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We have explored focused electron beam induced etching (FEBIE) using the XeF, gaseous
precursor to selectively etch and edit niobium films. We have characterized the etching rate and
efficiency as a function beam current, beam energy, dwell time, pattern area and precursor pressure.
We show that careful consideration of the relative electron and precursor flux reveals a regime of FEBIE
parameters that produce etching vyields that are greater than 1 Nb atom/e-. Furthermore, a
spontaneous etching component emerges, which has implications for larger area etching. We
demonstrate that an etch resolution of ~ 17 nm can be achieved via judicious selecting of the FEBIE
parameters, which is below the superconducting coherence length of Nb. Thus FEBIE should be an
interesting route towards direct write editing of Josephson junctions. Traditional focused ion beam
modification methods have been used to process niobium superconducting devices, however, ion
beams significantly alter both the morphology and near-surface structure via knock-on collisions during
the sputtering process. Furthermore, the milling/etching resolution to date has only demonstrated ~
65nm resolution for Nb superconducting junctions using a liquid gallium source focused ion beam.
Thus, FEBIE presents a promising path forward for low-damage nanoscale synthesis of niobium

superconducting applications.
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Abstract
In this work, we explore focused electron beam induced etching (FEBIE) of niobium thin films

with the XeF, precursor as a route to edit, on-the-fly, superconducting devices. We report the
effect of XeF, pressure, electron beam current, beam energy, and dwell time on the Nb etch
rate. To understand the mass transport and reaction rate limiting mechanisms, we compare the
relative electron and XeF, gas flux and reveal the process is reaction rate limited at low
current/short dwell times, but shifts to mass transport limited regimes as both are increased.
The electron stimulated etching yield is surprisingly high, up to 3 Nb atoms/electron, and for
the range studied has a maximum at 1 keV. It was revealed that spontaneous etching
accompanies the electron stimulated process, which was confirmed by varying the etched box
size. An optimized etch resolution of 17 nm was achieved. Given that the Nb superconducting
coherence length is 38 nm and scales with thickness, this work opens the possibility to direct

write Nb superconducting devices via low-damage FEBIE.
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1. Introduction
Pure elemental niobium is a type-l superconductor with the highest superconducting

transition temp (T¢) for all pure metals, of 9.33 K and upper critical magnetic field (Hc,) of 4020
Oe,M where impurities are known to shift the material to a type-Il superconductor.[?! Niobium
is also alloyed in superconducting magnets with titanium,B! vanadium, I germanium, 3! tin, (€]
tantalum[”! and more. Notable types of elemental niobium superconducting devices are used in
superconducting radio frequency (SRF) devices,®! circuitry and sensors,®! qubits,[1% and field
emission microscope tips.['1 These applications are strongly impacted by the quality of the top
few nanometers of the surface, as well as the surface chemistry.!? Further, the
superconducting properties can be impacted by surface microstructure, as the magnetic flux
can be trapped within recrystallized fine-grains between 10-50 mm.[13] Therefore, to fabricate
optimal niobium superconducting nanodevices, a processing method must; i) not disrupt the
surface chemistry, ii) be non-destructive to the sample surface/microstructure, and iii) achieve

high spatial resolution.

Focused electron beam induced etching (FEBIE) is a nanoscale direct write technique which
utilizes an electron beam to dissociate surface-adsorbed precursor gases that react with a
film/substrate to form a volatile or non-volatile byproduct. The subsequent desorption
(sometimes facilitated via electron stimulated desorption for non-volatile byproducts) leads to
the removal of the film/substrate and appropriate beam control leads to on-demand nanoscale
etching. This mostly chemical process is contrasted with knock-on sputter removal of material
or chemically enhanced sputtering, which are associated with focused ion beam (FIB) milling

processes.* While convenient for nanoscale material removal, these FIB milling processes can
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induce sub-surface and peripheral damage due to the implanted ions, defect generation, and
lattice damage/amorphization associated with the knock-on collisions. Low-energy electron
beams (<30 keV) are typically insufficient to generate knock-on events due to the electron’s
relatively small mass, thus gas mediation from a chemical precursor with FEBIE is required to
reach appreciable etching rates. Examples of gaseous precursors used for FEBIE are Cl, which
has been used to etch chrome oxide,*>! and nitrosyl chloride (NOCL) which has been used to
etch alumina.l’®IXeF, is another common vapor phase precursor for both gas-assisted FIB[7]
and FEBIE and has been used with the FEBIE of silicon and silicon dioxide,!*8! silicon nitride,[*°!
tantalum nitride,2% gallium arsenide,2! titanium, 22231 chrome,[24 and recently molybdenum
disulfide.[25] Upon electron stimulation, adsorbed XeF, undergoes dissociation via homolytic

cleavage that forms fluorine radicals which can be represented by Eq. (1):

XeF, +e —=»Xe+ 2F+ e (1)

where the fluorine can react with the material to form volatile fluoride byproducts, which are
desorbed and pumped away. One such reaction pathway involving Nb is the generation of

volatile niobium pentafluoride as in Eq. (2).26-30]

5XeF, +5e~ +2Nb—5Xe + 2NbFs +5e~ (2)

While the focused primary beam contributes to the reactions in Eq. (1) and (2), consequent
secondary and backscattered electrons also participate, and thus the overall process is
governed by the precursor mass flow and electron flux and energy distribution at the surface.

This method is expected to be successful for many materials that etch in fluorine chemistries,
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and given that niobium has been shown to etch in CBrF; and CF, precursors in reactive ion

etching (RIE), it was presumed to be an excellent candidate for FEBIE with XeF,.B31]

Fig. 1A) is a simplified schematic of the proposed Nb FEBIE process and Fig. 1B-D) are
preliminary etch experiments where we prove the principle of Nb FEBIE. Here we explore the
etch rate of superconducting Nb films as a function of electron beam current, dwell time, beam
energy, and XeF, pressure to optimize the etch rate efficiency of the Nb films. Note, a multiple
pass scan strategy was used to achieve the desired etching dose. For optimum current and
dwell times, we also explore spatial resolution as a function of beam energy. Finally, we

fabricate and test various superconducting structures fabricated via FEBIE.

Figure 1. A) Schematic illustrating the focused electron beam induced etching process. B) and C)
SEM images illustrate the progression of a 4 um? box etched into a Nb film and, D) is a tilted
(52°) SEM image of the high-fidelity and anisotropic etch profile.
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2. Material and Methods

Niobium films were magnetron sputtered from a commercial niobium sputtering target
(sourced from Kurt J. Lesker, 99.95% purity) after chamber vacuum pressure of 3x107 Torr was
achieved. Films were deposited onto a silicon oxide coated silicon wafer where the oxide film
conveniently acts as a barrier to spontaneous Si etching once FEBIE of Nb is complete. Argon
gas was introduced into the sputter chamber (AJA ATC2400) at the flow rate of 25 sccm at a
working pressure of 5 mTorr. A direct current (DC) sputtering power supply delivered a forward
power density at the target of 4.9 W/cm? where the Nb target was pre-sputtered for 35
minutes to remove the niobium native oxide on the target surface. Then a 20 minute deposition
was performed at a deposition rate of 3.25 nm/min (~65 nm thick film). The Si-SiO, wafer on
the chamber stage was at a working distance of ~15 cm and was heated to 500°C during the

deposition. X-ray diffraction of the Nb film confirmed the expected BCC crystal structure.

FEBIE experiments were conducted within a Thermo Scientific Helios 5 Hydra UX plasma
focused ion beam (PFIB), where XeF, gas was introduced by a MultiChem™ gas injection system

(GIS) positioned at a z-height 238 um from substrate and from the electron beam field of view.

The crucible of the XeF, source was cooled to 1°C to reduce the precursor’s relatively high
vapor pressure. The chamber was allowed to reach a base pressure of approximately 7x107
Torr prior to experimentation. The specific parameters for each experiment are specified in the
results section, and also summarized in Table I. The XeF, gas flow was varied by changing the
duty cycle of the electronically controlled, pulse width modulated valve from ~0.34-1.1%
resulting in working chamber pressures of 4.7x10%-3x10~ Torr. The FEBIE patterning conditions

used were 0.25-64 um? area boxes with a constant pixel pitch of 10 nm, dwell times between
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0.025-10 ps, varied electron beam energies between 0.5-20 keV, and beam currents between
0.025-1.6 nA. FEBIE line patterns were 2 um long, had a constant pixel pitch of 10 nm, single
pixel linewidth, a XeF, gas flow duty cycle of ~0.9%, , a beam current of 0.1 nA (which results in
an electron beam diameter of 4.4 nm), and varied beam energy and dwell time to test the

resolution capabilities of the XeF, gas assisted FEBIE process.

The localized average gas flux was estimated by projecting the area of the 500 um diameter
gas injection nozzle to the substrate. Based on previous capillary flow measurements of various
gases,3234 we assumed that ~44% of the gas emanating from the nozzle is contained within a
spread angle of 15°. The XeF, flow rate was calculated assuming an effective pumping speed of
234 liter per minute and the steady state chamber pressure realized in the system. The
equilibrium XeF, flux on the chamber surfaces far away from the nozzle was estimated by the
working chamber pressure and kinetic theory of gases. Finally, the effective localized precursor
flux enhancement factor of ~1,485 was estimated by taking the ratio of the average gas flux
contained within the projected area of the nozzle to the equilibrium gas flux. Table Sl includes

the equilibrium gas flux for each experimental condition.

Etch depths were initially measured by tapping mode atomic force microscopy (AFM) on an
Asylum MFP-3D Infinity AFM. AFM and SEM images were correlated such that end-point
monitor graphs (EPM) could be used to determine the dose-to-clear (all Nb removed down to

SiO, layer) for various conditions.
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3. Results

3.1 Box etches
Initially, the effect of varying beam current on the etch rate and efficiency of the gas-

assisted FEBIE were investigated using box mode patterning with constant beam energy of 1
keV, single pixel dwell time of 1 s, pixel pitch of 10 nm, and XeF, working pressure of 1x10~
Torr. Etches were conducted for beam currents ranging from 0.025-0.8 nA, then AFM
topographic images of etched regions were measured to determine etch depth. Figure 2A-B)
shows a series of SEM and AFM images of Nb FEBIE box etches performed at 0.025 nA in Fig.
2A) and 0.1 nA Fig. 2B) and common areal electron doses (nC/um?) labeled above the SEM

images (i.e. the 0.025 nA current doses were 4x time).
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Figure 2. Gas-assisted FEBIE of 1 um? box etches were conducted at a beam energy of 1 keV,
dwell time of 1 s, pixel pitch of 10 nm, XeF, working pressure of 1x10~ Torr, varying beam
currents from 0.025 — 0.8 nA where A) SEM images are correlated with AFM images and line
profiles for beam current of 0.025 nA, B) 0.1 nA box series, C) a graph of etched volume per
electron dose for various beam currents, and D) plots of FEBIE etch rate (left y-axis) and etch
efficiency (right y-axis) versus beam current with data added from XeF, working pressures of

3x10> Torr.

As noted, the 0.025 nA condition with a dose of 1.59 nC/um? has an etch depth of ~65 nm and

the corresponding SEM image has a smooth topology, indicative of the SiO, underlayer. At

higher doses in the 0.025 nA series, the etching proceeds, albeit slower, into the SiO, layer

(which can also be etched via FEBIE). The 0.1 nA etch progresses in an approximately linear
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fashion and the Nb film experiences some roughening during the FEBIE process, which
manifests in the SEM images as higher brightness/grey scale in Fig. 2B) at 0.61 nC/um?. Figure
2C) is a sequence of linear fits (note log scale) from etch depth versus electron dose plots for a
series of beam currents (see supplemental information Fig. S1-2 for higher current AFM and
SEM images). Note that the etched volume as a function of areal dose increases with
decreasing beam current. Figure 2D) is a plot of the average volumetric etch rate versus beam
current (see supplemental information Fig. S3 for SEM images), where etch rate is the slope of
the fitted lines in Fig. 2C), and illustrates that lower current yields lower etch rates, but higher
volumetric etch efficiency. Also included in Fig. 2D) on the second y-axis is the volumetric etch
efficiency, which is normalized to the electron dose.

While discussed in detail below, we qualitatively note that with increasing beam current
we expect an eventual transition from an electron reaction limited regime to an XeF, mass
transport limited regime. A full understanding of this transition between regimes necessitates
an investigation of the effects of precursor pressure/flux. To this end, a second experiment was
run at similar conditions but at a working pressure of 3x10 Torr and a beam current range of
0.1-1.6 nA, the results of which are also shown in Fig. 2D). Raising the pressure has the
expected effect of increasing the etch rate and efficiency, and the proportional increase in
general increases with increasing current. Interestingly, the volumetric etch rate is relatively
constant for these conditions over the current range studied, while the volumetric etch
efficiency decreases proportionally to the beam current. While we will discuss in the reaction
kinetics in more detail in the discussion section, it is noteworthy that while the current

increases a factor of 32x and 16x for the low- and high-pressure studies, respectively, the
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efficiency decreases by a factor of ~100x and 16x. Again, we attribute these observations to a
shift from low current limited by the electron stimulated reactions to limitations in mass
transport of XeF, at the higher beam currents.

Based on the correlation between SEM images and AFM depth profiling, endpoint
monitor (EPM) graphs of the concurrent SEM grey scale during the etching process were used
to monitor the etching process. For this study a beam energy of 20 keV, dwell time of 0.025 ps,
pixel pitch of 10 nm, and XeF, working pressure of 4.7x10° Torr were used. Etch experiments
were conducted for a beam current range of 0.1-0.8 nA and EPM graphs and SEM images were
used to infer the dose-to-clear the ~¥65 nm Nb film. Figure 3A) shows a series of EPM graphs for
the 0.1 nA time series, which shows very good repeatability of the progressive salient features
of the EPM graph. Inset are SEM captures taken at the associated doses in general, there is a
slight decrease in the grey scale that we attribute to removal of the native NbO, layer. Next, the
grey scale increases due to slight roughening of the Nb film during etching, and reaches a
maximum. After the maximum, the grey scale decreases as the underlying SiO, layer emerges
and the inflection from the steep negative slope (denoted as an *) was determined to be the
signature of the Nb film end point. Figure 3B) is a summary plot of the etch rate and
efficiencies determined from the EPM graphs; for these conditions, the etch rate increases and
the etch efficiency decreases with increasing current. Again, note that the current range
studied here is a factor of 16x, while the etch rate efficiency changes by a factor of ~7.5x. The
SEM images after etching and the associated EPM graphs can be found in supplemental

information Fig. S4.



A) 170

-
(*2]
(&)

Greyscale Intensity (a.u.)

-
(54
o

160 [

155 |

Nanoscale Horizons

5s

16s
25s
35s

|

|

|

1.5 2 2.5 3
Areal Dose (nCt;fmz)

| ! %107
B) P
| * ate
I . ;
- 4 é Efficiency
) ]
L]
E
23}
[v]
o
-
5
o2t
£l e
. E
: 3
‘, Sqt .
|
|
|
0 * |
35 4 45 02 04 06 08 1 12 14 16

Beam Current (nA)

0.015

0.01

0.005

Volumetric Etch Efficiency (;tmalnC)

Figure 3. Gas-assisted FEBIE of 1 um? box etches were conducted at a beam energy of 20
keV, 0.025 ps dwell time, pixel pitch of 10 nm, and XeF, working pressure of 4.7x10° Torr

and beam currents of 0.1, 0.2, 0.8 and 1.6 nA. A) illustrates a series of EPM graphs for FEBIE

experiments run at 0.1 nA to various times (insets are SEM images taken at those

dose/times. B) FEBIE volumetric etch rate (linear left Y axis) and etch efficiency (linear right

Figure 4. Gas-assisted FEBIE of 4 um? box etches were conducted with a beam current of 0.1

Y axis) vs. beam current.
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induced from non-cleared 5 second etch from the 1 keV series (marked on 1keV EPM by
purple arrow, and inset is higher magnification image edge of box etch), and C) plot of dwell
time vs FEBIE etch rate (left scale) and etch efficiency (right scale) for dwell times series at
beam energy of 20 keV.

Next, the effect that beam energy and dwell time has on the gas-assisted FEBIE etching
rate and efficiency was investigated. The box patterns were also increased to 4 um? to increase
the time needed to clear to better observe the etch evolution. For this study, a beam energy
range of 0.5-20 keV was explored while parameters of a dwell time of 0.025 s, pixel pitch of 10
nm, XeF, working pressure of 1x10 Torr, and abeam current of 0.1 nA were employed. Figure
4A) shows the volumetric etch rate and efficiency versus beam energy with the inset illustrating
the EPM graphs (see associated SEM images and EPM graphs in supplemental information Fig.
S5). Note, the EPM graphs have the same signatures regardless of beam energy. The Nb
etching rate and efficiency (the same functionality because they were performed at just one
current), increases slightly from 0.5 to 1 keV and then systematically decreases with increasing
beam energy. This behavior illustrates an important aspect of the FEBIE process, namely, that
the process is largely driven by the lower energy secondary electrons (specifically SE, type
induced from the incident beam), which have a higher dissociation cross section for the
adsorbed precursor.[35-38] Here, the trend suggests that the maximum in the SE yield is between
1 and 5 keV and the decrease in the etching rate observed with an increase in energy is
attributed to the decrease in the secondary electron yield. Additionally, while the SE,
contribution at high beam energy is associated with a large interaction volume that results in an
effectively low areal dose, SE;, electrons that result from low beam energy are associated with
smaller interaction volumes and thus higher areal doses. Finally, simulations of focused

electron beam induced deposition suggest that the primary beam energy contribution to the
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dissociation can be non-negligible and is also higher at lower beam energy. Summarily, the low
beam energy peak in the volumetric etch efficiency is consistent with expectations. 3538l

Note, we deliberately used a low current and short dwell time to move our regime to an
electron reaction rate limited to regime to better observe this energy dependence as will be
shown below. Figure 4B) are SEM images taken at the peak of the EPM plot for the 1 keV series
(dose = 0.125 nC/um?). As evidenced by these images, the Nb-XeF, gas-assisted FEBIE process is
not a uniform layer-by-layer etching process, but rather the etching occurs through the
formation of nano-pores that coarsen until the films have been cleared. For the dwell time
series, a range of dwell times from 0.025 to 10 us was investigated at a beam energy 20 keV,
beam current of 0.1 nA, pixel pitch of 10 nm, and XeF, working pressure of 1x10 Torr. Figure
4C) shows that the FEBIE etch rate and efficiency increases dramatically from 0.025 to 0.1 ps
and then more gradually at longer dwell times (see associated SEM images and EPM graphs in
supplemental information Fig. $S6). This transition is again a signature that at short dwell times,
the exposed pixel has sufficient adsorbed XeF, molecules to be limited by the electron flux, but
at longer dwell times, the adsorbed precursor is exhausted and subsequent transport via

adsorption and diffusion limit the process.

3.2 Line etches
Next, single line etching for direct write patterning of niobium films was explored to

determine the highest resolution lines that can be etched via FEBIE. Figure 5 illustrates the
results of a study that varied the XeF, pressure 1.04x10® to 1.15x10° Torr and etching a series

of lines at similar conditions (20 keV, 0.1 nA, 0.025 ps dwell time).
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Figure 5. SEM images of 2 um long gas-assisted FEBIE line etches for an beam energy of 20 keV,
beam current of 0.1 nA, dwell time of 0.025 us, pixel pitch of 10 nm, and varying XeF, working
pressure; A) 1.15x107 Torr with inset of higher magnification of 5 second etch, B) 8.48x10° Torr
with inset of higher magnification of 5 second etch, C) 5.93x10° Torr with inset of higher
maghnification of 5 second etch, D) 2.67x10® Torr, and E) 1.04x10® Torr.

First, we note that there is appreciable line edge roughness in the etches, which will ultimately
affect the Josephson junction transport. This increase in working pressure resulted in the
expected behavior of an increase in the etch rate. As noted in the high-resolution inset images,
the etch line width of the 5 s lines increase with increasing pressure, which indicate that these
are progressively over etched. An optimum resolution of 22 nm is achieved in the 5.93x10°
Torr 5 second etch, though presumably comparable widths could be obtained at lower times
for the higher pressures. We also note that in Fig. 5D) that the 15 s etch is etched slightly more
than the 20 s etch; while we do not fully understand this anomaly, it could be associated with a
spontaneous etching component as the 15 s etch was etched and was exposed to XeF, during
the 20 s etch. While faster etching is preferable for larger features, good control of the time to
clear is critical, thus slowing the etch by reducing the pressure slightly could be advantageous.
For instance, spontaneous etching of the features during and post etching could be operative so
that a reduction in precursor pressure could be leveraged to minimize this effect. We note that
similar spontaneous etching was observed in TaON films, where passivation layers were

reported to inhibit this behavior.[2% Furthermore, recently Co-Si based materials were
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selectively oxidized via electron beam irradiation in H,0.3% We hypothesize that similar
passivation strategies may also be conducive to reducing spontaneous etching of Nb thin films
and will explore this, as needed, in future works.

The effect of dwell time in the range of 0.025 - 100 us was also investigated using patterning
and gas flow parameters similar to the previous dataset (20 keV, 0.1 nA, and XeF, working
pressure of 4.7x10°° Torr). Etch times were varied from 1-20 s for each dwell time study. As
illustrated in Fig. 6, the line patterns exhibited qualitatively higher etch rates for shorter dwell
times and it appears that at long dwell times the FEBIE process is completely inhibited, similar
to what was observed in FEBIE etching of Ti.[22-23] Similar to what was proposed for titanium,
we speculate that the residence time of the volatile NbFs species could be long enough that at
longer dwell times, subsequent re-dissociation of NbFs towards to NbF, products could occur.

NbF, is a non-volatile solid and thus the long dwell time promotes a desorption limited regime.

Figure 6. SEM images of 2 um-long, single pixel line width gas-assisted FEBIE lines at a beam
energy of 20 keV, current of 0.1 nA, pixel pitch of 10 nm, XeF, working pressure of 4.7x10®
Torr, and total times from 1-20 s, for dwell times of A) 0.025, B) 0.1, C), 1, D) 10, and E) 100

MsS.
Finally, Fig. 7 compares a FEBIE series at 20 keV and 0.5 keV (0.1 nA, 0.025 ps, and 1x10~ Torr

XeF,). As illustrated, the 20 keV lines look qualitatively similar to those produced using the
highest working pressure (see Fig. 5). High magnification images of the 1 s and 2.5 s lines reveal

an approximate line width of 17 nm and 30 nm, respectively.
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Figure 7. SEM images of 2 um single pixel linewidth gas-assisted FEBIE lines at a beam current of
0.1 nA, dwell time of 0.025 ps, pixel pitch of 10 nm, XeF, working pressure of 1x10™ Torr at
beam energies of A) 20 keV with higher magnification images showing thicknesses of 1 and 2.5
second etches, and B) 0.5 keV.

At the 0.5 keV beam energy the line widths increase, which is likely due to the highly localized
electron interaction volume and etch contributions from SE, electrons generated from
backscattered electrons. Interestingly, the bottom half of the line clears faster than the top
half, which we believe is evidence for charging and subsequent beam drift during the line etch

such that charge mitigation strategies for low voltage etching will need to be explored.

4. Discussion
To understand the various etch rate and efficiency results and distinguish the electron

beam stimulated and mass transport limited regimes, it is instructive to understand the relative
gas flux and electron flux as well as the cumulative electron dose realized during the electron
beam dwell time. For context, all the experiments were run with a 10 nm pixel pitch in the x-y
raster scan modes, so we can normalize everything to a nominal 100 nm? area for each pixel

addressed. Clearly, this is not a full description of the physics as this does not account for
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variations in beam diameter and interaction volumes as we change beam conditions. However,
we will discuss these effects in the context of how they cause deviations from expected
behavior of a nominal 100 nm? exposure pixel. Table I lists the various experimental conditions
along with the localized precursor and electron flux, and cumulative electron dose per pixel for
a single dwell time. The estimated number of XeF, monolayers that impinge during the
scan/refresh time (product of the number of pixels and per pixel dwell time) is also listed, as
well as the ratio of the number of electrons per dwell to the number of XeF, gas sites occupied,
both normalized to a 100 nm? pixel; we assume a Langmuir isotherm for XeF, on Nb, thus for
conditions where the number of monolayers impinged is greater than 1, the coverage is
assumed to be unity (or ~ 11.8 XeF,/nm? or 1180 XeF,/pixel). Finally, the Nb etch efficiency
(Nb atoms etched/e") is included in the table, which is determined from the dose-to-clear (all
Nb removed), the effective volume of the Nb etched (box size x thickness), and assumes a
theoretical Nb density of 8.58 g/cm3. Note that overall, the etching efficiency is high and in
some experiments exceeds unity.

Table I. Summary etch statistics for all box etch experiments.
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Electron Areal FI
Gas flux Electron flux . XeF, ux .
Conditions (XeF2/nm?3s) | (e'/pixel-s) Dose per pixel monolayers Ratio e | Nb atoms
# ;104 108 area, per dwell er refresh /XeF2 | etched/e
(e/100 nm?) P x101
1 0.025 nA 1keV 1lus 1x10° 2.32 1.56 156.1 19.6 1.32 1.59
2 | 0.1nA 1keV 1us 1x10° 2.32 6.24 624.2 19.6 5.29 0.38
3 | 0.2nA 1keV 1us 1x10° 2.32 12.5 1248.4 19.6 10.6 0.11
4 | 0.4nA 1keV 1us 1x10° 2.32 25.0 2496.9 19.6 21.2 0.06
5 0.8nA 1keV 1us 1x107° 2.32 49.9 4993.8 19.6 42.3 0.02
6 0.1 nA 1keV 1us 3x10° 6.95 6.24 624.2 58.9 5.29 1.35
7 0.2 nA 1keV 1us 3x10° 6.95 12.5 1248.4 58.9 10.6 0.76
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0.4nA 1keV 1lus 3x10° 6.95 25.0 2496.9 58.9 21.2 0.34
0.8 nA 1keV 1lus 3x10° 6.95 49.9 4993.8 58.9 42.3 0.22
10 | 1.6 nA 1keV 1us 3x105 6.95 99.9 9987.5 58.9 84.6 0.08
11 | 0.1 nA 20keV 25ns 4.7x10¢ 1.09 6.24 15.6 0.2 0.57 0.15
12 | 0.2 nA 20keV 25ns 4.7x10¢ 1.09 12.5 31.2 0.2 1.15 0.10
13 | 0.8 nA 20keV 25ns 4.7x10°¢ 1.09 49.9 124.8 0.2 4.58 0.04
14 | 1.6 nA 20keV 25ns 4.7x106 1.09 99.9 249.7 0.2 9.17 0.02
15 | 0.1 nA 20keV 25ns 1x10°> 2.32 6.24 15.6 2.0 0.13 0.78
16 | 0.1 nA 20keV 0.1us 1x10° 2.32 6.24 62.4 7.9 0.53 0.23
17 | 0.1 nA 20keV 1us 1x10° 2.32 6.24 624.2 78.6 5.29 0.17
18 | 0.1 nA 20keV 10us 1x10°5 2.32 6.24 6242.2 785.8 52.9 0.12
19 | 0.1 nA 0.5keV 25ns 1x10> 2.32 6.24 15.6 2.0 0.13 2.76
20 | 0.1 nA 1keV 25ns 1x10°> 2.32 6.24 15.6 2.0 0.13 3.09
21 | 0.1 nA 5keV 25ns 1x10°> 2.32 6.24 15.6 2.0 0.13 1.36
22 | 0.1 nA 10keV 25ns 1x10°5 2.32 6.24 15.6 2.0 0.13 1.29
23 | 0.1 nA 15keV 25ns 1x10°5 2.32 6.24 15.6 2.0 0.13 0.88
24 |1 0.1 nA 20keV 25ns 1x105 2.32 6.24 15.6 2.0 0.13 0.78
A) " ' ' ‘ ' L B) 0 05 1 1.8 2 R:gesz Ti;ng(’f) 45 5 55 6 ;o:
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Figure 8. A) Summary plot of the ratio of e-/XeF, (left y-axis) and Nb atoms etched per electron
(right y-axis) of box etch experiments from Table I. B) FEBIE volumetric etch rate (left y axis) and
volumetric etch efficiency (right y-axis) as a function of area (bottom x-axis) and refresh time
(top x-axis).

Figure 8A) is a plot of the ratio of the number of electrons per dwell to the number of XeF, gas
sites occupied for each box etch experiment and the corresponding Nb etch efficiency. As

expected, there is a strong correlation between increasing the e’/XeF, ratio and decreasing Nb
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atom per electron etch efficiency. This suggests that while some experimental conditions have
an equilibrium surface coverage at the beginning of the pixel dwell, the refresh of XeF,
precursor during the pixel exposure is slow relative to the pixel dwell time, and thus the Nb
etch efficiency decreases as the surface concentration decreases during the pixel exposure.
This effect is most prominent at high current and long dwell time. Interestingly, the dwell time
experiment has the poorest correlation of the two slopes. Note that the negative slope of the
Nb atom/e" is less steep and changes slope relative to the e’/XeF, ratio, which possibly suggests
a secondary mechanism is operative. We attribute the change in slope at longer dwell times in
this experiment to spontaneous etching that is occurring. To test this, we performed an
experiment at 20 keV beam energy, 0.2 nA current, 0.1 ps dwell time and 1x10~ Torr XeF,
working chamber pressure with increasing box area (0.25-64 um?) (see Table SlI for tabulated
data); this effectively increases the time for spontaneous etching to occur while holding the
electron stimulated contribution constant. As observed in Fig. 8B), the Nb volumetric etch rate
(and efficiency) increases with increasing box area, which confirms that during the cumulative
refresh time (secondary x-axis), the Nb film experiences spontaneous etching;, if no
spontaneous etching occurred, the volumetric etch efficiency should be constant with area.
Interestingly, the slope is not constant, thus the spontaneous etching contribution is not
constant, but seems to decrease with increasing area. The details of the spontaneous etching

contribution will be explored in more detail in future work.

Conclusions
The impact of varying beam current, dwell time, beam energy, XeF, working pressure,

and spontaneous etching were found for the FEBIE of Nb films. Lower beam current, low dwell
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time and higher XeF, working chamber pressure increase the Nb etch efficiency and values as
high as 3 Nb atoms/e-. Calculations of the relative electron and localized gas flux were used to
elucidate the electron stimulated reaction rate and mass transport limitation contributions to
the process. The observed behavior is attributed to XeF, gas depletion as the dose per pixel
increases as gas replenishment during the pixel dwell is negligible. Additionally, non-linearities
in the etching efficiency at long dwell times suggested that a spontaneous etching component
was also contributing. Area-dependent etching experiments in which all the beam and
precursor parameters are constant, confirmed that spontaneous etching contributes to the
etching process, thus judicious scanning parameters need to be considered when employing
this process. The etch efficiency as a function of beam energy was determined to achieve a
maximum at 1 keV, which correlates to the range in which the secondary electron yield is
highest as would be expected in an SE, and SE;, dominated reaction pathway. Optimal FEBIE
parameters were explored and an etched line width of ~17 nm was demonstrated, which is well
within range of the superconducting coherence length of Nb, and should offer an intriguing

option for direct write fabrication of Josephson junctions and other superconducting devices.
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