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ABSTRACT

Using a scanning electron microscope, we irradiate graphene drums with electrons at an energy of 20 keV and a dosage of about
1.58 x 10" electrons/cm®. The drums consist of graphene exfoliated in ambient air over holes having a diameter of 4.6 um and etched into
an SiO, substrate. After irradiation, we observe that the drum’s suspended monolayer (ML) region has a ratio of the Raman D peak height,
Ip, to the Raman G peak height, I, as high as 6.3. In contrast, the supported ML on the SiO, substrate has an Ip/I; ratio of 0.49. Previous
studies have shown that graphene drums containing air can leak in a vacuum at a low rate. We attribute the high Ip/I; ratio of the sus-
pended ML to the air that may be in the drums. We propose that the air produces much adsorbed water on the ML, resulting in a high
average defect density during irradiation. We present Raman maps of the full-width-at-half maximum, position, and height of the G, 2D, D,
and D’ peaks before and after irradiation and maps of Ip/I; and Ip/I. We anneal the drums at temperatures from 50 to 215 °C and find
that Ip/I; significantly reduces to 0.42. The annealing data are analyzed using an Arrhenius plot. We also find that Ip/I» depends on
annealing temperature and has values >8, in the range expected for sp® defects, for Ip/I < 3.9. This irradiation method may help achieve
high average defect densities in ML graphene, imparting novel and potentially valuable properties.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003159

I. INTRODUCTION

This paper reports the irradiation of graphene drums using a
scanning electron microscope (SEM) at an electron beam energy of
20 keV to a dosage of about 1.58 x 10" electrons/cm’. Such irradia-
tion results in a ratio of the Raman D peak height, Ip, to G peak
height, I, which is significantly higher than that reported using
graphene supported on solid SiO,/Si substrates.'”'’ Since graphe-
ne’s Ip/I; ratio measures the average defect density, this technique
may help produce defects at higher average densities. The graphene
drums consist of graphene mechanically exfoliated over
micrometer-size holes in SiO,/Si substrates under ambient air at
atmospheric pressure and room temperature (RT). After irradia-
tion, the Ip/I; ratio of monolayer (ML) graphene regions in drums
is as high as 6.3 at a laser wavelength of 532 nm, significantly
higher than the maximum Ip/I; value of about 3.3 at a laser wave-
length of 514 or 532 nm reported for supported ML graphene after
electron irradiation using an SEM,'™ exposure to a hydrogen
plasma,7 and bombardment with Ar ions.® ' Previous studies have
reported that graphene drums containing an atmosphere of air can
leak air in a vacuum at a low rate.'" We attribute the high Ip/Ig

ratio to air that may be inside the drums. We obtain spatial maps
of the characteristics of the Raman G, 2D, D, and D’ peaks, such as
the full-width-at-half maximum (FWHM), position, and height for
graphene drums before and after irradiation and present corre-
sponding maps of Ip/I and Ip/Iry, where Iy is the height of the D’
peak. We thermally anneal the irradiated drum to 215°C, and
study the behavior of Ip/I and Ip/Iy with annealing temperature.
The D peak in graphene, which occurs at about 1330 cm™, is
due to a breathing mode of the carbon rings and is not active in
perfect crystals but becomes active when defects are present.'” The
D peak active regions are nanocrystalline regions having diameters
of a few nanometers that surround each defect on the graphene.
In samples where a defect may occur with equal probability any-
where on its surface, 1, the number of D peak active regions and Ip
increase with » at sufficiently low defect densities. In contrast, the
G peak, which occurs at about 1580 cm™, is due to the opposing
motion of adjacent carbon atoms, and its height is independent of
n. Therefore, Ip/I; measures n without dependence on the incident
laser power. For the case of graphene bombarded with Ar ions, the
Ip/l; ratio exhibits a first stage in which it increases with ion
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dosage and then, after reaching a maximum, transitions to a
second stage in which it decreases with dosage.””'’ The defects, in
the case of Ar ion bombardment, are vacancies. The model that
explains this behavior states that the defects and active nanocrystal-
line regions do not overlap in the first stage, so Ip/Is increases
with n.” However, n is so high in the second stage that defects
overlap, resulting in the entire lattice becoming defective and losing
its D peak active regions. The sample becomes amorphous in the
second stage due to the high density of vacancies.” The model pre-
dicts that in the first stage, n o Ip/I;, while in the second stage,
n« 1/(Ip/Ig). The maximum value of Ip/I;, which depends on the
excitation laser wavelength, occurs at the transition between the
first and second stages.

The effects of electron irradiation on ML graphene at elec-
tron energies of 5-30 keV using an SEM have been extensively
reported due to the prevalence of this technique in imaging and
lithography.'™ Although such electron energies are below the
threshold of about 80 keV for electrons to cause knock-on dis-
placement of C atoms,' ™' the irradiation produces a D peak, and
Ip/1; displays a two-stage behavior similar to the case of Ar ion
bombardment." Therefore, the graphene appears to follow a path
of irreversible amorphization. However, authors also report that
SEM irradiation at these energies can reversibly modify graphene,
imparting novel and potentially valuable properties. For example,
electron irradiation can hydrogenate’ and dope'” graphene, produce
sp’-type defects in graphene,’ change the electrical transport of fluo-
rinated graphene,"® and produce magnetic regions in hydrogenated
graphene.”” In Ref 6 the hydrogenation was accomplished by
coating the ML graphene with hydrogen silsesquioxane (HSQ); the
mechanism was thought to be electron-induced dissociation of
hydrogen from HSQ. We have previously reported evidence that
electron irradiation at 30 keV of ML graphene with adsorbed H,O
and NH; produces hydrogenation.'® In these experiments, we heated
the graphene in an ultrahigh vacaum (UHV) chamber at about 590 °
C to remove adsorbates, exposed the graphene to gases, and irradi-
ated it in situ in UHV. We saw a D peak after exposing the graphene
to H,O and NH;, polar molecules that adsorb on graphene, but not
after exposure to H,, Ar, CO,, or O, gases. We concluded that the D
peak was due to hydrogenation based on its occurrence only after
exposure to the hydrogen-containing polar gases H,O and NH; and
a significant decrease in Ip/I; after annealing at 250 °C. We proposed
the mechanism was electron-induced dissociation of hydrogen from
adsorbed H,0O and NH;."*

The leakage of gases in graphene drums has been extensively
studied.''"~*" In drums consisting of graphene completely cover-
ing a hole, the leakage rates can be low, with most leakage occur-
ring around the hole’s edge.'"”” The low leakage rates are
attributed to the impermeability of graphene to gases™ and the
extreme flexibility of graphene, resulting in a liquidlike seal
between the graphene and substrate.”* Various studies have utilized
graphene drums in micromechanical applications.””* To our
knowledge, there have been no reports on the effects of electron
irradiation on graphene drums. As the gas pressure increases, the
density of adsorbed molecules on the surface typically increases, so
if adsorbates are the source of defects during electron irradiation,
performing irradiation experiments on graphene drums may
increase the defect density. One method of investigating the effects
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of irradiation at increased gas pressure is to use an environmental
SEM (ESEM).”” However, the maximum operating pressure in a
commercial ESEM is limited to about 20 Torr due to beam spread
at high pressures and the need to keep a low pressure in the
column. The pressure the graphene drum can withstand before
breaking would be the maximum pressure during irradiation. This
pressure has been reported to be a few atmospheres.'’

Il. EXPERIMENT

Under atmospheric pressure, RT, and relative humidity of
about 40%, we mechanically exfoliate graphene from highly
oriented-pyrolytic graphite using the Scotch tape method onto an
SiO,/Si substrate with a 350 nm thick SiO, layer that has holes
etched into it. We employ photolithography and reactive ion
etching (RIE) techniques to create these holes, which are approxi-
mately 4.6um in diameter and 500 nm in depth, with centers
aligned in a square pattern and 25 um apart. We kept the substrates
under ambient relative humidity conditions of about 40% before
and after exfoliation. The graphene is irradiated using a JEOL
JSM-7001F field emission SEM at an electron energy of 20 keV, a
beam current of 0.29 nA, and vacuum of about 10~° Torr. We irra-
diate to a total electron dosage of 1.58 x 10'”e"/cm® by continu-
ously exposing an area of approximately 56 x 37 um” to the beam
for 30 min. We chose this dosage because we have previously
shown that it gives an » in supported ML graphene such that the D
peak active areas are in the first stage of defect formation.” We
measure the Raman spectra using a Renishaw inVia Raman micro-
scope with a 532nm laser, 1800 lines/mm grating, and an x100
objective with a 0.76 um spot size. The laser power is 0.25 mW, and
the acquisition time for spectra is 10 s. We use the RenisHAW WIRE
5.2 software to acquire the maps; spectra are measured at each
point on a grid and fitted to obtain the FWHM, position, and

height of the peaks. For thermal annealing studies, the irradiated :

graphene samples are heated in nitrogen gas at a flow rate of
50 sccm for 5 min and at temperatures from 50 to 215 °C.

lll. RESULTS AND DISCUSSION

Figures 1(a)-1(d) show images of an exfoliated flake having
ML and multilayer regions lying across two holes labeled 1 and 2.
As discussed below, the “0’s” in Fig. 1(b) denote the approximate
locations where the Raman spectra in Fig. 2 were acquired.
Figures 1(c) and 1(d) show SEM images of the flake. The flake
covers Hole 1 entirely by a wide margin around the perimeter.
We refer to the flake-Hole 1 structure as a completely covered drum.
However, the flake appears to cover Hole 2 by a slim margin, as
shown in Fig. 1(d). The red arrows in Figs. 1(c) and 1(d) show a
channel unintentionally etched into the SiO, during the RIE process
that connects the inside of Hole 2 with the exterior. We refer to this
structure as a partially covered drum.

In Ref. 11, the authors reported that considering the air within
the drum as an ideal gas, the leakage rate is approximately
2 x 10> atoms/s. In our drum configuration, the perimeters of the
holes are slightly smaller than those in Ref. 11, potentially resulting
in less leakage. Assuming our completely covered drums seal the
air inside with the same leakage rate as those in Ref. 11, an esti-
mated 7.2 x 10° atoms will escape from the drums per hour under
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FIG. 1. Images of graphene drums. (a) Optical image of completely covered
drum 1 and partially covered drum 2 containing ML graphene. (b) “o's” denote
where Raman spectra were obtained. (c) and (d) SEM images with arrows indi-
cating a channel etched into the substrate.

vacuum conditions. We have not proven that our completely
covered drums seal the air inside, but we propose this to explain
the high Ip/I; ratios. Since the air density is approximately
2.7 x 10" molecules/cm® at atmospheric pressure and RT, a drum
in our substrate initially holds around 1.7 x 10° molecules before
SEM placement. The drum’s total time in an SEM under vacuum is
less than an hour. After an hour in a vacuum, the molecular count
within the drum would decrease to 2.3 x 10°-7.2 x 10°, equating to
roughly 2.2 x 10%, only a 4% decline. Under these assumptions, the
pressure inside the drum after an hour in a vacuum would be
approximately 0.96 atmospheres.

ARTICLE pubs.aip.org/avs/jva

We obtain Raman maps of the completely covered drum
before and after irradiation and the partially covered drum after
irradiation. The maps were acquired the same day as the irradiation
was done. Figures 2(a)-2(d) show representative Raman spectra
from the maps taken near the locations denoted by “o” in Fig. 1(b).
Shown are the fitted curves produced by the WIRE 5.2 software.
Figure 2(a) shows that the ML graphene over the completely
covered drum does not display an observable D peak before irradia-
tion. Figure 2(b) shows this ML has an Ip/Ig ratio of 6.3 after
irradiation.

Figure 2(c) shows that the ML over the partially covered drum
after irradiation has an Ip/I; ratio of only 0.14. We attribute the
completely covered drum’s high Ip/I; ratio to the assumed air
sealed within the drum. As previously discussed, using the leakage
rate reported In Ref. 11, there may be approximately one air atmo-
sphere in the drum. The air atmosphere would produce a high
density of adsorbed water on the graphene. We attribute the par-
tially covered drum’s significantly lower Ip/I; ratio to the drum
containing less air due to air evacuating through the edge of the
hole or channels shown in Fig. 1(d) when the sample is in a
vacuum. The lower air pressure would produce a lower adsorbed
water density on the ML. Figure 2(d) shows that the supported ML
next to the partially covered drum shows an Ip/I ratio of 0.49 fol-
lowing irradiation. We have previously attributed the Ip/I; ratio
after irradiation in supported MLs to water adsorbed on top of the
ML or trapped between the ML and the SiO, substrate.'’
Therefore, we attribute the lower value of Ip/I; of 0.14 for the ML
suspended over the partially covered hole to fewer adsorbed water
molecules on the top or bottom of the ML.

The results described above are reproducible. Table I shows
the Ip/lIg and Ip/Ipy ratios of the sample discussed above (Sample
#1) and three other samples (Samples #2-4) exfoliated on different

substrates using the same procedure. The irradiation dosages for :
Samples #2-4 were 1.0, 5.0, and 1.9 x 10" electrons/cm? to ensure

that the samples were in the first stage of defect formation. The
Raman spectra and optical and SEM images of the additional
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literature for supported MLs. Fig. S3 in the supplementary material**
shows that Sample #4 does not have an ML suspended over a par-
tially covered hole. Samples #1-3 have MLs over partially covered
holes, and their Ip/I; ratios are 0.14, 0.16, and 0.14, respectively, sig-
nificantly less than those for MLs over completely covered holes. The
supported MLs in Samples #1-4 have Ip/I; ratios of 0.49, 0.48, 0.20,
and 0.68, respectively, significantly lower than those for the MLs
over completely covered holes and greater than those for the MLs
over partially covered holes.

Figure 3 illustrates our model. We assume that the adsorbed
water molecules form thin layers on the ML graphene due to
hydrogen bonding between the water molecules.’>”' Only ML
regions covered by water layers can become defective during irradi-
ation. The mechanism is the dissociation of H,O by incident elec-
trons, as previously reported.'® In Fig. 3(a), there is less adsorbed
water on the ML than in Fig. 3(b), so the ML in Fig. 3(a) will have
a lower average value of Ip/I; after irradiation. Our model explains
that the Ip/I; ratio variation between samples after irradiation is
due to variations in the average adsorbed water density. In the case
of Ar ion bombardment, the entire graphene lattice is equally likely
to become defective since the ions interact directly with the C
atoms. In Refs. 8-10, the maximum value of Ip/I; for point defects,
such as vacancies due to Ar ion bombardment, is about 2-3 at a
laser wavelength of 514 or 532 nm. We believe the significantly
higher value of Ip/Ig in completely covered drums may be due to
the defects being different from vacancies, like sp® defects.

In our model, the Ip/I; ratio of a probed sample area is an
average that is proportional to the percentage of area covered by
water layers, W, before irradiation and the defect density, n, in the
regions covered by water layers during irradiation, i.e., Ip/Ig o< Wn.
By average defect density, we mean n,,, = Wn. We assume that the
water density in the water layers and the probability of an incident
electron dissociating a water molecule and producing a defect are
the same for suspended and supported MLs. Consequently, the
defect density, n, in regions covered by water layers during irradia-
tion is the same in suspended and supported MLs. The suspended
MLs have a greater Ip/I; because the percentage of area covered by

ARTICLE pubs.aip.org/avs/jva

water layers, W, is greater. Under these assumptions, (Ip/Ig)sus/(Ip/
I6)sup = Weus/ Weup, Where (Ip/lg)sus and (Ip/Ig)syp are the Ip/lg
ratios of the supported and suspended MLs, respectively, and Wiy,
and Wy, are the percentage of area covered by water layers in the
suspended and supported MLs, respectively. For Sample #1, we
have W/ Wyyp =6.30/0.49 =12.8; thus, the suspended ML has
about 13 times more defective area than the supported ML.
Determining the defect density, n, in the defective areas covered by
water layers during irradiation requires a model for how Ip/I; in
the defective areas varies with electron irradiation dosage, D,. In
Refs. 8-10, the authors give a model and equation for how Ip/I;
varies with the average distance between defects, Lp. In Ref. 5, we
used this equation to fit Ip/I; versus D, for a supported ML sample
and obtained, for this sample, the expression Ly = 100/1/D,, with
Lp in nm and D, in electrons/nm?. One of the experimental data
points for the fit was Ip/I;=0.56 at D, =1.44 x 10" electrons/cm?.
This point is close to the values for the supported ML in
Sample #1, which has Ip/I=0.49 at D, =1.58 x 10" electrons/cm?,
so we use the expression Lp = 100/4/D, for Sample #1 to obtain
an approximate value of Lp=25nm and a defect density
n=1/Lp*=1.6 x10"%/cm? in the defective areas, which is about
one defect per 240 carbon atoms.

Figures 4(a)-4(f) show maps of the G and 2D peaks for the
completely covered drum before irradiation. The step size is
0.5um. In all the maps in this paper, the dashed circle denotes the
approximate boundary between the hole and SiO, substrate, and
the dashed line marks the boundary between the ML and multi-
layer regions. The suspended area is inside the circle. The sup-
ported area is outside the circle and enclosed by the scanned area.
In Fig. 4, the ML region is below the dashed line, and the multi-
layer region is above. The maximum and minimum of the scale bar
for each map are set to the maximum and minimum of the data to

produce the most color variation. We obtain average values of the :
FWHM, position, and height of the peaks in the suspended and !

supported areas by averaging over points excluding the boundaries.
Any square with a boundary line going through is not counted in
the average. All of the results for the completely covered drum

FIG. 3. Schematic of model. Shaded regions represent adsorbed water layers. (a) ML with low average water density. (b) ML with high average water density. Only areas

covered by water become defective during irradiation.
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FIG. 4. Raman maps of the completely covered drum before irradiation. Dashed lines denote the boundaries between the hole and substrate, and ML and multilayer
regions. (a)—(c) Maps of the FWHM, position, and height of the G peak, respectively. (d)(f) Maps of the FWHM, position, and height of the 2D peak, respectively.

before irradiation are consistent with previous reports.”” These
reports state that the FWHM of the 2D peak of a pristine sus-
pended ML is 2-6 cm™" less than that of the supported ML; we
observe an average decrease in FWHM of 3.8 cm™'. We find an
average increase in the position of the G peak of the suspended ML
of 3.8cm™, from 1577.2cm™" to 1581.0cm™" for the supported
ML. The position of the G peak is sensitive to strain with a coeffi-
cient of 10-15cm™Y/% strain, indicating little strain in our sus-
pended ML. The 2D peak position for the suspended ML decreases
by 15.5 cm™! from 2667.2cm™! to 2651.7 cm™}, consistent with
earlier reports.”” In Fig. 4(c), the intensity I in the supported ML
is about a factor of 1.3 greater than that of the supported ML, 356
versus 274 a.u. This observation is also consistent with previous
reports that explain this effect by multiple reflections in the drum
and optical interference effects between the SiO, and the ML.” In
contrast, the height of the 2D peak, Lp, in the suspended ML in
Fig. 4(f) is higher than that of the supported ML by a factor of 2.1.
This effect is consistent with previous reports and is due to charged
impurities in the SiO, that decrease the height of the 2D peak in
the supported ML.™

Figures 5(a)-5(f) show Raman maps of the G and 2D peaks
of the completely covered drum after irradiation. The step size is
0.2 um. The average changes in peak parameters in the suspended
versus supported ML regions are more pronounced than in the
nonirradiated sample. The average increase in FWHM of the G
peak in the suspended ML versus the supported ML is about
13.7cm™" compared to 2cm™" for the nonirradiated ML; we attri-
bute this to a high defect density in the suspended ML after irradia-
tion. The position of the G peak of the suspended ML decreases by
73cm™ from its value in the supported ML, three times more

than in the nonirradiated sample. Therefore, the suspended ML
may have more strain after irradiation. The intensity I of the
suspended ML increases by a factor of 1.1 from its value in the sup-
ported ML, from 128 to 141 a.u., compared to a factor of 1.3
decrease for the nonirradiated sample. If the decrease in the nonir-
radiated case is due to optical effects, the increase after irradiation
may also be due to optical effects, such as changes in the thickness
or index of refraction of the ML after irradiation. For the 2D peak,
the difference in peak position between the suspended and sup-
ported MLs is 17.1 cm™ !, similar to the nonirradiated ML.
However, I,p decreases by a factor of 1.2 from its value for the sup-
ported ML instead of increasing by a factor of 2.1, as seen in the
nonirradiated ML. Since L in the nonirradiated ML falls due to
charged impurities in the substrate,” the results after irradiation
may be due to trapped charges in the defects in the suspended ML
that may have a similar effect on the 2D peak.

Figures 6(a)-6(f) show Raman maps of the completely
covered drum’s D and D’ peaks after irradiation. Similar to the D
peak, the D’ peak is defect activated except it involves intra- instead
of intervalley scattering and LO instead of TO phonons. The step
size of the maps is 0.2 um. The black squares in the maps denote
locations, where the software did not reliably fit the peaks due to
their low heights. The D peak height is not sufficiently high in the
supported multilayer region. However, it is higher and fittable in
the suspended multilayer region. The D’ peak is also not high
enough in the supported multilayer and parts of the suspended
multilayer region. The average increase in FWHM of the D peak in
the suspended ML versus the supported ML is only 2.9 cm™" from
18.7 to 21.6 cm™". These values are significantly smaller than those
observed in Ar-irradiated graphene at high dosages and amorphous
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FIG. 5. Raman maps of the completely covered drum after irradiation. (a)-(c) Maps of the FWHM, position, and height of the G peak, respectively. (d)—(f) Maps of the

FWHM, position, and height of the 2D peak, respectively.
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FIG. 6. Raman maps of the completely covered drum after irradiation. (a)-(c) Maps of the FWHM, position, and height of the D peak, respectively. (d)—(f) Maps of the
FWHM, position, and height of the D’ peak, respectively.
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graphene, in which the FWHM of the D peak increases to about
50 cm™},"” indicating that the graphene lattice after irradiation, in
our case, is less damaged. The position of the D peak of the sus-
pended ML decreases by 7.6 cm™" from its value in the supported
ML. The intensity Ip in the suspended ML increases by over a
factor of 30 from its value in the supported ML due to the high # in
the supported ML. For the D’ peak, the difference in FWHM and
peak position between the suspended and supported MLs is 0.5 and

5.6 cm™", respectively. We note that the intensities of the D, D’, G, and

Completely
Covered

I/

6.34

2D peaks in Figs. 5 and 6 show a ringlike structure around the perim- 5.09
eter of the hole that we believe is an optical effect due to multiple 3.84
reflections in the hole since the corresponding maps of Ip/I; and 259
Ip/Ipy, discussed below, do not show this structure.

Figures S4(a)-(i) in the supplementary material”® show the 1.35
features of the Raman peaks for the partially covered drum after 0.10

irradiation. The FWHM of the G peak of the partially covered
drum after irradiation is closer to that of the completely covered
drum before irradiation than the completely covered drum after
irradiation. The average FWHM of the G peak for the partially
covered drum after irradiation, completely covered drum before
irradiation, and completely covered drum after irradiation are 14.6,
14.8, and 23.7 cm™, respectively; the FWHM of the 2D peaks are
23.3, 24.4, and 40.7 cm™}, respectively. Since the broadening of the
G peak is an indicator of defects and disorder in the graphene
lattice, '™'* the significant broadening of the completely covered
drum and less broadening of the partially covered drum supports
our conclusion that adsorbates on the graphene present before irra-
diation play a considerable role in defect formation. The G and 2D
peak positions for the partially covered and completely covered
drums after irradiation shift in opposite directions. Since the posi-
tions of these peaks are sensitive to strain, the difference in shifts
may be due to structural differences in the curvatures of the two
drums due to different pressures in the drums. The G peak posi-
tions for the partially covered drum after irradiation, completely
covered drum before irradiation, and completely covered drum
after irradiation are 1581, 1577, and 1572 cm™}, respectively, and
the 2D peak positions are 2666, 2652, and 2646 cm ™', respectively.
The FWHM of the D peaks for the partially and completely
covered drums are 14.0 and 21.6 cm™", respectively, and the posi-
tions of the D peaks are 1337 and 1326 cm™", respectively. The D
peak of the completely covered drum is significantly broader and
more shifted, which we attribute to a higher defect density.

Figures 7(a) and 7(b) show maps of Ip/I; for the completely
covered and partially covered drums, respectively, after irradiation
obtained from the maps shown previously. The ringlike structure
seen in the previous maps is not apparent. From Fig. 7(a), the
average values of Ip/I; for the suspended and supported MLs over
and next to the completely covered drum are 5.90 and 0.94, respec-
tively. The Ip/I; values of the suspended ML range from 5.28 to
6.34, with a standard deviation of 0.34 or about 6% of the mean. FIG. 7. (a) and (b) Maps of I/l for the completely and partially covered drums,
As discussed previously, we attribute the significantly higher value respectively, after irradiation. (c) Map of I/l for the completely covered drum.
for the suspended ML to a high adsorbed water density before irra-
diation. From Fig. 7(b), the average values of Ip/I; for the sus-
pended and supported MLs for the partially covered drum are 0.14 before irradiation; the supported ML retains adsorbed water
and 0.50, respectively. Ip/I; is smaller for the suspended ML than between the ML and the substrate.
the supported ML in this case. We attribute this to the partially Figure 7(c) shows Ip/Ipy for the completely covered drum after
covered drum having a low adsorbed water density on the ML irradiation. The average Ip/Ip values for the suspended and

Partially
Covered

0.59
0.47
0.35
0.24
0.12
0.00
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supported MLs are 6.87 and 8.17, respectively. Empirical studies on
supported graphene and graphite show that the Ip/Iy ratio in the
first stage of defect formation indicates the nature of the
defects.””"** The Ip/Ipy ratio is ~8-13 for sp’-type defects and ~5-
7 for vacancies. The explanation given for this is that the heights of
both the D and D’ peaks are proportional to n with different pro-
portionality constants that depend on the nature of the defects but
not on n, ie., In~ An and Iy ~ Bn, where A and B are the propor-
tionality constants. The empirical data imply that the defects in the
suspended ML may be vacancies, while those on the supported ML
sp>-type defects. We will discuss this in more detail below.

Figures 8(a) and 8(b) show Raman spectra of the ML region
over the completely covered drum and on the SiO, substrate,
respectively, after annealing. The annealing was done about a week
after the irradiation was done. The spectra are averages of three
spectra taken at the locations indicated in Fig. S5 in the supplementary
material.”® As shown in Fig. 8(a) for the completely covered drum,
with increasing temperature from 25 to 215°C, the Ip/I; ratio
decreases from 5.15 to 0.42. The significant decrease in Ip/I; we
observe at 215°C is similar to that reported for hydrogenated gra-
phene;® for example, in Ref. 6, hydrogenated graphene’s Ip/I; ratio
was about 0.5 after annealing at 200 °C. We observe Ip/I; = 0.42 after
annealing at 215°C. As shown in Fig. 8(a), the Ip/I; ratio increases
after annealing at 110 °C instead of decreasing, as expected if the sus-
pended ML were in the first stage of defect formation. The increase

ARTICLE pubs.aip.org/avs/jva

may be due to parts of the suspended ML being in stage 2 where
n o 1/(Ip/Ig); a decrease in n would increase Ip/I;.

We analyze the annealing data in Fig. 8 using an Arrhenius
plot. We utilize a bimodal rate equation

dn/dt = —ane_ki—uT.

Here, C is a constant, T is the annealing temperature in degrees
Kelvin, E, is the activation energy for defect healing, and kp is the
Boltzmann constant. A bimodal equation is consistent with reac-
tions involving two similar entities, exemplified by hydrogen
desorption by the recombination of two adsorbed hydrogen atoms
and graphene vacancy healing.” Integrating over an annealing
period At = t, —t;, where the subscripts denote subsequent
anneals, yields the relation 1/n; — 1/n; = AtCe 5/, Utilizing the
approximation that no Ip/Ig results in this relation becoming
In [(Ig/Ip), — (Ig/Ip),] = In(At) +In(C) — E,/kgT. As shown in
Fig. 8(a), for the completely covered drum, the Raman spectra
obtained after the 110 and 125 °C anneals result in negative values
for the argument of the natural logarithm and so are omitted. As
shown in Fig. 8(b), for the supported ML region, the Raman
spectra after the 50 and 65 °C anneals result in negative arguments
of the natural logarithm and are omitted. Figure 9(a) shows plots
of the experimental data (solid circles) and a least-squares fit (solid

10
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line) to the data for the completely covered drum using the above
equation. As shown in Fig. 9(a), there are two linear regions with
different slopes. We obtain two activation energies of E,=0.75¢V
and E,=0.99¢eV from the slopes. Figure 9(b) shows a plot of the
data and least-squares fit for the supported ML, from which we
obtain an activation of E,=0.39eV. This value is similar to
E,=0.48¢V that we previously reported for supported ML gra-
phene in the second stage.” Calculations of migration barriers of
single hydrogen atoms, hydroxyl groups, and hydroxyl groups with
attached water molecules on graphene show that the migration bar-
riers depend on the distance between adsorbates.’® As a function of
distances from 0.75 to 2.0 nm, the barriers for hydrogen, hydroxyl
groups, and hydroxyl groups with attached water molecules vary
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FIG. 10. (a) Ip/lp of the spectra in Fig. 5 as a function of annealing tempera-
ture. (b) Plot of Ip/lg Vs Ip/lg from the spectra in Fig. 5.
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from about 1.0 to 0.3, 0.5 to 1.0 eV, and 0.7 to 0.6 eV, respectively.’®
Since we estimated Lp=2.5nm in our case, the distance between
adsorbates is at the long-distance limit, and the migration barriers
for hydrogen, hydroxyl groups, and hydroxyl groups with attached
water molecules would be about 0.3, 1.0, and 0.6 eV, respectively.
In addition, calculations show that stress can significantly increase
migration barriers.”” For the supported ML, E, is closest to the
migration barrier for hydrogen. For the suspended ML, the two
values of E, are most comparable to hydroxyl groups and hydroxyl
groups with attached water molecules. For the suspended ML,
vacancies, which have an activation energy for healing of 0.95 RAS
are possible.

We also studied the effects of annealing on the Ip/Ipy ratio.
As previously discussed, it has been reported that in the first stage
Ip/Iy ~ A/B, where A and B are constants independent of the
defect density n. Figure 10(a) shows Ip/Iy of the suspended ML as
a function of annealing temperature up to 185 °C. At higher tem-
peratures, we could not reliably fit the D’ peak. As the annealing
temperature increases, we expect that n will decrease since the
defects start to heal. As shown in Fig. 10(a), the Ip/Iy ratio
increases with annealing temperature, appearing to depend on #.
The Ip/Ipy ratio is about 8 after annealing at 140 °C and increases
to about 9.4 after annealing at 185 °C. Figure 10(b) shows the data
plotted Ip/I; versus Iy/Ig and lines with slopes corresponding to
Ip/Iy =13 and 7. As the Ip/I; ratio decreases, Ip/Ipy increases.
Figure S6 in the supplementary material’® shows that after anneal-
ing at 215 °C the Ip/I; ratio is 0.42, but the D’ peak is not observ-
able within the noise. Assuming Ijy is at the standard deviation of
the noise, the Ip/I}y ratio would be greater than 13. We hypothesize
that the apparent dependence of Ip/I;y on n for the suspended ML
in contrast to the empirical data for supported MLs is due to parts
of the supported ML being in the second stage of defect formation

or substrate interactions. Since the suspended ML is isolated from °

the substrate, it may be more sensitive to changes in 7.

IV. SUMMARY AND CONCLUSIONS

In summary, we have used an SEM to irradiate graphene
drums with electrons having an energy of 20 keV to a dosage of
about 1.58 x 10" electrons/cm?. We found that after irradiation,
suspended graphene MLs over completely covered holes have a
value of Ip/lg as high as 6.3, significantly higher than the
maximum Ip/I; of about 3.3 previously reported for supported ML
graphene exposed to electron irradiation, hydrogen plasma, and Ar
ion bombardment. We studied the effects of the irradiation using
Raman spectroscopy maps. After irradiation, we found that the Ip/
I ratio was uniform across the suspended ML region, with a stan-
dard deviation of about 6% of the mean. We studied the nature of
the defects by annealing the sample. We found a significant
decrease in Ip/I; as the annealing temperature increased from 50 to
215°C. We obtained an Arrhenius plot from the annealing data
and found activation energies for healing of E,=0.7 and 0.99 eV
for the suspended ML and E, =0.39 eV for the supported ML. The
values for the suspended ML are close to migration barriers for
hydroxyl groups (1.0 eV), vacancies (0.95 eV), and hydroxyl groups
with attached water molecules (0.6 V). The value for the supported
ML is close to the migration barrier of hydrogen (0.3 V).
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We also studied the Ip/I;y ratio and found it before annealing
to have average values of 6.87 and 8.17 for the suspended and sup-
ported ML, respectively. Empirical studies have shown that for sup-
ported graphene and graphite in the first stage, the Ip/Ipy ratio is
about 8-13 for sp> defects such as adsorbates and 5-7 for vacan-
cies, implying that the defects in the suspended ML after annealing
may be vacancies. However, we studied the temperature depen-
dence of the Ip/Ipy ratio in the suspended ML and found that it
appears to depend on n. The Ip/I}y ratio increases with decreasing
Ip/Ig, approaching values of about 8 and greater for Ip/I; ratios
less than about 3.9. Our results show that electron irradiation of
graphene drums may be helpful for modifying graphene with
defects at high average densities.
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