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Nanopatterning of graphene and diamond by low energy (< 30 keV) electrons has
previously been attributed to mechanisms that include atomic displacements caused
by knock-on, electron beam heating, sputtering by ionized gas molecules, and chemi-
cal etching driven by a number of gases that include N,. Here we show that a number
of these mechanisms are insignificant, and that the nanopatterning process can in-
stead be explained by etching caused by electron induced dissociation of residual H,O
molecules. Our results have significant practical implications for gas-mediated elec-

tron beam nanopatterning techniques and help elucidate the underlying mechanisms.
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Nanopatterning of graphene! and diamond®? has attracted interest due the unique
electrical* and optical® properties of these materials. They are however, sensitive to doping
levels and defects in the crystal structure which can be affected by the processing method®7.
Gas-mediated electron beam induced etching®® (EBIE) is increasingly being used for rapid
prototyping of functional structures in graphene!® and diamond!! as it eliminates damage

to the material produced by masking and ion implantation.

In the EBIE process, gaseous precursor molecules are delivered to the substrate surface
where they are dissociated by an electron beam, producing reactive fragments which give
rise to volatilization of the substrate. EBIE has been used to etch numerous carbon materi-

10.12715 " carbon nanotubes'®™!?| diamond!!?*722 ultra nano-crystalline

als including graphene
diamond?® (UNCD), and amorphous carbon-rich nanowires®?® and films'®2426-28 At low
electron beam energies (< 30 keV), where atomic displacements by knock-on collisions be-
tween electrons and carbon are negligible!42?:3% the removal of carbon is typically attributed
to chemical etching (i.e. volatilization of carbon). The etching is generally ascribed to
chemical pathways that involve O", H' or OH" radicals produced by electron induced disso-
ciation of H,0111416,182228.27.28 /() 10.13,14,16,17,19,2022.26 NJ[,25 o H,'62 precursor molecules

adsorbed to the surface of the etched material.

Electron beam nanopatterning of carbon materials has, surprisingly, also been demon-
strated using N, as the precursor gas. Specifically, it has been reported that electron beam
induced removal of carbon from graphene'? and diamond?? can be accelerated by introduc-
ing N, into the vacuum chamber. These observations were attributed to sputtering?? and
chemical etching'? of carbon caused by nitrogen ions. Here we demonstrate that the injec-
tion of not only N,, but also Ar can indeed be used to increase the removal rate of carbon
irradiated by an electron beam. However, we show that this increase can be eliminated using
an appropriate experimental configuration, and can not be explained by chemical etching
caused by these gases, nor by sputtering caused by ionized gas molecules. Instead, it is as-
cribed to EBIE caused by residual H,O molecules whose flow rate to the etched material is
increased by the injection of N, and Ar into the vacuum chamber. We also propose that the
combination of H,O and hydrocarbon contaminants can, in principle, explain unexpected
behavior that has been observed recently in graphene and attributed to mechanisms that
include electron beam induced heating and atomic displacements caused by knock-on (at

electron beam energies as low as 5 keV)!.



We start by showing that low energy electron beams can be used to remove carbon
from a range of materials in a high vacuum (3x10™* Pa) environment. Electron beam
processing was performed at room temperature using a field emission gun scanning electron
microscope (SEM) described elsewhere®*. Hydrocarbon contamination in the vacuum system
was minimized by plasma cleaning®! the SEM chamber using an XEI Scientific Evactron for
~ 12 hours (RF power = 13 W, O, pressure = 40 Pa) prior to loading substrates into
the system, and heating substrates in-situ using the conditioning procedures detailed in the
Supplementary Material®?. Fig. 1 shows regions of graphene and lacey carbon, each of which
was removed by scanning a 10 keV, 1.3 nA focused beam over an area of 200 x 200 nm
for 30 and 20 minutes, respectively. Fig. 2(a) and Table I show the depths of pits made
in UNCD in high vacuum (and in Ar and N, environments, under a number of conditions
detailed below). These results illustrate that the injection of a precursor gas into a high
vacuum SEM is not required for the removal of carbon, which we attribute to H,O-mediated
EBIE. H,O is the most abundant species present in this vacuum regime®® and is known to

give rise to etching under electron irradiation®*.

Environment Depth Average depth| Gas line| eCell
(nm) (nm) pump (K) pump (K)
High vacuum 62, 37 50 298 298
Ar 48, 64, 50, 54 54 ~ 77| ~ 218
Ar 234, 196, 220 217 ~ 77 298
Ar 417 417 298 298
N, 169 169 ~ 77 298

TABLE 1. Depths of pits produced in UNCD using an electron beam under a number of environ-

mental conditions. The two cryogenic pumps are shown in Fig. 2(b).

To confirm the role of H,O in the observed carbon removal process, a set of ~ 6.6 ym
diameter pits (summarized in Fig. 2(a) and Table I) were fabricated in high vacuum, and at
N, and Ar pressures of 13 Pa. The experiments were performed using a UNCD substrate,
a 20 keV stationary top-hat electron beam with a diameter of ~ 6.6 um, and the vacuum
system configuration based on the environmental reaction cell (eCell) shown in Fig. 2(b).

The UNCD substrates were ~ 1.7 um films grown on silicon by hot filament chemical vapor



deposition (HFCVD) at 953 K (grain size = 25 nm, average roughness = 10 nm)3’ (for a com-
plete list of experimental parameters and a description of the eCell, see the Supplementary
Material®?*). UNCD was used because H,O-mediated EBIE of UNCD has been character-
ized previously over a range of beam energies (5 to 20 keV), and the etch kinetics are well
understood?®. The broad, stationary beam with a top-hat electron flux profile was used
(instead of a highly focused, scanned Gaussian beam) because this configuration improves
reproducibility and quantitative analysis of pits made by an electron beam?*3%. The eCell
shown in Fig. 2(b) was used (instead of a conventional cappilary-style gas injection system?®")
because it improves the degree of control over the vacuum chamber environment?>3%, and
enables EBIE experiments to be performed with a high degree of reproducibility?®. Two
liquid nitrogen (LN) cold traps were installed, one on a gas delivery line and one inside the
eCell (see Fig. 2(b)) to enable optional cryogenic pumping of gaseous contaminants present
in the vacuum system. Depths of pits were measured ex situ using the tapping mode of a DI
Dimension 3100 atomic force microscope (AFM), and analyzed using the software package
Gwyddion®”.

First, we compare pits made in UNCD with both cryogenic pumps disabled. The depths
of pits made in high vacuum and an Ar environment were 37-62 nm and 417 nm, respectively,
as shown in Table I (for a full description of the experiment, see the Conditioning Procedures
section of the Supplementary Material®?). The variation observed in high vacuum depends
on the procedure used to reach the irradiation conditions. If the UNCD is irradiated imme-
diately after pumping down to a pressure of 3x10~* Pa, the pit depth (62 nm) is greater
than when the system is pumped for an extended period of time prior to irradiation (37 nm).
This is consistent with a decrease in the concentration of residual H,O in the vacuum sys-
tem. The increase in carbon removal rate caused by Ar can, in principle, be explained by
residual H,O contaminants since the injection of gases into a vacuum chamber can increase
the partial pressure of H,0%. To test this hypothesis, the cryogenic pump installed on the
gas delivery line shown in Fig. 2(b) was cooled from 298 K to ~ 77 K while Ar was flowing
into the vacuum chamber, yielding pit depths in the range of 196-234 nm. The reduction in
pit depth (from 417 nm to 196-234 nm) caused by cooling of the cryogenic pump is consistent
with the proposal that the increase in carbon removal rate observed upon the introduction

of Ar is caused by the delivery of H,O impurities to the UNCD substrate.

Next, the cryogenic pump installed inside the eCell shown in Fig. 2(b) was cooled from
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298 K to ~ 218 K. After conditioning (see the Conditioning Procedures section of the
Supplementary Material3?), a series of 4 electron irradiations in an Ar environment produced
pit depths in the range of 48-64 nm. These results are comparable to the depths of 37—
62 nm produced in high vacuum, and show that cryogenic pumping can be used to eliminate
the enhancement in carbon removal rate caused by the injection of an inert gas into a high
vacuum process chamber.

To compare pits made in N, and Ar environments, the system was conditioned (see the
Conditioning Procedures section of the Supplementary Material®?) with the gas delivery line
cryogenic pump cooled to ~ 77 K. Electron irradiation in an N, environment produced a
pit depth of 169 nm. Hence, the results summarized in Table I illustrate that the introduc-
tion of either N, or Ar to a high vacuum chamber can cause a significant increase in the
carbon removal rate. However, given that N, does not increase the removal rate relative
to Ar, the mechanism of chemical etching by nitrogen ions (leading to the production of
volatile cyanogen (CN,) molecules) proposed by Fox et. al.'? is likely insignificant. We
note that the production of CN, has been demonstrated with activated nitrogen at elevated
temperatures?', but not under the conditions used for electron beam induced removal of
carbon.

The above results, summarized in Fig. 2(a) and Table I, can not be explained by chem-

12 or sputtering?? caused

ical etching caused by the gases injected into the vacuum system
by nitrogen or argon ions. They are, however, consistent with: (i) EBIE caused by H,O
contaminants present in the high vacuum chamber, and (ii) an increase in the H,O delivery
rate to the sample by N, and Ar gases. The difference between pit depths produced whilst
cooling one (196-234 nm) and both (48-64 nm) cryogenic pumps in an Ar environment in-
dicates that most of the extra H,O evolves from gas delivery plumbing and vacuum system
walls exposed to the flowing Ar gas.

Next, we show that under the conditions used to perform the above experiments in
high vacuum, N, and Ar environments, the surface of the etched material is covered pre-
dominantly by H,O molecules. In the absence of electron irradiation, the concentration of
surface-adsorbed molecules (N) is found by solving®:

dN

—r = sF(1-©) - N/r, (1)

where sF(1 — ) is the flux of gas molecules adsorbing to the surface, N/7 is the desorption
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flux, s is the sticking coefficient, F' is the gas molecule flux incident onto the surface (F' =
P/ \/Wk:’]’g), P is pressure, m is the gas molecule mass, k is Boltzmann’s constant, T} is
gas temperature, © is the adsorbate coverage (which is typically limited to one monolayer
by the Langmuir isotherm, ® = AN), A is the area of a single surface site and 7 is the

adsorbate residence time:

T = 10el/FT (2)

where 7 is the reciprocal desorption attempt frequency, E is the activation energy for
thermal desorption and T' is the temperature of the surface. Eqn. 1 has the steady state

solution:
sF

Noo = ———, 3
sFA+1/7 3)

which, at 298 K, yields a H,O concentration of 1.5 x 10° cm™2 at a pressure of 3 x 107 Pa,

2 at

N, concentration of 9.4 x 10 cm™2 at 13 Pa and Ar concentration of 4.7 x 10° cm™
13 Pa (a complete list of parameters used in Eqn. 3 is provided in the Modeling Parameters
section of the Supplementary Material®?). The dependencies of these concentrations on
pressure is plotted in Fig. 3. The plot shows that, over the range of pressures encountered
in high vacuum EBIE systems, the concentration of H,O adsorbates is always greater than
or similar to that of N, or Ar. This is caused by the significantly higher adsorption energy
of H,O on all surfaces. Given the rate of EBIE scales with the concentration of surface-
adsorbed precursor molecules®?, the above results show that residual H,O adsorbates must
be considered when interpreting electron irradiation experiments performed in high vacuum
systems, as well as changes in the supply rate of H,O caused by the injection of gases into

an EBIE chamber.

Finally, we note that many medium and long chain hydrocarbons have high adsorption

energies on common surfaces®4?

, and the role of residual hydrocarbon contaminants must
not be overlooked when interpreting electron beam irradiation experiments. Hydrocarbon
impurities are common in high vacuum systems and give rise to electron beam induced
deposition (EBID) of amorphous carbonaceous materials®**. In the present work, this EBID
process was minimized by using the conditioning procedures described above and in the
Supplementary Material®?. However, when such procedures are not employed, and standard
electron microscopes are used for H,O-mediated EBIE, deposition of amorphous carbon-rich

25,27,43

material competes with etching . The material deposited by EBID is simultaneously



etched and restructured (damaged) by the electron beam. The restructuring makes the
material non-uniform, generating nano-clusters with locally modified etch rates®*. The net
effect of such simultaneous EBID, restructuring and EBIE is a complex dependence of etch

2427 [y

rate on parameters such as the electron beam energy, current, flux and scan rate
particular, the etch rate can increase with increasing scan rate, and the restructuring rate
can increase with decreasing electron beam energy. These dependencies provide an alternate
explanation to behavior that has recently been ascribed to knock-on displacements of atoms
from graphene (by electrons with energies as low as 5 keV) and electron beam induced
heating of graphene®®.

In conclusion, the injection of inert gases into a high vacuum chamber was shown to
increase the removal rate of carbon from UNCD by a low energy electron beam. It is caused

by an increase in the concentration of residual H,O adsorbates at the sample, and can be

eliminated using an appropriate vacuum system configuration.
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FIG. 1. (Color online) Electron beam induced removal of carbon from (a) graphene and (b) lacy

carbon.

FIG. 2. (Color online) (a) Depths of pits produced in UNCD using an electron beam under the
environmental conditions listed in Table I: (o) high vacuum, (A) N, with only the gas line cryogenic
pump cooled, (x) Ar with no cryogenic pumps cooled, (®) Ar with only the gas line cryogenic pump
cooled, and (M) Ar with both cryogenic pumps cooled. Markers and lines indicate the average and
the range of pit depths produced under each set of conditions, respectively. Inset: AFM image of
an etch pit produced in UNCD. (b) Simplified schematic of the system including the gas delivery

system, eCell, and LN cryogenic pumps connected to the gas delivery line and eCell.

FIG. 3. (Color online) Concentration (N) of H,O, N, and Ar adsorbates calculated as a function

of pressure.
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