dose of 5 mC cm~2, while a small
extent of the fluorescence intensity remained in the 20 kV sample.
This small quantity of the fluorescence diminished with increasing
electron dose. This observation suggests that the 5 kV patterns
were effectively deoxygenated to an extent that could significantly
quench the fluorescence.

To elucidate the reason behind the strong proximity effect and
the poor deoxygenation capability when using higher energy e-
beams, we performed a Monte Carlo simulation of electron tra-
jectory using different beam energies on CASINO v2.42 [38]. For the
proximity effect, we evaluated the surface distribution radius of
back-scattered electrons (BSEs) for beam voltages at 5 kV and 20 kV
(surface distribution radii at different voltages are shown in Fig. S4,
Supporting information). The surface distribution of BSEs basically
tells about the population of projected BSEs at each position on the
sample surface. Fig. 6a shows the surface distribution radius of BSEs
on a model GO film with a composition of C7¢903¢ at the two beam
voltages. Obviously the surface distribution of BSEs of a 5 kV beam
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Fig. 5. Raman spectra of the square micro-patterns at different electron dosage by
using (a) 5 kV and (b) 20 kV e-beams; the dosages are in units per cm?. (A colour
version of this figure can be viewed online.)

(radius = 0.36 pm) is much narrower than that of a 20 kV beam
(radius = 3.40 um). Interestingly, these values are fairly similar to
the measured extended length of the square patterns
(0.60 + 0.09 pm and 3.05 + 0.21 um for 5 kV and 20 kV, respectively,
at 500 mC cm™2). This suggests that the effective patterning area
must be closely related to the surface distribution of BSEs rather
than to the incident electron (where there should be no size
expansion of the pattern). Despite this, BSEs are perhaps not the
direct source of electrons for the reductive patterning because BSEs
typically have a slightly lower energy than the incident primary e-
beam. From the comparative study of patterning efficiency, it is
clear that the highly penetrative incident electrons do not effec-
tively reduce the GO unless they are at a much lower energy. In this
situation, low-energy secondary electrons that come from the
electron—matter interaction (with mainly BSEs and primary elec-
trons) are the more likely sources of reducing electrons. Since the
secondary electrons (the mean-free-path is at an nm scale) are
generated along the trajectory of energetic back-scattered elec-
trons, the probable locations where the BSEs pass through would
become reduced.

We further investigated the penetrating ability of incident pri-
mary electrons at different beam accelerating voltages, as shown in
Fig. 6b. The electrons at a higher energy clearly tend to penetrate
deeper into the sample and possibly further into the substrate
without being absorbed. For a given amount of electrons, a crowd of
energetic electrons has much greater probability to escape from the
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sample (our GO film thickness is 220 nm, while electrons can travel
down to 4 um from the sample surface with a 20 kV e-beam) than
low-energy electrons. The penetration depth for the 5 kV e-beam is
about 350 nm which is much less than that for 20 kV e-beam and
comparable with the GO film thickness. It is probable that a higher
portion of 5 keV primary electrons are back-scattered to the GO film
generating extra amount of secondary electrons compared with the
20 keV primary electrons. With less probability of escaping, these
low-energy secondary electrons, either from primary electrons
during penetration or from BSEs, are capable of providing an effi-
cient and effective reductive patterning of GO, while with excellent
edge-definition and thus lithographic resolution.

Altogether, the proximity effect may be explained by a sche-
matic diagram as shown in Fig. 7. As the incident e-beam hits the
sample, the energetic electrons spread into the material and create
an electron—matter interaction volume (V;) in a drop-like shape;
the size of V; depends on the beam voltage. Most of the energetic
electrons penetrate through the film to the substrate (since the
thickness of the GO film is ~220 nm), while some of the energetic
electrons are back-scattered from the primary collision. The more
energetic the electron, the further it will penetrate into substrate
and make it harder to go back into the sample. Hence there will be
less BSEs that could possibly return to the sample and cause
deoxygenation. In the back-scattering process, the BSEs travel
through the material and substrate in somewhat random

Electron
Beam

Patterned Area

Vi’ IOW kV """"

V, high kV -

Electron-matter
Interaction volume

Fig. 7. A schematic diagram illustrating the electron—matter interaction volume and
the expected patterning area on GO at low (green) and high (blue) beam accelerating
voltages. (A colour version of this figure can be viewed online.)

directions, and generate secondary electrons along the trajectory
through inelastic collisions. In a consequence, the surface distri-
bution radius of BSEs could closely resemble the extended length of
the pattern. Overall, the reductive e-beam deoxygenation of GO is
more effective by using low-energy e-beam and the patterning
result is very predictable with the classical theory of electro-
n—matter interaction with the help of the Monte Carlo simulation.

4. Conclusion

Low-energy electron-beam was demonstrated as an efficient
technique in writing deoxygenated micro-patterns on a GO film.
The pattern features were carefully characterized with several
microscopy and spectroscopy methods. Our results show that
e-beam can effectively deoxygenate a GO film, leading to film
shrinkage without distorting the original lattice configuration.
The degree of deoxygenation increases with the electron doses,
while the patterning efficiency and lithographic resolution are
inversely proportional to the applied beam voltage. The observed
phenomena were further justified by Monte Carlo simulations of
projected electron trajectories. This work can guide use of EBL
technology on graphene-based materials for all-carbon
electronics.
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