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Abstract

Electron beam induced etching (EBIE) has recently emerged as a promising
direct-write nanofabrication technique. EBIE is typically assumed to proceed
entirely through chemical pathways driven by electron-electron interactions.
Here we show that knock-on (i.e., momentum transfer from electrons to nu-
clei) can play a significant role in EBIE, even at electron beam energies as
low as 1.5 keV. Specifically, we calculate knock-on cross-sections for H, D, O
and CO on the surface of diamond and show experimentally that they affect
the kinetics of EBIE performed using oxygen, hydrogen and deuterium etch
precursors. Our results advance basic understanding of electron-adsorbate
interactions, particularly in relation to EBIE and the related techniques of
electron beam-induced deposition and surface functionalisation.

1. Introduction

The most commonly-used high resolution imaging, analysis and lithog-
raphy techniques employ electron beams. The beam energy is often se-
lected to either cause or prevent sample modification/damage, and it is
assumed that atomic displacements caused by knock-on are negligible be-
low a material-dependent energy threshold. Indeed, transmission electron
microscopy (TEM) is routinely performed using energies selected to avoid
knock-on displacements, and in scanning electron microscopy (SEM) knock-
on is normally assumed to be negligible [1, 2, 3, 4, 5, 6]. Here we show that
knock-on processes which are normally assumed to be forbidden at low elec-
tron energies due to momentum conservation can occur at energies that are
over an order of magnitude lower than expected.

Diamond is a technologically-significant material [7] and a useful model
system for studies of electron-driven sample modification – both in TEM
studies of diamond restructuring caused by knock-on [3, 4] as well as SEM
studies of electron beam induced etching (EBIE) which proceeds primarily
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through chemical pathways [5, 8]. In both cases, it is assumed that knock-
on processes are negligible at beam energies below approximately 50 keV
[3, 4, 5, 8]. Here we show that this assumption is incorrect and knock-on
can modify diamond at energies that are over an order of magnitude smaller.
Specifically, we use EBIE of diamond to show that knock-on can modify etch
kinetics at beam energies as low as 1.5 keV.

EBIE is a direct-write lithography technique in which an electron beam
is used to etch materials through reactions that involve surface-adsorbed
precursor molecules [5, 8]. It is normally performed by injecting precursor
gases into an SEM, and has proved successful in nanofabrication of optical
devices such as pillar waveguides [9] and optical dielectric cavities [10] made
from diamond and hexagonal boron nitride – materials that are technolog-
ically important [7, 11], but difficult to process due to their high chemical
and thermal stabilities. EBIE holds significant potential for high reolution
nanofabrication and material processing, yet is currently at an early devel-
opment stage.

SEM EBIE is typically discussed exclusively in terms of chemical mech-
anisms initiated by collisions between hot electrons (i.e., the electron beam,
backscattered electrons and secondary electrons), and thermalised (bonding)
electrons at the adsorbate-solid interface. For example, when EBIE of dia-
mond is carried out using O2 or H2O as the precursor gas, these mechanisms
include electron-stimulated desorption of surface-terminating species (e.g.,
O, H and OH), dissociation of molecular precursor adsorbates, and desorp-
tion of CO formed as a result of chemisorption of O to diamond [5, 8, 12].
Here, we use diamond – the most thoroughly characterised material in the
field of EBIE – to demonstrate knock-on displacement of surface species at
energies as low as 1.5 keV.

2. Results

2.1. Calculations of knock-on thresholds
Here, we use a semi-classical approach to calculate cross-sections for direct

knock-on of chemisorbed CO, O, H and D (deuterium) species from (111),
(110) and (100) surfaces by electron impact for electron beam energies be-
tween 1 and 100 keV. Knock-on induced desorption of monolayer adsorbates
from solid surfaces has been described in detail by Morita[13], for the case of
energetic ion bombardment. We assume that knock-on induced desorption
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of an adsorbed atom or molecule by electron impact can occur via the same
general mechanisms:

• (I): Knock-on by an incoming primary electron followed by reflection
of the displaced adsorbate from the substrate surface.

• (II): Knock-on by an outgoing backscattered electron (BSE), imparting
momentum in a direction away from the surface.

We calculate the desorption cross-sections for direct knock-on only. These
represent desorption via mechanism (II). Cross-sections for desorption via
mechanism (I) will be given by multiplication of the cross-sections with a
reflection coefficient, between zero and unity, representing the average pro-
portion of displaced atoms that reflect from the surface and desorb. This
reflection coefficient depends strongly upon the mass ratio of the displaced
adsorbate atom, Md to the substrate atoms, Ms[13]. The reflection coeffi-
cient decreases with increasing Md/Ms and should be close to unity for H
and D on C. Here, a reflection coefficient of unity is assumed for simplicity.

We begin with calculation of the energetically favourable adsorption con-
figurations from which each surface species will desorb, through standard
geometry relaxation using density functional theory (DFT). The favoured ad-
sorption configurations were calculated for a single O, H, D or CO adsorbed
upon a (100), (110) or (111) unterminated diamond surface as well as surfaces
terminated fully with O or with H. Oxygen can adsorb in either the ether or
ketone configuration upon diamond while H adsorbs only in the ketone con-
figuration. Oxygen adsorbs favourably in the ketone configuration on (111)
and (110) surfaces, and in the ether configuration on the (100) surface. The
surface termination was found not to alter the favoured configuration and
variation was found only between the crystal planes. The favoured configu-
rations for H and O are shown in Figure 1. Having determined the favourable
adsorption configurations, we focus on the desorption of each species from
both hydrogen and oxygen terminated surfaces, as schematically depicted in
Fig. 2(a) and (b).

We define the knock-on threshold (Td) as the minimum kinetic energy
required to facilitate displacement of a particular atomic or molecular species.
Td can be calculated accurately with computationally expensive molecular
dynamics simulations.[14, 2] However, it was suggested by Morita, that the
outward potential barrier may be replaced by the adsorption energy of the
adsorbates on the substrate. This was sucessively demonstrated conclusively
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by Komsa et al., that Td can be well-approximated by the vacancy formation
energy (or desorption energy) calculated for a “frozen” crystal structure[13,
14]. In this approach, DFT is used to calculate the energy difference when
a species is removed (desorbed) from the surface while freezing the rest of
the atoms of the simulation in their original positions. This is done in place
of allowing the system to relax into the lowest energy state after desorption.
In this way, Td can be obtained in a much more computationally efficient
manner by computing the desorption energy while preventing geometrical
relaxation of the system after vacancy creation. We refer to this as the
“desorption energy calculated under un-relaxed conditions".

Figure 1: Stable geometries of hydrogen (top) and oxygen atoms, following adsorption on
the diamond (111), (110) and (100) surfaces after full atomic relaxation. Oxygen adsorbs
favourably in the ether configuration on (100) (bottom left), whereas the other systems
favour the ketone configuration. Here, brown, red and blue spheres represent carbon,
oxygen and hydrogen atoms, respectively. Here the unterminated surfaces are shown for
clarity of the adsorbate yet the configurations are approximately equal on the terminated
surfaces.

The “un-relaxed” desorption energies, listed in Tab.1, are then calculated
as follows:

EDes = (ESurf−Des + EAtom) − ESurf , (1)

where EAtom is the total energy of the desorbed species, and ESurf and
ESurf−Des are the total energies of the surface before and after molecular/atomic
desorption, respectively, with no geometry relaxation upon desorption. Td
is then approximated as EDes, and the formalism developed by McKinley-
Feshbach[15], is used to calculate knock-on cross-sections[14, 15].
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Figure 2: (Color online) Desorption via electron impact induced knock-on of chemisorbates
on diamond. (a-b) Schematic illustrations of CO (brown and red), H (blue) and O (red)
desorption from a (100) surface terminated by H and/or O. Desorption via mechanism
(I), i.e knock-on by an incoming primary electron followed by reflection from the surface
is shown in (a). Mechanism (II), direct knock-on induced desorption by a backscattered
electron (directed out of the surface) is illustrated in (b). (c) Total cross sections (σ)
versus electron energy for knock-on desorption of H and D from H-terminated (100), (110)
and (111) surfaces of diamond. (d) Knock-on cross-sections for desorption of O from
H-terminated and O-terminated diamond (labelled ‘H-t’ and ‘O-t’, respectively).

We calculate Mott electron scattering cross-sections (σ) for knock-on des-
orption of H, D, O and CO from the (111), (110) and (100) surfaces of
diamond[16]. σ was calculated as follows:

(2)σ =

∫ +∞

−∞
P (v, T )σD(Tmax, Td)Θ(Tmax − Td)dv

where P (v, T ) is the distribution of probability to find an atom with velocity v
at temperature T , Θ is the Heaviside step function, and σD is the cross-section
of the event where the transferred energy is greater than the displacement
threshold, and it is given by:

(3)
σD =

4Z2E2
R

m2
ec

4

(
Tmax

Td

)
πa20

(
1 − β2

β4

){
1 + 2παβ

√
Td
Tmax

− Td
Tmax

[
1 + 2παβ + (β2 + παβ)ln

(
Tmax

Td

)]}
.

Here, Z is the atomic number of the target, ER is the Rydberg energy,
a0 is the Bohr radius of the hydrogen atom, β velocity of electrons expressed
as a fraction of the speed of light, me the rest mass of an electron and

7



α ≈ Z/137. Td is the threshold energy for atomic displacement, whereas
Tmax is the effective maximum energy transferred in a collision that takes
into account the vibrational motion of the nucleus, and is defined as:

(4)Tmax(v, E) =
(r + t

c
)2

2mn

,

where mn is the mass of the target nucleus. Here, r and t are defined as:

(5)r =
1

c
2
√
E(E + 2mec2) +mnv ,

and

(6)t = 2
√
E + En(E + 2mec2 + En) ,

with v and En the velocity and kinetic energy of the target atom. A formal
derivation of the above equations can be found in ref. [2]. To calculate the
knock-on cross-sections for specific atomic and molecular species on different
surfaces of diamond, we approximate Td by the desorption energy (Ed), which
was calculated using density functional theory (DFT), as is detailed in Section
4, and we set T = 300K to be consistent with the experimental data.

Table 1: H, O and CO desorption energies (Ed) calculated under “un-relaxed” condi-
tions for the oxygen terminated (O-t) and hydrogen terminated (H-t) (100), (110) and
(111) surfaces. Here, we also show the desorption energy on selected pristine, untermi-
nated surfaces for completeness.The energies are calculated with respect to the free carbon
monoxide, atomic oxygen and atomic hydrogen in the gas phase.

Ed (eV)
Desorbed species (111) (110) (100)
H-t-VO 6.17 5.87 6.05
H-t-VH 4.85 4.24 4.60
H-t-VCO 5.65 5.26 6.06
O-t-VO 5.41 5.94 5.92
O-t-VH 4.40 4.28 4.68
O-t-VCO 4.37 2.72 6.15
VO 5.75 7.49 6.00
VH 4.35 4.21 4.55
VCO 3.77 5.36 5.48

8



Table 1 shows the calculated values of Ed for O, H and CO on the (111),
(110) and (100) diamond surfaces terminated by O and H. Fig. 2(c) then
shows the cross-sections for knock-on, σ of H and D, calculated using the Ed

value for H, on surfaces terminated by H. Fig. 2(d) shows σ for the desorption
of O from surfaces terminated by O and H. Each cross-section is negligible
below a threshold defined by momentum conservation, and its maximum
increases with atomic mass and the binding energy [4]. The cross-section
for desorption of H peaks at ∼2.7 keV, and does not vary substantially with
surface type as the binding energies for H (Table 1) are similar on all surfaces
considered. The knock-on cross-sections for D are negligible below ∼ 2 keV,
and peak at ∼5 keV. The shift to higher energy is due to the differing mass
of the isotopes (which have equivalent chemical properties and hence the
same calculated bond strengths and desorption energies). The oxygen cross-
sections have a maximum at ∼ 50 keV, and are negligible below ∼ 20 keV. As
a result of the difference between the H and D cross-sections seen in Fig. 2(c),
we expect preferential knock-on desorption of H (significant for H, negligible
for D) at electron beam energies between 1 and 2 keV.

2.2. Electron beam induced etching of diamond
To test this prediction, we performed EBIE of diamond using H2, D2 and

O2 precursor gases. Figures 3 (a) and (b) show SEM images of two regions
of (100)-oriented diamond that were etched using an electron beam energy
of 1.5 keV, and a 2:1 partial pressure of H2:O2 and D2:O2, respectively. The
images show surface topographies generated by EBIE that are anisotropic,
meaning that the etch rate depends on crystallographic direction3.

Previously, we determined that in the case of diamond EBIE performed
using a mixture of H2 and O2, the coverage ratio of adsorbed H:O naturally
varies between crystal planes as a result of plane-dependent variation in the
adsorption energy of O [12]. It decreases in the order {110} >{111} >{100},
and as a result, affects the geometry of the topographic patterns as the etch
rate of O-terminated diamond is much greater than that of H-terminated
diamond. This makes the etch rate in a specific crystal direction inversely
proportional to the H:O coverage ratio on the plane normal to that direction.
4 In addition, previously calculated desorption energies of CHx and COx

3Fast-etching planes are absent from images, and patterns are dominated by the slowest
etching planes [8]

4High-energy “edge-sites”, such as step-edges and defects, may play a role in EBIE
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species from diamond were found to be far higher for CHx, resulting in a
lower desorption rate for CHx species for desorption via secondary electron
induced bond scission. This is the primary mechanism driving EBIE and
explains the higher etch rate observed for EBIE using O2 vs H2[12]. The far
higher desorption energy of CHx also means that knock-on cross-sections will
be negligible below 30 keV and were therefore not calculated.

The images in Fig. 3 show that the topographic patterns (magnified in
the insets) differ when D2 is used in place of H2. Specifically, the topography
consists exclusively of inverted pyramids with smooth {111} sidewalls (fea-
tures of type ‘1’ labelled in Fig. 3(b) and magnified in the inset). Conversely,
in the case of H2, the patterns are less symmetric and the pyramids contain
both {110} facets and {111} facets (see the features labelled ‘2’ & ‘3’ and
the inset in Fig. 3(a)). The reduced symmetry is also evident in Fourier
transforms of the images, also shown in Fig. 3. The difference between the
transforms reflects that image contrast, in the case of D2, is dominated by
horizontal, vertical and diagonal lines (i.e., facet edges), whereas the contrast
is more radially-uniform in the case of H2. We attribute the difference in pat-
tern geometry to preferential knock-on desorption of H over D, as expected
from the cross-sections in Fig. 2 (the cross-sections also show that knock-on
desorption of O is negligible at energies below ∼ 20 keV and therefore does
not play a role at the beam energy of 1.5 keV used in this experiment). The
isotope-resolved data in Figure 3 serve as evidence that knock-on desorption
can indeed play a role in EBIE even at an electron beam energy as low as
1.5 keV.

We note that the net etch rates vary considerably for the different pre-
cursor combinations. EBIE with pure O2 is fastest, it is lower for H2 + O2

(as reported previously [12]) and significantly lower still for D2 + O2. This
difference between H2 and D2 is strong additional evidence for preferential
desorption of H via knock-on – i.e., by desorbing hydrogen, surface sites
become available for chemisorption of oxygen which elevates the etch rate.

Next, we turn to knock-on desorption of CO. Figure 4(a) shows the cross-
sections for knock-on desorption of CO on O and H-terminated surfaces of
diamond. The cross-sections are negligible below 30 keV, except for the

via reduced energy barriers for electron induced desorption of etch products at such sites.
However, we expect edge sites to display the same qualitative trends as the crystal planes
and desorption energies for CH/Dx to be higher than for COx, i.e H/D adsorption always
passivates sites relative to O adsorption.
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Figure 3: (Color online) Topographic patterns formed in (100) diamond by EBIE per-
formed using an electron beam energy of 1.5 keV, and a 2:1 mix of (a) H2:O2, and (b)
D2:O2. A number of topographic features are labelled ‘1’ - ‘3’ in the images. The inset in
(a) shows a magnified view of a feature of type ‘2’ which is present only in the case of H2.
The corresponding inset in (b) shows a magnified view of features of type ‘1’ which are
present in both images. The insets on the right are Fourier transforms of the images. Dif-
ferences between the pattern geometries seen in (a) and (b) are attributed to preferential
knock-on desorption of H. The scale bar and crystal directions apply to both images.

case of the O-terminated (110) surface, where σ becomes significant at ∼
15 keV, and has a maximum at ∼ 40 keV. Desorption of CO is believed
to be a primary mechanism for EBIE of diamond [12], but it is generally
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Figure 4: (Color online) (a) Cross-sections for knock-on desorption of CO from diamond
terminated by H (‘H-t’) and O (‘O-t’). (b - e) Topography of (100) diamond etched
with O2 precursor gas using electron beam energies of 15, 20, 25 and 30 keV. The etched
surfaces between the inverse pyramids (with {111} side-walls) become smoother while the
occurrence of edges aligned with <100> directions ({110} plane remnants) decreases with
increasing beam energy. (e) Higher magnification images of key pattern features found
in the etch pits shown in (b - e) highlighting the decreasing occurence of <100> aligned
features, attributed to an increasing etch rate for {110} planes due to knock-on of CO.
Scale bars are 200 nm. Crystal directions shown in (b) apply to all images.
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believed to proceed exclusively through bond scission caused by electron-
electron scattering. The cross-sections in Fig. 4(a) indicate that a knock-on
contribution is expected for EBIE of the (110) plane at electron energies
greater than ∼ 15 keV. To test this hypothesis, we performed EBIE using
electron beam energies greater than 10 keV and O2 as the precursor gas.
Figure 4(b-e) shows images of diamond regions that were etched using beam
energies of 15, 20, 25 and 30 keV. As the beam energy is increased, the
abundance of {100} planes (seen as smooth, flat regions between the pits in
Fig. 4) is increased and remnants of {110} planes decreased5 due to knock-on
desorption of CO from the {110} plane and hence accelerated etching of that
plane. The change in topography observed here is more subtle than that seen
in Fig. 3 because the increase in electron energy from 15 to 30 keV modifies
the rates of numerous (chemical and knock-on) mechanisms that contribute
to EBIE. The change seen in the images is, however, consistent with the
cross-sections for knock-on desorption of CO shown in Fig. 4(a) because
an increase in the etch rate of the {110} plane is expected to suppress the
presence of that plane and increase the abundance of the slower etching {100}
and {111} planes.

3. Conclusions

In conclusion, we demonstrated that knock-on desorption of chemisor-
bates plays a role in EBIE of diamond at electron beam energies as low
as 1.5 keV. Our results improve present understanding of mechanisms re-
sponsible for electron restructuring of surfaces, and will aid the design and
optimisation of EBIE processes. Our findings are also relevant to the related
techniques of electron beam induced surface functionalisation/activation and
electron beam induced deposition [5, 17, 18, 19], in which knock-on desorp-
tion of species such as H, O and OH can affect surface structure and deposit
purity.

5Remnants of {110} planes manifest primarily as edges aligned with <100> directions
in the topographic patterns. These are more abundant for a slower etch rate of the {110}
plane.
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4. Methodology

4.1. Calculation Methods
We perform density functional theory (DFT) calculations, with the gen-

eralized gradient approximation (GGA) for the exchange-correaltion func-
tional, in particular that of Perdew-Burke-Ernzerhof (PBE)[20]. We use pe-
riodic boundary conditions and a localized atomic orbital basis set as imple-
mented in the SIESTA code, where the core-valence interaction is described
by norm coneserving pseudopotentials[21, 22]. Double-zeta plus polarization
orbitals (DZP) are used, and the cut-off energy for the valence electrons is
750 Ry[22]. Γ point calculations have been used for (3×4), (3×4) and (4×4)
surface unit cell of the (111), (110) and (100) surfaces, consisting of 12 atomic
layers, with a vacuum region of ∼25 Å. Full geometry optimization has been
carried out for each system, and the convergence criteria for the energy and
forces are 10−5 eV and 10−2 eV/ Å, respectively.

4.2. Diamond samples
The sample used for EBIE was a (100) oriented single-crystal diamond

membrane of ∼ 5 µm thickness. This is prepared using the method detailed
in references 23, 24, 25. Briefly, ion implantation is used to form a dam-
aged, graphitized layer at ∼ 1.7 µm depth within a commercially purchased
(Element 6), polished, CVD grown, type 2a (100) single-crystal diamond.
Electrochemical etching is then used to etch away the graphitized layer, re-
sulting in liftoff of the ∼ 1.7 µm thick top layer. This thin diamond layer
is then isolated and transferred to a silicon substrate. This thin membrane
is then used as the substrate for epitaxial growth of a fresh layer of single
crystal diamond.

The fresh layer of single-crystal diamond is grown epitaxially using a com-
mercial (ASTEX), microwave plasma enhanced CVD reactor, with a 1 % mix
of CH4 in H2 and 900 W of microwave power for 45 minutes. This resulted
in a layer of ∼ 3 µm thickness. All pits were etched within this layer. The
overgrown layer is of high crystalline quality and has a low impurity concen-
tration. The diamond grown in our reactor in this manner reproducibly has
high optical transmission across the visible spectrum (optically clear). It also
has a very low intensity of photo-luminscence emissions when excited with a
532 nm laser indicating that nitrogen and silicon impurities are low.

Immediately after growth, the fresh diamond surface is clean and suitable
for direct insertion into the SEM for EBIE experiments. In this way, rigorous
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cleaning procedures that are normally necessary for reproducible EBIE [12]
can be foregone. Furthermore, the utilization of fresh diamond grown in this
“bottom-up” manner avoids the presence of a “damage-layer” that is found
at the surface of commercial samples that have been polished. This damage-
layer is typically 1−2 µm thick and is caused by the polishing procedures.
We observe that EBIE behaviour is altered within this layer when using bulk
diamonds obtained commercially, even with high quality “electronic grade”
diamond. Etch rates are faster within the damage layer and topographic
patterns form only partially, or are not observed at all within the damage
layer – this explains some differences between surface topography of diamond
etched by O2 reported in the present work and in Ref. [12].

4.3. Electron beam induced etching methodology
EBIE was peformed using an FEI Sirion Field emission gun SEM, that has

been modified for variable pressure operation. Precursor gases fill the entire
SEM chamber at the partial pressures indicated. The electron beam current
was set to 10.7 nA for all etches. An etch frame of 2.42 x 1.82 µm (7.81
µm2), resulting in a primary electron flux of ∼ 8.6 × 109 electrons/µm2.s,
was used for all etches. The beam scan used was the native analog raster
pattern of the SEM with 1.67 ms time per line and 484 lines per frame.

The total chamber pressure for each etch was ∼ 23.2 Pa composed of a 2:1
partial pressure ratio mixture of either H2:O2 or D2:O2, or just pure O2 at ∼
7.7 Pa. An RF remote plasma generator was active during all etches at 13.9
MHz, 5W load power in order to radicalize the precursor gases as described in
Ref. [12]. Etch durations were both 15 minutes for the pits shown in Fig. 3.
For the etch pits shown in Fig. 4, etch durations were adjusted according to
the beam energy dependent etch rate (estimated beforehand by etching pits
of constant duration and estimating etched volume at each energy). Etch
durations in Fig. 4 were approximately 15, 18, 22 and 27 mins for beam
energies of 15, 20, 25 and 30 keV.

The sample was loaded into the SEM immediately after growth of the
diamond layer. Plasma cleaning of the chamber is then performed overnight
with O2 gas at 13 Pa, 5W load power, using the same RF remote plasma
generator used during EBIE. This minimizes any residual water or organic
contaminants that can interfere with EBIE of diamond. The gases used were
all high purity (>99.99 %, Sigma-Aldrich) and are delivered to the SEM
chamber via a leak-free system (confirmed with He leak testing). All lines
are heated to 60 ◦C at all times to aid desorption of gases. They are flushed
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extensively with dry N2 prior to precursor gas flow and when changing gas
combinations. Finally, the gases flow through a cold trap held at -116 ◦C
prior to entering the chamber, in order to further purify the gas stream.
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