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The scattering and energy distributions of ions (**Ne™ and “He™) transmitted through a Ga implanted single-
crystal Si (00 1) membrane are studied both experimentally and with a Monte-Carlo binary collision approxi-
mation code (IMSIL). The membrane is studied in both a [001] orientation to the ion beam as well as an inverted
orientation. Both the scattering and energy distributions of the transmitted particles reveal a strong dependence
on the membrane orientation due to the amorphization of the Si surface. When ions well-aligned to the [001]
axis first encounter the crystalline layer, they primarily travel along the axial channel before being randomly
scattered by the amorphous surface layer, yielding a random scattering distribution. Alternatively, when the
trajectories are initially randomized by the amorphous surface, a large fraction of the ions are directed to higher
energy-loss pathways upon entering the crystal, such as planar channels and random trajectories. The resulting
scattering distribution reveals the crystalline features of the sample (e.g., star pattern) but with a larger energy
spread and a higher average energy loss than the former case. This work aims to extend transmitted ion beam
imaging and ion energy-loss analysis in the keV range to complex heterostructures with both crystalline and

amorphous regions.

1. Introduction

As ions travel through a material, they transfer some of their energy
to the atomic nuclei and electrons of the material, and the rate at which
the material absorbs the particle’s energy is called the stopping power
[1]. In the case of nuclear interactions (which typically dominate at
lower energies [2]), energy is transferred between the projectile ion and
the target nuclei in the form of elastic scattering events, which can lead
to permanent displacement of the lattice atoms, collision cascades,
sputtering, and eventually, amorphization for crystalline samples [3].
The projectile can also inelastically transfer energy to the electrons of
the material, and the electronic stopping power is strongly dependent on
the ion velocity [4]. In particular, charge-exchange with the incident
ion, promotion of electrons to higher states (e.g. valence to conduction
band), induced plasmon resonances [5], and generation of secondary
electrons, can all play a role in slowing the incident particle. However,
the mathematical separation of the nuclear and electronic stopping
powers relies on projectile-target interaction potentials derived from the
instantaneous electronic ground state (e.g., the adiabatic
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approximation) [6], which is typically only valid for particle velocities
well above the Bohr velocity (i.e. well above the electron orbital
velocities).

In amorphous samples, and for random trajectories within crystalline
samples, incident ions interact with the sample atoms at random in-
tervals and impact parameters. However, if an incident ion beam is well
aligned to the symmetries of a crystal lattice (up to a critical acceptance
angle [7-9]), then the ions can be steered into channels, where potential
wells created by the periodic structure of the crystal can gently steer
particles back to the center of a channel if they have a sufficiently low
transverse velocity, leading to reduced nuclear stopping power [7,10].
The highest symmetry directions within a crystal are the zone axes,
where many low-order (e.g. {100}, {110}, etc.) atomic planes intersect,
though ions can channel along a large number of even higher-order axes
and planes [11]. Due to the significantly reduced nuclear stopping in the
channeling condition, electronic stopping becomes of much higher
importance. The ions traveling in these channels take on an oscillatory
motion as they are repeatedly steered back to the center of the channel
by the repulsive forces at the sides of the channels, and due to the
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relationship of these repulsive forces with the impact parameter, a va-
riety of initial impact parameters lead to similar trajectories. These
converging trajectories result in peaks in the particle flux within the
crystal, and for very thin crystals result in characteristic rainbow
channeling patterns [12,13]. In the presence of defects (i.e. vacancies,
interstitials, dislocations, stacking faults, and volume defects) [14] or
due to thermal vibrations of the crystal lattice [15], even well channeled
ions may eventually be dechanneled.

Closely related to channeling is blocking. When a particle scatters
from a lattice site into a crystallographic direction (i.e., axial or planar),
then its trajectory is necessarily aligned with other lattice sites, pre-
venting the particle from continuing in that direction. This condition
leads to a reduction of, e.g., backscattering intensity along crystallo-
graphic directions [16]. However, defects in the crystal lattice (e.g.
interstitial atoms) can potentially scatter ions into channeling conditions
[17].

Finally, the surface quality of a crystal can influence the ion trajec-
tory as it enters the crystal, potentially leading to significant scattering
of the beam before channeling can occur [18]. Indeed, screening oxides
have been used in the semiconductor industry in ion implantation to
avoid channeling and achieve a shallower implantation profile by
randomizing the direction of the ions as they enter the crystal [19].
However, for certain orientations of the incident beam (i.e. off-axis), this
screening layer can actually increase the implantation depth as the
random surface scattering redirects the incident ions into channels
[20,21]. Holenak et al. recently showed that the earlier redirection of
ions into channeling conditions by an amorphous layer — for simulations
of transmitted ions with an off-axis beam alignment — leads to reduced
ion energy loss [22].

This work compares experimental and simulation results for ion
channeling in a thin membrane sample with a heavily amorphized sur-
face for incident ion velocities just below the Bohr velocity (vp = 2.19 x
10° m/s). We explore the influence of inverting the sample to place the
amorphous layer at the top of the membrane versus the bottom of the
membrane, highlighting the impact of limiting the region of ion-induced
beam damage to just the surface layer of the crystal (see Miksov4 et al.
[23] for an example of He™ ion channeling in a thin Si (100) sample
with ion-beam induced damage across the entire layer thickness).
Furthermore, we explore the evolution of the scattering and energy
distribution as a function of depth in the sample via simulation to better
understand the influence of the position of the amorphous layer. This
work aims to extend transmitted ion beam imaging and ion energy-loss
analysis in the keV range to complex heterostructures with both crys-
talline and amorphous regions (e.g. semiconductor devices, thin film
coatings, and geological specimens). At these lower energies, ion-beam
probe sizes down to 0.5 nm can be formed (e.g. the helium ion micro-
scope — HIM [24]), thus allowing for nanometer scale transmitted ion-
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beam analyses of samples (see [25] for an example of scanning trans-
mission ion microscopy on HIM).

2. Methods
2.1. Experimental samples

The samples used for this work were 200 nm thick single-crystal Si
membranes with a tensile strain to ensure that the membrane remained
extremely flat for the channeling experiments. Membranes with similar
specifications were purchased from another vendor and also used as a
reference for the pristine crystal. The channeling results from the pris-
tine membranes are shown in Fig. Al of Appendix A. The samples came
in the form of square chips (5 x 5 x 0.2 mm Si support frame) with the
surface of the membrane being parallel to the (0 0 1) plane and the edges
of the chip being parallel to the {1 1 0} family of planes (see the refer-
ence axes in Fig. 1). The membrane windows were 1 x 1 mm.

The top side of the membranes was implanted with ®°Ga™ ions using
a 30 keV *Ga liquid metal ion source (LMIS) on a Thermo Fisher Sci-
entific SCIOS dual-beam FIB-SEM, to achieve a dose of 1 x 10'® at-cm™2.
At 30 keV, Ga has a projected range of about 28 nm in Si (according to
simulations performed with TRIM) [26]. From the ion depth profile as
obtained by TRIM, it was calculated that the Ga reached a peak con-
centration of approximately 8 % at the projected range for the implanted
dose. This high Ga dose created an amorphous surface layer on one side
of the sample, while leaving most of the volume of the sample undam-
aged [27]. It is expected that there will also be a several nanometer thick
interfacial transition between the amorphized surface and the crystal-
line region [28]. From the TRIM calculations, the number of target
displacements can be calculated as a function of depth, which for an
amorphization threshold of 1.3 x 106 displacements-cm_3 [29] (0.26
displacements per atom) gives an amorphous layer thickness of 48 nm.
Furthermore, the high implantation dose is also expected to sputter
away some of the surface layer. Based on a sputter yield of 2.28 for 30
keV Ga into Si, 4.5 nm (or just over 2 %) of the membrane thickness
would be removed.

After implantation, the sample was annealed under high-vacuum in a
rapid thermal processing system at 700 °C for 1 min with a 30-minute
linear ramp-up and ramp-down to avoid thermal shock. The original
purpose of the anneal was to restore crystallinity to the damaged area of
the membrane while retaining the implanted Ga [30]. However, Ruth-
erford backscattering spectrometry (RBS) measurements after the ex-
periments shown in this paper indicated that there was very little Ga
remaining within the sample (similar loss of Ga implanted in Si during
annealing has been reported in literature [31]). The RBS measurements
also revealed some small amount of Pt at the sample surface, likely
coming from organometallic precursor contamination within the
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Fig. 1. Schematic of the experimental setup within the ToF-MEIS showing (a) the sample with an inlay of the Si(100) crystal lattice as seen from the perspective of
the beam, and (b) the detector. The angles shown on the detector are used as a reference for the plotting and the Miller indices correspond to the direction in the

crystal projected onto the detector.
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implantation chamber, as is common on dual-beam FIB-SEMs equipped
for nanofabrication. In summary, the amorphous layer is estimated to
have a thickness as high as 25 % of the layer but is likely much thinner
due to both the sputtering of the top surface and the post-implantation
anneal.

2.2. Experimental setup

The samples were measured using the Time-of-Flight Medium En-
ergy Ion Scattering spectrometry (ToF-MEIS) facility at Uppsala Uni-
versity. This system is based on a Danfysik ion implanter model 1090,
capable of creating beams of nearly any element with accelerating
voltages up to 350 kV. For our work, we used beams of both *He™ and
22Ne™ at 50 keV and 280 keV, respectively. While 22Ne is 5.5 times more
massive than “He, the chosen accelerating voltages give approximately
the same ion velocity of ~1.6 x 10® m s~1, which is slightly below the
Bohr velocity (vp = 2.19 x 10° m/s). The beamline additionally has a
synchronized chopper-pulser configuration capable of creating beam
pulses down to 1 ns. Before reaching the sample, the beam can be
focused (to a spot size of <1 mm at the sample plane with a beam
divergence better than 0.056° [32]) and is deflected a few degrees to
remove any neutrals. Inside the main chamber, the system has a 120 mm
diameter microchannel plate with delay-line detector (MCP-DLD) from
Roentdek with a temporal resolution of <250 ps, which can be moved
around the sample at a fixed distance of 290 mm from the center of the
chamber to allow for both forward and backscattering measurements.
The time delay between pulsing and detection is measured with a time-
to-digital converter (TDC) with a temporal resolution of <100 ps. A
detailed discussion of the physical layout and electronic systems of the
ToF-MEIS system can be found in Linnarsson et al. [33], as well as its
updated capabilities in Sortica et al. [34] and Ntemou et al. [35].

Within this work, the MCP-DLD detector was exclusively placed
directly behind the sample in the transmission mode to collect the
transmitted ions/neutrals using a methodology developed by Lohmann
et al. [36], with the beam aligned along the [001] direction of the Si
crystal. The pulsing and chopping configuration of the ToF-MEIS system
was used to achieve a pulse width of approximately 1 ns, which was
measured from the direct beam and verified throughout the experiments
by measuring the width of the photon peak. Photons generated by beam
interactions with the sample arrive at the detector after ~1 ns (much
faster than the ions) and can be used as a reference point in the data to
determine the precise time-of-flight [37]. It should be noted that in the
images produced by the DLD there are several lines that appear as an
artifact of the data processing that are not part of the data (see Fig. A2 in
Appendix A).

Over the course of the experimental measurements, the sample was
exposed to approximately 10° at-cm™2 of He" ions and an equivalent
dose of Ne™ ions. These values are well below the expected threshold for
significant damage to the sample for either He" or Ne' ions in these
energy ranges, and so it is not expected that the ion induced damage
from the measurement beams has influenced the experimental results.

2.3. Simulation

The IMplant and Sputter simuLator (IMSIL) code [38] used in this
work is a Monte Carlo binary collision approximation (BCA) code
developed and maintained by Gerhard Hobler at TU Wien. This code is
capable of simulating ion scattering in targets with up to one crystalline
region and an arbitrary number of amorphous regions. Full details of the
code can be found in the IMSIL manual (available online at [39]). The
virtual sample used for this work consists of two layers: a diamond-cubic
Si crystalline layer (designated ‘C’) of 175 nm thickness with the (001)
plane normal to the incident direction of the beam and a 25 nm thick
amorphous Si layer (designated ‘A’). The virtual sample was oriented in
both C-to-A (or CA) as well as A-to-C (or AC) configuration with respect
to the incident beam. An additional virtual sample consisting of only a
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200 nm thick crystalline silicon layer was also simulated under the same
conditions for reference.

The incident beam conditions were the same as the nominal ones of
the experiments (i.e., 50 keV *He™ and 280 keV 2’Ne™). With a starting
beam divergence of 0°, 10° ions were simulated per sample, with the
ions hitting the sample within the size of a crystal unit cell and being
tracked until the point where they left the sample, or their energy fell
below 10 eV. In the crystalline layer, collision partners were selected
from the target atoms, assuming Gaussian displacements from the lattice
sites according to the Debye model with a Debye temperature of 490 K
[38]. In the amorphous layer, the free flight paths were chosen ac-
cording to an exponential distribution with a mean value guaranteeing
that no collisions with scattering angles larger than 0.01° were missed
[40]. For the treatment of the scattering events, the ZBL interatomic
potential [41] was used, and for electronic stopping a mixed local/
nonlocal model as described in Ref. [42] was used. Electronic energy-
loss straggling was neglected. Full trajectories (i.e., one datapoint for
each scattering event of each ion) including direction cosines and en-
ergies as well as histograms describing the ions as they exit the virtual
sample were recorded as the output of the simulation.

2.4. Data treatment

The ToF data from the experiments at the ToF-MEIS system at
Uppsala were pre-processed to remove extraneous events (see Appendix
B for details), and then shifted by an offset Cr,r, which was chosen as the
center of the photon peak (this offset represents the time between the
electronic pulse signal and the arrival of the ions at the sample). Data
points with a negative ToF relative to Cror were dropped from the
dataset. The time-of-flight data was then converted to particle energy
according to Eq. (1).

1 d\?
E— 5m(tm) &)

Where d is the distance from the sample to the detector, m is the mass of
the particle, and tr,r is the particle flight time. The additional flight time
due to the scattering angle was not accounted for, however, this only
results in a maximum of 2 % error in ToF at the edge of the detector (i.e.,
at the maximum scattering angle). The converted data was collected into
normalized energy histograms, where the weight of each count was set
to according to a power-law relation (seen in Eq. (2) below) to account
for histogram bins at higher energies corresponding to smaller time
windows (e.g. for 290 mm flight distance and ?>Ne, AE = 1000 eV is
equivalent to At = 53 ns at 10 keV, but only At = 1.56 ns at 100 keV).

E 1.5
Weount = (E) (2)
0

Where E is the energy of the count and E is the beam energy. Finally, the
data was placed into evenly spaced energy slices (10 keV slices for Ne;
0.75 keV & 1 keV slices for He) and binned according to its XY co-
ordinates (128 x 128 pixels) to create a series of energy-dispersive
scattering images. The methodology of energy slicing used in this
work builds upon the methodology developed by Holendk et al. [43].

For the simulation data, the position and trajectory output of IMSIL
at the exit surface of the sample was used to determine the ultimate
position of the particles on the detector plane according to Eq. (3) below,
and any data points outside of a 60 mm radius were discarded, as they
would be outside of the detector area in the experiments.

XpLp = Xsample + U—
Uy

d
Ypip = ysa.mple + uyu_ (3)
Z
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Where xpyp is the x position on the MCP-DLD detector, Xsample is the x
position on the sample as the ion leaves the target, 1y is the x direction
cosine, u, is the z direction cosine, and d is the distance from the sample
to the detector (290 mm for the experimental setup). After this initial
step, the data was treated identically to the experimental data. It should
be noted that within our simulations, the lateral distances traveled by
the particles within the sample were negligible compared to the detector
distances, and thus the primary contribution to the detector impact
position comes from the direction cosines.

Finally, for the full-trajectory simulations, the instantaneous trajec-
tory of each particle was determined at 1 nm intervals along the depth of
the virtual sample. This dataset was collected into two representations.
The first is simply a depth series of particle positions, detector scattering
images, and energy distributions, which are shown as videos in Ap-
pendix C (NOTE: see online version of the manuscript for videos). For
the detector images, the instantaneous trajectory at each depth was
transformed according to the same calculations as the “exit-plane only”
simulation results (i.e., Eq. (3)), as if the particles had exited a sample
whose thickness was that depth. The second representation is a set of
graphs with depth as the x-axis, and particle position, an angular spec-
trogram, detector-plane scattering deviation, and average particle en-
ergy as the y-axes (Fig. 6).

Here the detector-plane scattering deviation is defined as the stan-
dard deviation of the radial impact position of the particles on the virtual
detector. While the angular distribution of the particles could be directly
accessed from the simulations, the scattering deviation acts as a proxy
that is in units directly comparable to the experimental results. It should
be noted that the highest scattering angles are excluded, as they fall
outside of the detector area. The angular spectrograms were created by
converting the crystal trajectories to polar coordinates, and then binning
by angle (3° bin size) for each depth. The crystallographic direction is
used to clarify how the angle corresponds to the crystal lattice.
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3. Results and discussion
3.1. Experimental and simulation (exit-plane only) results

The results shown in this section are only from the experiments and
simulations performed with the 22Ne™ ion beam, but similar results were
found with the “He™ ion beam (see Fig. S1-4 in the Supplementary Ma-
terial — Appendix D). Note that for ease of viewing, the color scale is
normalized to each subfigure.

Fig. 2 shows the experimental results for the AC configuration of the
sample (i.e., with the amorphized side facing the incident beam) for the
280 keV 22Ne™ ion beam. The pattern seen in Fig. 2a(i) is from stray
particles (e.g., scattered off an aperture edge) passing around the sample
holder. The majority of the ions which have passed through the sample
have lost at least ~ 40 keV. The highest energy transmitted particles (see
Fig. 2a(ii)) are concentrated near the center of the transmission pattern
and correspond to the ions which have primarily channeled along the
[001] zone axis. The star-like pattern corresponds to particles chan-
neled along the {220} family of planes ({220} is the first subset of
{110} in the diamond cubic structure of Si that is not subdivided by
another plane of atoms). By Fig. 2a(v), the secondary set of arms for the
star pattern emerge, corresponding to particles channeled along the
{400} family of planes (similarly, {400} is the first subset of {100}).
Finally, the ions which have lost the most energy are those from random
trajectories. A subset of these trajectories are blocked by the crystal
lattice, which can be seen in Fig. 2a(vii), where the {220} blocking
pattern appears, followed by the {400} blocking pattern emerging in
Fig. 2a(viii).

The energy spectrum (Fig. 2b) shows a somewhat flat plateau,
indicating a multimodal distribution, with a weighting towards lower
energies (i.e. higher energy loss trajectories). While the amorphous
surface layer initially scatters the particles into random directions, some
ions are directed into the channels. These various trajectories are each
associated with their own energy-loss distribution, which in order of
increasing energy-loss are: [001] axial channel, {220} planar channels,
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Fig. 2. Experimental results for the AC configuration with 280 keV ?Ne* beam. (a) Each sub-figure represents a 10 keV bin from (b) the energy spectrum (500 eV
binning); dashed grey line in (b) is CA configuration shown here for comparison. Some of the counts in (i) are from stray particles which passed around the sample. A
clear transition from channeling to blocking can be observed between (vi) and (vii). NOTE: the color scale is unique to each subfigure. (c) Shows the crystal structure
of the Si sample as seen from the perspective of the beam. (d) Shows the orientation of the sample in cross-section relative to the beam.



D. Andersen et al.

{400} planar channels, and random scattering. However, it is clear from
the corresponding images for each energy bin that there is significant
overlap in the energy-loss from each type of trajectory.

Fig. 3 shows the IMSIL results for the same AC configuration of the
sample. A very similar set of patterns emerges, though the simulated
pattern shows several details (e.g. distinct ring pattern and bifurcation of
the arms of the star) which are not present in the experimental pattern.
We believe these features are due to the oscillations of the ions within
the channel, where trajectories closer to the edges of the channel (and
thus corresponding to a higher angle) experience greater energy loss.
The missing pattern features can be partially explained by a relatively
low sample quality in the experiment, as these ring patterns have been
seen clearly in previous work on Si thin membranes at the Uppsala ToF-
MEIS system [43]. The pristine samples used in this experiment show a
channeled spot with a full-width half-maximum (FWHM) value of over
10 mm and the pristine sample from another vendor shows a spot with a
FWHM of 5 mm, while the virtual sample shows a spot with a FWHM of
only 1.5 mm (see Fig. Al in Appendix A). Furthermore, the limitations of
the physical beam (~1 mm diameter and <0.056° divergence) will also
impact the detector pattern quality compared to the simulated beam
(5.43 A square and 0° divergence).

Overall, the energy spectra in Fig. 2b and Fig. 3b are quite similar,
with the transmitted particle energies forming a plateau-like distribu-
tion, and a similar peak width between the experimental and simulation
results. However, in the experiment, the trajectories appear to be
weighted more towards the higher energy-loss trajectories than in the
simulation, where the plateau is quite flat (except the bump around 190
keV, which corresponds to random trajectories). This energy distribu-
tion also consistent with the perfect crystallinity of the virtual sample
compared to the lower-quality real sample.

Fig. 4 shows the experimental results for the CA configuration of the
sample (i.e., with the crystalline side facing the incident beam) for the
280 keV 2’Ne™ ion beam. Again, the majority of the ions which have
passed through the sample have lost at least ~40 keV. None of the
patterns show crystalline features. Since the crystal is encountered first,
it is likely that the scattering distribution resembled Fig. Ala before
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reaching the amorphous layer, where the average angle of the scattering
distribution greatly increased. Thus, it appears that the ions primarily
traveled along the [001] axial channel of the Si lattice and were then
randomly scattered by the amorphous layer on the exit surface. In the CA
configuration, the energy spectrum (Fig. 4b) is weighted towards higher
energies, but still shows a plateau-like distribution. While the detector
scattering pattern appears more random for the CA configuration, the
overall spread of the energy distribution is slightly lower than that of the
AC configuration. This apparent discrepancy in scattering pattern and
energy distribution comes from the trajectories the ions follow for the
majority of the sample thickness, which is discussed in Section 3.2
below.

Fig. 5 shows the IMSIL results for the CA configuration of the sample.
The scattering patterns in Fig. 5a are qualitatively similar to the
experimental results shown in Fig. 4a. However, the simulated ions have
lost significantly less energy on average (Fig. 5b) than in the experi-
mental results (Fig. 4b). The crystal quality could be a significant factor
in why the experimental energy spectrum has a more plateau-like dis-
tribution compared to the simulation, as it can be noted that the pristine
sample already shows some features of the star pattern (Fig. Ala), and
thus some ions are already traveling along planar channels.

3.2. Full trajectory simulation results

The full trajectory IMSIL simulation results are shown in full as a
depth series of particle positions, detector scattering images, and energy
distributions in Appendix C and are summarized in Fig. 6. Fig. 6a,b show
2D histograms of the full trajectories of the ions through the sample as
viewed from the [110] direction for both (a) the AC configuration and
(b) the CA configuration. The stripes which can be seen across the depth
of the histograms correspond to channeled ions. The stripes near the
center of the width correspond to ions traveling in [001] axial channels
(with superimposed {220} planar channeling). For the AC configura-
tion, the ions are initially scattered randomly by the amorphous surface
layer, but many are redirected into channels upon entering the crystal.
For the CA configuration, while there is some random scattering, the
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Fig. 3. IMSIL simulation results for the AC configuration with 280 keV 22Ne* beam (10° ions simulated). (a) Each sub-figure represents a 10 keV bin from (b) the
energy spectrum (500 eV binning); dashed grey line in (b) is CA configuration shown here for comparison. NOTE: the color scale is unique to each subfigure. (c)
Shows the crystal structure of the Si sample as seen from the perspective of the beam. (d) Shows the orientation of the sample in cross-section relative to the beam.
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250 - 240 keV 240 - 230 keV 230 - 220 keV
) (b) 100, —— CA
AC
ES)
10
‘©
£
2
220 - 210 keV 210 - 200 keV 200 - 190 keV o 52
. 2 10744
\Y \% ]
(o]
o
10 M‘M VIV VEGSV v Tl
1101
140 160 180 200 220 240 260
Energy (keV)
190 - 180 keV 180 - 170 keV 170 - 160 keV (C) (d)
vii o & ° z
()
%
S
O Crystalline
[001] (119) Amorphous
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Shows the crystal structure of the Si sample as seen from the perspective of the beam. (d) Shows the orientation of the sample in cross-section relative to the beam.

majority of the particles remain channeled until reaching the amorphous crystalline layer. The central dip in intensity at the major crystal axes is
layer. due to blocking. The periodic patterns in Fig. 6d highlight the features

Fig. 6¢,d show angular spectrograms as a function of depth in the that emerge in the transmission pattern due to the oscillatory motion of
virtual sample. Fig. 6¢ shows that the transverse component of the ion the ions in the channels (see, e.g., rainbow channeling [44]). Once the
trajectories is initially randomized by the amorphized layer, but that the ions reach the amorphous layer, they are scattered randomly, and no
ions are redirected into the planar channels once they enter the pattern is seen in the angular spectrogram.
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Fig. 6. Summary of the *?Ne particle trajectories and energies as a function of depth in the sample for 10° simulated ions. (a,c,e,g) represent the data from the AC
virtual sample, while (b,d,f,h) represent the data from the CA virtual sample. (a,b) are 2D histograms of the particle positions as seen from the [110] direction. (c,d)
are crystal direction spectrograms, showing the scattering intensity into certain angles (3° bins). (e,f) are the standard deviation of the scattering position of the ions
as seen from the detector. Finally, (g,h) track the average particle energy and standard deviation (red band) as seen on the detector. NOTE: The arrows above (e,f)

indicate the region of the virtual sample which is amorphous vs. crystalline.

Fig. 6e,f show the standard deviation of the intensity distribution on
the detector as a function of depth in the sample. While the data is not
Gaussian, the standard deviation acts as a useful proxy for the scattering
distribution on the detector. Fig. 6e shows a roughly logarithmic in-
crease in standard deviation of the scattering pattern (this is influenced
by the fact that ions falling outside of the detector area are not included),
with significant scattering occurring before reaching the crystalline
layer. Fig. 6f shows that the scattering increases precipitously at the
transition between the crystalline and amorphous regions in the CA
configuration.

Finally, Fig. 6g,h show the average particle energy and standard
deviation as seen on the virtual detector as a function of the depth in the
sample. The slope of the curve in Fig. 6g is much higher than that of
Fig. 6h within the crystalline region, indicating greater energy-loss per
unit depth in the crystalline region of the virtual sample for the AC
configuration than the CA configuration. This is consistent with the
hypothesis that the ions travel in pathways of higher energy loss on
average after being scattered by the amorphous surface layer. In addi-
tion, the standard deviation of the energy is larger for the AC

configuration. The mean and median curves are coincident for the AC
configuration, indicating a symmetric distribution. For the CA configu-
ration, however, the median is higher than the mean, indicating a
skewed distribution where a relatively large fraction of the ions has lost
less energy than the mean value. This skew comes from the fact that
most ions stay channeled while a small fraction are randomly scattered.

Fig. 7 shows a schematic summary of the proposed mechanism for
the effect seen in this paper: namely that the presence of an amorphous
layer on one side of a thin membrane significantly impacts both the
spatial and energy distribution of the transmitted particles depending on
whether it is on the incident side (AC) or the exiting side (CA). The inset
spectra demonstrate representative energy distributions of the various
trajectories within the sample (though it is not possible to fully decouple
the trajectories), created by choosing a region of interest (ROI) from the
detector image associated with that trajectory (e.g. the pattern center for
axial, arms of the star for planar, and neither for random). The spectra
seen in Fig. 7 come from ROIs chosen from the experimental data shown
in Fig. 2, but are only shown to illustrate the decomposition of the
multimodal distribution.
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Fig. 7. Schematic showing the difference in the scattering in the AC configuration and the CA configuration. For the AC, the ions are scattered randomly in the
amorphous layer, but some fraction is rechanneled in the crystalline layer along the axial and planar channels, leading to a distinctly crystalline transmission pattern.
On the other hand, for the CA configuration, the ions pass mostly undisturbed through the crystalline layer, but are scattered randomly in the amorphous layer,
leading to a radially uniform diffuse scattering pattern. INSET: The inset spectra (2 keV bins) show a decomposed version of the experimental energy spectrum for the
AC configuration (see Fig. 2b), created by selecting regions on the detector representative of axial, planar, and random scattering trajectories. These spectra are

shown for illustrative purposes only.
4. Conclusions

Comparing experimental and simulation results for both cases, i.e.,
the amorphous surface layer either facing the ion beam (AC configura-
tion) or not (CA configuration), there is excellent qualitative but not
fully quantitative agreement. The discrepancies are consistent with the
idealized assumption of perfect crystallinity of the C layer in the simu-
lations. The results from both the simulation and the experiment lead to
the unintuitive conclusion that the transmission pattern with apparently
random scattering has a smaller energy spread and less average energy
loss, while the transmission pattern with a distinct crystalline pattern
has a larger energy spread and greater average energy loss. This
apparent paradox is solved in the following way: in both the AC and the
CA configuration of the sample, the ions lose similar energy passing
through the amorphous surface layer (see Fig. 6g,h); however, in the CA
case the ions lose relatively little energy traveling along the [001] axial
channel of the sample before being randomly scattered by the amor-
phous layer, while in the AC configuration the amorphous layer re-
directs many ions into higher energy loss paths, such as planar channels
and random directions. The difference in energy loss for the [1 00] axial,
{220} planar, and {400} planar channels can be attributed to the dif-
ferences in the electronic stopping power along these directions in the
crystal. Furthermore, the full-trajectory simulations corroborate the
inferences made from the scattering patterns and energy spectra of the
transmitted ion data.

Within this manuscript we only show results for ion beams aligned to
the [001] axis of the crystal, however, some conclusions can be inferred
about what may happen for various tilts. For tilts that are very close to
the zone axis (i.e. within the critical acceptance angle), it is likely that
there would be very little difference. The features in transmission pat-
terns seen for small tilts of thin high-quality crystals (e.g. doughnut
shapes [45]) are obscured by the scattering in the amorphous layer.
Holenak et al. have recently reported the impact of thin amorphous
layers (in AC configuration) on the energy-loss spectra and transmission
patterns for 100 keV Si transmitted through 50 nm Si membranes. For a
random tilt, the amorphous layer directs a larger fraction of the particles

into the channels, thus reducing their energy loss [22]. This is the
opposite of what is seen for the axial configuration in this work, where
the surface amorphous layer directs ions away from the axial channel
and into higher energy-loss trajectories.

While the results appear consistent for different ions of similar ve-
locity (see “He™ results in the Supplementary Material — Appendix D), it
should be emphasized that they may not hold for significantly different
ratios of the amorphous and crystalline layers (in this work between 10
% to 25 % of the membrane is expected to have been amorphized), or for
significantly different particle velocities. These results are of particular
interest for potential applications of transmitted ion microscopy in the
keV range for more complex structures, which may have both amor-
phous and crystalline layers (such as semiconductor heterostructures,
geological specimens, and thin film coatings). In such cases, the order of
the layers can impact the interpretation of both the scattering and
energy-loss results.
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Appendix A. Pristine samples and experimental data processing artifacts

Below are shown the channeling patterns for the pristine samples. Fig. Ala shows a pristine sample from the batch used for the experiments within
this paper. The presence of the star pattern indicates that it may have a lower surface or crystal quality than that of the sample shown in Fig. Alb,
which is from a different vendor, but has the same nominal properties (i.e., 200 nm thick single-crystal Si with tensile strain to maintain flatness).
Finally, Fig. Alc shows the pristine sample as simulated with IMSIL for 10° ions. Fig. A2 shows the artifacts seen in the experimental patterns from the
processing of the data.

Counts

Counts
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Fig. Al. Images showing the < 001 > channeling/scattering pattern for 280 keV 2?Ne* from (a) a pristine sample from the vendor used for the experiments in this
paper, (b) a pristine sample from another vendor, (c) a pristine virtual sample simulated with IMSIL. Note that the channeling pattern for (a) sample is more diffuse
and has a star-like pattern, indicating that this sample may have a lower crystal or surface quality. Line profiles are overlaid for each plot along with full-width half-

maximum calculated from a Gaussian fit in OriginPro 2019b.
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Fig. A2. Data shown as an example of the lines which appear on the detector images as an artifact of the data processing. (a) shows the data as collected and (b)
highlights the position of the lines.

Appendix B. Experimental data treatment

The experimental data at the ToF-MEIS in Uppsala is recorded in the Roentdek Listmode file format, which can be analyzed by the program
CoboldPC (COmputer Based On-line offline Listmode Dataanalyser). This data was exported to a space-delineated text format, where each line
represents a set of events (e.g. particles hitting the detector) at a fixed time (up to 4 events), and each event has an XY position on the detector and a
relative time as recorded by the TDC (i.e., from beam pulse to particle detection). However, secondary, tertiary, and quaternary events may sometimes
be caused by ringing in the electronics, and so only the first events have been kept in the data set.

Appendix C. Full-trajectory simulation data

The figures below show the full-trajectory simulations for 2?Ne™ (see online version of this manuscript for videos). The still frames shown below in
the offline version of the manuscript have been chosen to best highlight the salient features of the patterns which emerge in the videos. The images are
256 x 256 pixels, and the energy histograms have 100 bins from 0 to 280 keV (i.e., 2.8 keV per bin). Fig. C1 and Fig. C2 show the detector image and
energy distribution if the crystal abruptly ended at the thickness given at the top of the figure (i.e. as if the instantaneous ion trajectories were
projected onto the detector from that depth in the sample) for the AC configuration and the CA configuration of the sample, respectively. Fig. C3 and
Fig. C4 show the position of the ions within the sample for the AC configuration at the given depth for a field of view of 40 A and 400 A, respectively,
and Fig. C5 shows the same for the CA configuration. The significant increase in the number of low-energy ions in the energy spectra of Fig. C3-5
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compared to the spectra of Fig. C1-2 is because all ions that scatter outside of a 60 mm radius are excluded from the detector images and their energy
spectra. Finally, Fig. C6 and Fig. C7 show the energy of the ions as a function of position within the sample for both a 40 A and 400 A field of view,
correlating the relative energy loss to the trajectories within the sample.
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Fig. C1. (Left) Series of detector scattering images (120 mm field of view) and (Right) energy spectra as a function of depth through the virtual sample in the AC
configuration. The transition from the amorphous to crystalline layer occurs at 250 A. NOTE: Please refer to the online version of this manuscript for the anima-
tion.

Thickness: 250 A

30
104_
15
N ; 103.
= -
€ 0 5
g S 10%;
-15 101;
109 l
-30 : . .
-30 -15 0 15 30 50 100 150 200 250
X (mm) Energy (keV)

Fig. C2. (Left) Series of detector scattering images (60 mm field of view) and (Right) energy spectra as a function of depth through the virtual sample in the CA
configuration. The evolution of the rainbow channeling pattern can be seen. The transition from the amorphous to crystalline layer occurs at 1750 A. NOTE: Please
refer to the online version of this manuscript for the animation.
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Fig. C3. (Left) Series of images showing the particle position (40 A field of view) and (Right) energy spectra as a function of depth through the virtual sample in the
AC configuration. The “holes” in the pattern correspond to the atomic columns. The transition from the amorphous to crystalline layer occurs at 250 A. NOTE: Please
refer to the online version of this manuscript for the animation.
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Fig. C4. (Left) Series of images showing the particle position (400 A field of view) and (Right) energy spectra as a function of depth through the virtual sample in the
AC configuration. The “arms” in the pattern correspond to the ions traveling along planar channels. The transition from the amorphous to crystalline layer occurs at
250 A. NOTE: Please refer to the online version of this manuscript for the animation.
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Fig. C5. (Left) Series of images showing the particle position (20 A field of view) and (Right) energy spectra as a function of depth through the virtual sample in the
CA configuration. It is possible to see the oscillatory motion along the axial channels that leads to the rainbow channeling patterns. The transition from the
amorphous to crystalline layer occurs at 1750 A. NOTE: Please refer to the online version of this manuscript for the animation.
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Fig. C6. Series of images showing the particle position (Left: 40 A field of view; Right: 400 A field of view), where the intensity is the average particle energy as a
function of depth through the virtual sample in the AC configuration. (Left) the “holes” in the pattern correspond to the atomic columns. (Right) The “arms” in the
pattern correspond to the ions traveling along planar channels. Note the difference in average energy for the various trajectories. The transition from the amorphous
to crystalline layer occurs at 250 A. NOTE: Please refer to the online version of this manuscript for the animation.
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Fig. C7. Series of images showing the particle position (Left: 40 A field of view; Right: 400 A field of view), where the intensity is the average particle energy as a
function of depth through the virtual sample in the CA configuration. (Left) the “holes” in the pattern correspond to the atomic columns. The transition from the
amorphous to crystalline layer occurs at 1750 A. NOTE: Please refer to the online version of this manuscript for the animation.

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apsusc.2025.163734.

Data availability

The raw data used for both the experimental and simulation results is
available at https://doi.org/10.5281/zenodo.15658828.
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