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Direct and remote plasma region

In Figure [SI, AFM scans acquired after exposure of natural graphite samples for 1 hour
to a pure hydrogen (H) plasma at a power of 30 W depict the influence of the pressure and
distance on the etching strength and type. For every pressure and distance combination a
new graphite sample was fabricated as described in the main text. The matrix representation
of the AFM scans of the complete set of investigated parameters remarkably demonstrates
the transition from soft anisotropic etching (above or to the right of the cyan line) including
only H atoms, to strong etching parameters (below or to the left of the cyan line) comprising
also ions. The separation between the two regimes is based upon the size distribution of the
hexagonal pits as ions are expected to induce defects acting as new etch sites throughout
the whole exposure time. Lowering the pressure as well as decreasing the distance has
the effect to increase the number of holes as well as the size distribution and depth of the
etch pits, demonstrating an increase of the reactive particle density. On some of the AFM
images, unintentional growth or deposition of some additional nanostructures such as worms

or particles is seen, e.g. d = 42cm and p = 1.4mbar or p = 0.7 mbar.

For all AFM scans shown in Figure[S1] the number of holes and their respective diameters
are evaluated and plotted in histograms shown in Figure[S2], describing a comparable picture
as the AFM topography scans. Again, not only the amount of holes but also the width of
the diameter distribution shows a strong dependence on pressure and distance. As for
the AFM scans, the remote (upper right) and the direct (lower left) plasma region can be
distinguished using the widths of the distributions in the histograms. In the lower right
panels we estimated the number of holes for each diameter to > 12 and the width of the
diameter distribution to be at least 600 nm, since an exact investigation of the hole number

and diameter was not feasible (see Figure [S1]).

The number of hexagons etched into the graphite surface as well as the width of the hole
diameter distribution reflect the number of ions inducing defects on the graphitic surface,

assuming a low intrinsic defect density on the surface of the graphite samples.

Exponential decay of reactive particles

The number of holes (purple) and the width of the diameter distribution (orange) is shown



in Figure against the distance between the plasma edge and the sample, d’ = d — Lj.
For d < 0 the sample is directly exposed to the glowing plasma, hence experiencing the
impact of ions perforating the graphite surface with uncountable, several layers deep holes.
For d > 0 on the other hand, the hole number and the width of the hole distribution
both appear to roughly decay exponentially with larger sample-plasma distance, with an
1/e decay length of ~ 5cm extracted from a fit to an exponential (dashed lines).
The radical concentration is decaying exponentially when moving down the axis of the
tube, and is given by [1I 2]
[H] = [H]o - exp (—a\/pd’) (1)

with sample-plasma edge distance d’, concentration [H|y at d = 0, pressure p, and the
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Here, viperm = /8kpT/(mm) ~ 2’750 m/s is the molecular H, thermal velocity, with Boltz-

geometrical factor a:

mann constant kp, hydrogen mass m and temperature T'. The material dependent recom-
bination coefficient [I, 2] of the radicals is v ~ 7.5-107%, R = 4cm is the radius of the
quartz tube and D' = 7.39atm cm?/s is the temperature dependent diffusion coefficient
[3, 4] taken here at ~ 700 K from Ref. 3. Note the explicit pressure dependence of the decay
length. Here, this results in a decay length of &~ 12cm at p = 1 mbar, which is consistent
with our data. As mentioned in the main manuscript, the recombination of the radicals in
the gas phase is expected to be irrelevant and the radicals only recombine at the surface of

the quartz tube for the pressure range p ~ 1 mbar used here.

Raman measurements before and after plasma exposure

The influence of the H atoms on the graphene quality was further investigated by per-
forming Raman measurements before, after 3 h and after 5 h of plasma exposure, as shown in
Figure[SHl To compare the Raman traces, we subtracted the background before normalizing

the traces with the graphene G peak height at ~ 1582cm~!.

The Raman scans taken on
the bare hBN substrate in panel D are normalized to the SiOy peak (not visible) to allow
comparison. All Raman measurements presented in this work were acquired with a green

laser with a wavelength of A = 533 nm, where the bulk hBN F,, peak at 1366 cm™" and the
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graphene D-peak at 1350 cm™?) are close to each other. Nevertheless, in many cases a weak

D-peak can still be reliably extracted.

Panel D shows Raman spectra of the hBN flake before (yellow), after 3h (blue) and after
5h (red) of remote H plasma etching. The hBN Es, peak [5] shape, height and position does
not significantly change, indicating no or only insignificant interaction of the hBN with the
H plasma. Panel E shows Raman spectra acquired on bulk graphene, again before (yellow),
after 3h (blue) and after 5h (red) of H plasma etching. We did not observe a D-peak in
the bulk of the graphene flakes even after 15h of plasma etching (not shown), indicating no
induction of defects or hydrogenation of our samples [0 [7]. Note that after the end of the
plasma exposure, the samples are annealed in vacuum while the oven is cooling down from

process temperature to room temperature.

Significant information about the type and quality of edge can in principle be obtained
from Raman spectra of the graphene edge [§]. However, care needs to be taken to not
overheat and possibly reconstruct or otherwise change the edge with the laser [9] when
illuminating the graphene edge on S0, at a laser power of 1.5 mW or more. Our spectra
do not meet these low power requirements. The damage threshold for graphene on hBN is

not known, and study of these effects goes beyond the scope of this work.
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FIG. S1. Distance and pressure dependence of graphite plasma exposure. AFM to-
pography scans at all parameters investigated in Figure 1E in the main paper. All AFM images
are 2 x 2 um? in size. The cyan curve marks the transition from the remote (upper right) to the
direct (lower left) plasma region. On some surfaces, particles are visible which probably are amor-
phous carbon residues, either grown or deposited during the etching process (see AFM scans for

p = 0.7mbar and d = 37cm or p = 1.4 mbar and d = 42 cm).
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FIG. S2. Distance and pressure dependence of graphite plasma exposure. Histograms
(10 nm bin size) showing the number of holes for all pressure and distance parameters corresponding
to Figure obtained from 10 x 10 um? AFM scans. For AFM scans of strongly etched surfaces,

we plot 12 holes for every hole diameter.
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FIG. S3. Number of holes (purple, left axis) and width of diameter distribution (orange, right

axis) as a function of effective distance d' = d — L.
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FIG. S4. AFM images of BL graphene on an hBIN substrate time series after 8 h, 12 h
and 18 h of remote H-plasma exposure (upper panel). AFM profiles (lower panel) taken along
paths indicated in upper panel (color coded). Averaging over the vertical range as indicated by
the finite vertical width bars in the upper panel is performed to obtain an improved signal. These
cuts demonstrate that the hBN substrate is not etched by the H-plasma, since the graphene step
height is independent of exposure time. The center pillar appears to be growing with exposure

time.
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FIG. S5. Raman spectra and spatially resolved Raman scans of the hBN sample in the
main paper. Panel A: optical image of a graphene on hBN sample. Panel B: Raman map of the
2D peak of the same graphene flake before H plasma exposure. Panel C: AFM topography scan
showing the region where the Raman single spectra were taken. The scale bars in Panel A to C
are 2 ym. Panel D and E: Raman spectra of the bare hBN flake (panel D) and bulk graphene on
hBN (panel E) before (yellow), after 3h (blue) and after 5h (red) of remote plasma exposure. The
Raman spectra are vertically shifted for clarity. Panel F and G: 2D maps of the G peak (panel F)

and D peak (panel G) of the flake region shown in panel C.
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