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Contrast inversion in neutral-atom microscopy using atomic cluster beams
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This work explores the possibility of using atomic cluster beams as a probe for neutral-atom microscopy
(NAM) measurements. Using a beam of Kr clusters with mean size ~10* atoms/cluster we demonstrate that
topographical contrast can be obtained, similar to that in the case of monoatomic beams. Further, using
atomically thin films of MoS, grown on SiO,/Si substrate we show that NAM imaging using Kr clusters is also
possible in domains where topographical contrast is not expected. Surprisingly, these images show an inverted
contrast pattern when compared to the case of monoatomic beams. We attempt to understand these observations
on the basis of angular distributions resulting from cluster-surface scattering. Finally, we discuss the implications
of these results toward achieving a high lateral resolution neutral-atom microscope using atomic cluster beams
as probe, with an estimated ultimate achievable lateral resolution up to 20 nm.
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I. INTRODUCTION

Using beams of neutral atoms as a probe to image surfaces,
also known as neutral atom microscopy (NAM) or scanning
helium microscopy (SHeM, in the case of He atoms), is
an emerging microscopy technique that holds the promise
of probing surfaces in a soft manner [1,2]. Here, similar to
charged particle based methods (such as scanning electron
microscopy), an atomic beam typically with incident kinetic
energy in the range of 10-500 meV is made incident on the
sample of interest and the scattered atoms are detected in a
position-sensitive manner to generate a contrast map (image)
of the surface. One of the major questions in this area of
research is to understand contrast generation mechanisms,
which is intimately connected to the underlying atom-surface
collision dynamics. Another major challenge is to achieve a
high lateral resolution. This is largely constrained by the lim-
ited ability to manipulate and control a beam of slow-moving
neutral atoms.

In the context of microscopy, several schemes to manip-
ulate neutral-atom beams have been put forward in the past.
One approach is to focus atomic beams using precisely pre-
pared surfaces having high reflectivity and appropriate shape,
acting as mirrors for atomic beams [3—7]. Another approach
has been to use the wave nature of atoms and focus atomic
beams using zone plate structures [1,8—11]. Despite several
promising developments in these areas, focusing of atomic
beams well beyond 1 um spot size remains a scientific and
technological challenge.

Arguably, the most successful strategy to date is based on
the pinhole design, where a series of apertures are used to
collimate the incident atomic beam, consequently reaching
a high lateral resolution. This design is relatively easier to
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build and has been widely adopted by several groups [12—15].
At present, some of the best images in terms of signal-to-
noise ratio [14] and resolution (submicrometer) [2] have been
achieved using such pinhole designs. An excellent overview
of different NAM designs, following its systematic develop-
ment and current state of the art is provided in a recent review
article by Palau et al. [16].

Despite the promising developments in pinhole-based
NAM, several challenges still remain to be overcome. The
highest achievable lateral resolution is dictated largely by
the dimensions of the final collimation aperture (pinhole).
Using a smaller pinhole to increase the resolution is neces-
sarily accompanied by a loss of signal-to-noise ratio, as the
number of incident particles (and the corresponding scattered
signal) decreases. Therefore NAM imaging becomes difficult
in the region of submicrometer resolution. Additionally, with
pinhole sizes less than 1 um, diffraction of incident atoms
from the aperture starts becoming significant. This causes a
lateral spread of the beam, thereby limiting the obtainable
resolution for a given working distance. A detailed analysis
of this situation using numerical simulations has been carried
out by Palau ef al. [17]. By optimizing the positions of colli-
mating apertures, working distance, and accounting for lateral
spread of the incident atomic beam caused by diffraction,
they estimate that a resolution of 40 nm is achievable under
realistic measurement conditions. It should be noted that such
performance remains to be experimentally demonstrated.

In this regard, using beams of atomic clusters as a probe of-
fers some interesting possibilities. Firstly, large atomic density
of clusters can compensate for the loss of incident intensity,
enabling the use of much smaller pinhole sizes. At the same
time, heavier mass of individual clusters means negligible
diffraction effects, even in the case of small aperture sizes
(K1 um). It is worth pointing out that a necessary prerequisite
to evaluate the potential of these possibilities is to understand
whether the scattering of atomic clusters from surfaces can
give rise to contrast maps or not. In the case in which contrast

©2023 American Physical Society
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FIG. 1. (a) Schematic diagram of the overall experimental setup used for NAM measurements. TMP corresponds to turbomolecular pump.
Supersonic expansion from the nozzle is followed by a 200-um-diameter opening skimmer and a collimation aperture with diameter 50 um.
The collimated beam is made incident from the target sample, placed on a pair of piezo stages (XY), in the scattering chamber. A fraction of
the scattered flux around the specular direction (acceptance angle of ~32°) enters via the sampling aperture (1 mm opening diameter) into
the sampling tube, connected to a quadrupole mass spectrometer with differential pumping arrangement. (b) Schematic diagram of the pulsed
nozzle source and a custom-built conical aperture plate (to aid in cluster formation). A detailed view of the conical aperture plate is shown on

the right.

is observed, what is its nature and how does it compare with
the usual scenario of monoatomic beams? These questions
form the subject of our present study.

In the forthcoming sections, we describe the experimen-
tal methods used to produce and characterize atomic cluster
beams. Following this, we discuss the results of NAM mea-
surements using Kr clusters in topographical and beyond
topographical contrast regimes, where a contrast inversion is
seen. We discuss the possible origins of this unusual contrast
inversion and implications of these findings toward develop-
ing a high-resolution NAM.

II. EXPERIMENTAL SETUP

Experimental setup and sample preparation procedure used
in the present work is largely the same as in our previous
work [15]. Only specific features essential to understand the
present work are described in detail below. Figure 1(a) shows
a schematic diagram of the experimental setup used in this
work. A pulsed atomic beam source comprising the following
components was used: (a) pulsed solenoid valve (Parker 009-
1643-900; orifice diameter = 0.5 mm) and (b) a custom-built
aperture plate with a 10-mm-long conical opening with the di-
ameter of the smaller orifice being 360 wm and a half opening
angle of 6° [Fig. 1(b)]. This aperture plate was mounted on
the front plate of the pulsed valve while keeping their centers
aligned. He or Kr gas was allowed to expand supersonically
from this atomic beam source into the source chamber. A
200-um skimmer was used to extract the centerline intensity
from the gas expansion forming a beam in the first differen-
tial chamber. Finally, a 50-um aperture, placed inline, was
used to obtain a collimated beam. The width (full width at
half maximum, FWHM) of He and Kr beams, measured at a
distance of 15 mm (sample plane) from the final collimation
aperture using a knife-edge scanning method, were observed

to be 60 and 56 wm, respectively (see Appendix A). These
correspond to an angular divergence of <1 mrad. For He
and Kr beams, based on the pressure changes observed in
the detection chamber with the molecular beam on and off
(without the sample), we estimate that each gas pulse consists
of approximately 10'° atoms being incident on the sample.
This corresponds to a flux of ~10'® atoms/(s sr).

The estimated incident energy of the pure He beam is
65 meV while that for Kr monomers in 50% Kr + 50% He
mixture, is 124 meV. For Kr, clusters produced using the
same mixture it is estimated to be approximately nx 124 meV.
These estimations are obtained using the well-known relation
of terminal velocity in the case of supersonic expansions [18]
and are also described in more detail in our previous work
[15]. The collimated beam scatters from the sample placed
on a movable platform (XY) comprised of two piezoelec-
tric stages stacked over each other, housed in the detection
chamber.

A 180-mm-long flexible stainless steel bellow (inner diam-
eter approximately 3.6 mm) was used as a sampling tube with
an orifice of diameter 1 mm drilled at its end. One end of the
sampling tube was mounted on a single-axis manipulator, en-
abling measurement of the scattered signal at different angular
positions. In this setup the angular distribution measurements
were limited to a plane perpendicular to the scattering plane
(Fig. 2). A significant distortion was observed in our attempts
(results not shown here) in measuring in-plane angular dis-
tributions. Hence, we restrict ourselves to report and discuss
only the out-of-plane scattered distributions in this work.

For NAM measurements, the pulsed valve was driven
by a pulse valve driver (Iota One, 060-0001-900; Parker).
Opening time was set to 25 ms and the repetition rate at
2 Hz. Under these conditions, the steady-state pressures in the
source, first differential, and detection chamber were 3x 10~4,
5x107%, and 3x10~7 mbars, respectively. Quadrupole mass
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FIG. 2. Schematic representation of the experimental arrange-
ment used for the angular distribution measurements. Sampling
points represent the positions where the measurements were made
(perpendicular to the scattering plane) using a flexible sampling tube
mounted on a single-axis manipulator. At present, this arrangement
limits us to measure only out-of-plane angular distributions.

spectrometer (Stanford Research System; Residual Gas Ana-
lyzer 200) was used as a detector and its sampling rate was
set to 40 Hz. The resulting signal corresponded to pulses of
250-300 ms being detected. Channeltron voltage was set to
—1560 V corresponding to a nominal gain of 1.2x10*. The
dwell time at each sample position (pixel) was set to 2.5-3.5 s
depending on the signal-to-noise ratio and the overall duration
of each measurement.

The additional aperture plate with a long conical orifice
was used to aid in the formation of large clusters. The re-
lation among average cluster size produced by a nozzle is
described empirically by determining the scaling parameter
(I'*) as given below [19-23]:

O — & (d/ ta;zaz)go.SSPO
0

Here, k is the gas-dependent condensation parameter
[22-24]—4 for He, 1700 for Ar, 2900 for Kr; « is the
half-angle of the conical aperture (in degrees); d is the ori-
fice diameter (in micrometers); Py is the backing pressure
(in millibars), and 7y is the initial gas temperature (in kelvin).

In the present experiments a mixture of 50% Kr in He was
used for NAM measurements with clusters as it resulted in
the highest signal observed (see Appendix B). In this case
I ~ 1.6x 10* (at 6 bars backing pressure). Under these con-
ditions, based on the previously reported scaling relations
among I'*, average cluster size, and condensation fraction
[20,24,25], nearly all Kr atoms are expected to be in cluster
form with a mean size of 10* atoms/cluster. On the other hand,
for pure He beams under similar conditions, I'* is 17 at 2
bars and 86 at 10 bars. Therefore, He beams are expected
to be largely monoatomic in nature with negligible cluster
formation. Additional measurements to characterize cluster
formation were carried out by means of measuring the change
in centerline intensity as a function of backing pressure
(see Appendix B) and x-ray generation by intense femtosec-
ond laser ionization (see Appendix C).

Samples of MoS, grown on SiO,/Si substrate used in the
present study were prepared using a chemical vapor deposi-
tion method and characterized using optical microscopy and

Raman spectroscopy, as described previously [15]. Features
on a typical sample consist of bare substrate, thin (one to three
layers) and thick (more than six layers). Here one monolayer
corresponds to a thickness of 0.65 nm [26]. These features cor-
respond to the purple, blue, and light-blue colors in the optical
microscopy images obtained using white light illumination,
respectively (see Figs. 4 and 5).

III. RESULTS AND DISCUSSIONS

A. Generation of topographical contrast with Kr clusters

Topographic contrast is the most commonly observed con-
trast in NAM images [9]. It arises in the regime where incident
atoms undergo diffuse scattering upon impact with the sur-
face, and spatial features of interest are much larger than the
beam spot size. Under these conditions NAM images closely
resemble the geometric features of the sample. As far as
clusters are concerned, a priori it is not obvious whether sim-
ple topographical contrast, commonly seen with monoatomic
beams, can be observed or not. This ambiguity stems from
the fact that the extent of thermalization of Kr atoms, in
the form of large clusters, upon impact with the surface is
unknown.

In order to understand whether topographic contrast is gen-
erated or not, we first image a microscopically rough object
(a fine-pitched stainless-steel screw; pitch = 300 um) using
both monoatomic helium and krypton cluster beams. Features
being imaged in this case are much larger than the incident
beam size and we can expect to see images largely governed
by topographical contrast. Figure 3(a) shows an optical image
of the screw. Panels (b) and (c) show NAM images of a small
portion of the screw [marked by a white rectangle in panel
(a)], obtained using a beam of helium and krypton clusters,
respectively. Panel (d) shows an optical image depicting the
side view of the screw edge. Panels (e) and (f) depict the
line profiles corresponding to the optical image shown in
(d), measured using He atoms and Kr clusters, respectively.
Quite clearly, the NAM images obtained using a beam of He
(monoatomic) and Kr (clusters) show a one-to-one correspon-
dence with the optical images. We conclude that large atomic
cluster beams are well capable of generating topographical
contrast. We also infer that Kr atoms get thermalized on the
surface to a large extent.

These results are of potential interest toward developing
a high-resolution NAM. In measurements with monoatomic
beams such as He, diffraction of incident atoms from the
final aperture sets the ultimate limit to the highest achievable
lateral resolution. For He atoms, using numerical modeling,
this limit has been estimated to be approximately 40 nm
[17]. Large atomic clusters such as those used in our ex-
periments, owing to their much higher mass (3>10* times
compared to helium atoms), are expected to behave like
classical particles. Consequently, the diffraction effects will
be negligible even for very small pinhole sizes, provid-
ing a route to achieve higher lateral resolutions compared
to monoatomic beams. In addition, the higher density of-
fered by atomic clusters can lead to much higher incident
and scattered signals even with smaller aperture sizes. We
believe that the ultimate limit in this case is likely to be
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FIG. 3. (a) Optical image of a 300-um fine-pitch screw (outer diameter of 1.5 mm). A small region marked by a white dashed rectangle
was selected to perform the NAM measurements. (b) and (¢) NAM image using a monoatomic beam of He atoms with a backing pressure of
1.5 bars and Kr clusters (step size of 20 um) with a backing pressure of 6 bars, respectively. (d) Optical image of the edge of screw. (e) and (f)
Line scan performed along the screw length using a beam of monoatomic He (1.5 bars of backing pressure) and Kr clusters (6 bars of backing
pressure), respectively (step size 10 um). All the NAM measurements were performed using the custom-built nozzle shown in Fig. 1(b) with
pulse duration set to 25 ms, at a repetition rate of 2 Hz. The intensity scale in NAM images refers to partial pressure corresponding to the

scattered flux in millibar units.

set by the interaction of incident atomic clusters with the
edge of the small pinhole they are sent through. At distances
where interatomic binding energy of the cluster becomes
comparable to the interaction energy with atoms constitut-
ing the edge of the pinhole, one can expect the clusters
to fragment as they travel across the aperture. Given that
these interactions are of van der Waals type, such forces will
be significant only at nanometer length scales. In principle,
this can allow the use of small pinholes for collimation,
with sizes approaching that of the cluster itself. As an ex-
ample, in the present case of Kr cluster beams the mean
cluster size is estimated to be 10* Kr atoms. Assuming that
the clusters larger than 103 Kr atoms constitute a negligi-
bly small fraction, we estimate the minimum pinhole size
needed for the incident clusters to travel undisturbed. For
a Kr cluster of 10° atoms, assuming spherical shape and
a density of 3.2 g/cm?, the diameter is about 20 nm. It
is reasonable to think that this presents the ultimate limit
to the final collimation pinhole size and consequently the
highest achievable lateral resolution under these measurement
conditions.

B. Beyond topographical contrast:
Inverted contrast with Kr clusters

Regimes beyond topographic contrast correspond to situ-
ations where specific details of atom-surface collision play
an important role in contrast generation. This is unlike the
case of topographic contrast resulting from diffuse scattering,
where there is no correlation among the incident and the final

momentum of scattered particles. As an example, chemical
contrast [28] has been hypothesized to arise from surface
specific inelastic scattering with phonons, leading to a contrast
dependent on the surface chemical composition. Contrast aris-
ing due to diffraction of the incident atomic beam as a result
of scattering from surfaces with local crystalline order has
also been reported recently [29]. In our previous work, it was
shown that using atom scattering based microscopy, thin films
up to a single monolayer of MoS; on SiO,/Si can be suc-
cessfully imaged using a 20-30-um-sized beam of He and/or
Kr atoms as an incident probe. Further it was also observed
that the contrast decreased with lowering incident energy [15].
These results point toward the fact that contrast mechanisms
beyond simple topographical in nature are at play. Here, we
investigate whether NAM imaging of atomically thin layers of
MoS,, in the beyond topographic contrast regime, is possible
with a beam of Kr clusters or not.

Measurements with a monoatomic beam of He and Kr
atoms, produced with a 20-um continuous nozzle, can be seen
in Fig. 4. Panel (a) shows an optical image of a small portion
of MoS, grown on SiO,/Si substrate and the corresponding
NAM images obtained with He and Kr beams are depicted
in (b) and (c), respectively. The scattered flux of He and Kr
from MoS, is consistently higher as compared to SiO,/Si
in both cases and a clear one-to-one correspondence is seen.
Such kind of contrast generation with the underlying possible
reasons have been discussed in our previous work [15].

Measurements performed with a beam of Kr clusters and
a monoatomic beam of He are shown in Fig. 5. Panels 5(a)—
5(e) show optical images of small portions of independently
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FIG. 4. (a) Optical image of a small portion of the MoS, sample where purple, blue, and light-blue colored regions, marked by 1, 2 and
3, correspond to SiO,/Si substrate, thin and thick layers of MoS, [15,27]. (b) and (c) NAM images obtained using a continuous nozzle with
20-um orifice diameter with a monoatomic beam of He and Kr atoms as probe, respectively (with a backing pressure of 6 bars in both the
images). The scattered flux from MoS; is consistently higher than SiO,/Si substrate in both cases. The intensity scale in NAM images refers

to partial pressure corresponding to the scattered flux in millibar units.

prepared samples of MoS, films on SiO,/Si substrate. NAM
measurements using He atom beam are shown in Figs. 5(f)
and 5(j). Here we observe the expected contrast pattern as
seen previously with monoatomic beams (Fig. 4), i.e., higher
scattered flux from the MoS,; surface as compared to SiO, /Si.
Figures 5(g)-5(i) show the images obtained using Kr clus-
ters. Again, a one-to-one correspondence with the optical
images is seen, but interestingly, contrast patterns appear in-
verted. Here, a larger signal for scattered Kr is obtained from
Si0,/Si substrate as compared to regions covered with MoS,.
It is worth pointing out that NAM measurements using He
atoms (monomers) performed before and after the measure-
ments done with Kr clusters (on the same region) do not
show any significant changes. Based on this we conclude
that collision-induced damage caused by the impact of large
Kr clusters (even with incident kinetic energy of the order
of 10° eV) is negligible under our measurement conditions
(see Appendix D). Interestingly, scattering of large Kr clusters
does not simply lead to diffuse scattering alone and seems to
be sensitive to the surface characteristics. Observation of such
a contrast inversion merits further discussion.

Previous studies on scattering of atomic and molecular
clusters from surfaces offer valuable insights in this direction.
Gspann and Krieg [30] have studied scattering of clusters of
He ({(n) = 105), Hy ({n) = 104), and N, ({rn) = 104) from
polished stainless-steel surfaces ({(n) corresponds to the av-
erage cluster size). At incident angles of 84.3° from surface
normal, angular distribution measurements for scattered H;
and N, clusters were observed to peak at supraspecular an-
gles (beyond specular direction, away from surface normal).
Holland et al. [31] have studied scattering of large N, clusters
(n = 104) from atomically flat, clean, single-crystal surfaces
of Fe(110), Fe(111), and Ag(111), prepared under UHV con-
ditions. They report that irrespective of the surface chosen
in their measurements, angular distributions of the scattered
particles peak in the supraspecular direction, especially for
large incident angles from surface normal. They also note
that upon using a rough surface as a target (prepared by ion
bombardment without annealing), the supraspecular scattered

peak becomes less pronounced and the angular distributions
tend toward diffuse scattering. Similar observations have been
reported for scattering of Ar clusters [32] and N, clusters
(n = 200-1000) from graphite surface [33].

Xu et al. [34] have studied the scattering of small Ar
clusters (n = 5-26) using classical stochastic trajectory simu-
lations. Although the cluster sizes studied here are relatively
small, the simulations show similar trends as observed in
the above-mentioned experiments. Svanberg et al. [35] have
extended the above work by performing simulations for rela-
tively large Ar clusters (n = 100-4400) with incidence energy
of 63 meV/atom, scattering from the Pt(111) surface. Their
simulations also show that the angular distributions peak
in the supraspecular direction. In summary, previous stud-
ies based on both experiments and simulations, show that
for larger clusters the scattered angular distributions peak in
the supraspecular direction. Additionally, on rough surfaces
this pronounced supraspecular scattering becomes weaker and
tends more toward diffuse scattering.

This general aspect of cluster scattering from surfaces
seems significant as far as our observation of contrast inver-
sion is concerned. For monoatomic beams, the scattered flux
is expected to peak close to the specular direction in the case
of elastic scattering or toward the surface normal, in the case
of a large diffuse scattering component. On the other hand,
for large Kr clusters ((n) ~ 10*), the majority of the scattered
flux is likely to exit at large angles from surface normal, in
the supraspecular direction. Given that our sampling aperture
is placed near the specular direction, a large fraction of the
supraspecular scattered atoms will not be captured by the
detector. Our previous study has shown that at an atomic
scale, MoS, surfaces are generally smoother than the SiO,/Si
substrate [15]. Given the above points, we hypothesize that on
the MoS; surface, supraspecular scattering leads to relatively
fewer atoms entering the collection aperture placed along the
specular direction. At the same time, the increased roughness
on Si0O,/Si substrate can lead to more diffuse scattering-like
behavior, resulting in a relatively higher scattered signal being
detected.
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FIG. 5. (a)—(e) Optical images of five small portions of independently prepared MoS, films on SiO,/Si samples. In all the samples, MoS,
and SiO, regions have been marked. Blue regions contain thin layers, one to three monolayers of MoS,. (f)-(j) NAM images of the same
samples using beams of monoatomic He atoms with a backing pressure of 1.5 bars. (k)—(0) NAM images of the same samples using beams of
Kr clusters (mean size of 10* atoms; see text) with a backing pressure of 6 bars. NAM images with both He and Kr clusters show one-to-one
correspondence with the optical images. Interestingly, images obtained with Kr clusters show an inverted contrast to that compared with He.
For all NAM measurements shown here, the pulse duration was set to 25 ms and the repetition rate to 2 Hz. The intensity scale in the NAM
images refers to partial pressure corresponding to the scattered flux in millibar units.
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FIG. 6. (a) and (b) Angle-resolved scattered flux (perpendicular to scattering plane) from MoS, and SiO,/Si substrate using a beam
of monoatomic He atoms and Kr clusters. For He, the distribution obtained from the MoS, surface is slightly narrower than that of the
SiO, surface, consistent with the observed contrast pattern. In the case of Kr clusters, both the distributions (b) look very similar. Angular
distribution obtained from a rough stainless-steel surface is shown in (c) for comparison. The angular position of 0° corresponds to the surface

normal.

Besides the above possibility, other systematic differences
could also be at play here. MoS, films are bound to the lower
layers or Si0,/Si substrate by relatively weak van der Waals
interaction. As a result, MoS, surface acts as a relatively softer
landing site for Kr clusters. Large Kr clusters having sizable
incidence energy compared to its monoatomic counterparts,
when scattered from a relatively softer surface (compared
to Si0,/Si) can lead to a broad scattered distribution. Con-
sequently, a lower flux will be measured by the detector
placed in the specular direction compared to scattering from
a relatively rigid SiO,/Si surface, consistent with the inverted
contrast observed in our measurements. The effect of rigidity
of thin films on the scattered angular distributions have been
studied by Taleb et al. [36] by studying the heavy vs light
atom scattering from graphene surface in the case of weak
and strong interactions with the substrate. They observed that
in the case of weak interaction with substrate [Gr/Ir(111)],
neon atoms scattered largely inelastically leading to a broad
angular distribution. On the other hand, scattering from a more
strongly bound substrate such as Gr/Ni(111), sharp diffraction
peaks were obtained.

In order to understand these points better, we resort to
angle-resolved measurements. Figures 6(a) and 6(b) show a
comparison of the angular distributions resulting from scat-
tering on Si0,/Si and MoS, surfaces, obtained using He
(monoatomic) and Kr (clusters), respectively. Angular distri-
butions from a microscopically rough surface (stainless-steel
screw, shown in Fig. 3) are also shown in (c) for the sake
of comparison. It should be noted that these distributions
were measured for an out-of-plane scattering configuration
(see Fig. 2) and are not corrected for any distortions resulting

from the measurement configuration. Nonetheless, a system-
atic comparison of the relative changes based on these results
is still possible.

A common feature observed in the case of MoS,;
and SiO,/Si is that angular distributions obtained using
monoatomic He are rather broad and only slightly narrower
than that observed from a rough surface. This indicates that a
substantial fraction of the atoms undergo diffuse scattering.
This is expected since our samples were placed in a vac-
uum chamber operating at a base pressure of 3x 10~ mbars
and not true ultrahigh vacuum conditions. Further, no in situ
sample cleaning was done. Under these conditions, a signif-
icant amount of adsorbates will be present on the surface,
leading to a large diffuse scattering component. For the He
beam, the width of the distribution in the case of the MoS,
surface, is somewhat narrower than SiO,/Si substrate, con-
sistent with the contrast observed in NAM images. Angular
distributions obtained with Kr clusters appear very similar
for MoS, and SiO,/Si. Given that these distributions almost
look the same and the fact that we see an inverted contrast
pattern, we infer that the changes are largely occurring in the
in-plane scattering distributions. This is also expected from
previous studies showing supraspecular scattering. A clear
answer to these questions can be obtained by in-plane angle-
resolved measurements, which are currently unavailable in
our setup. An upgraded version with provision for measur-
ing both in-plane and out-of-plane angular distributions with
the aid of a combined rotation and linear manipulator along
with sample heating capability (for removing weakly bound
adsorbates) is being designed in our laboratory for future
studies.
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FIG. 7. Incident beam-width estimation on the sample plane us-
ing a knife-edge scanning method. (a) Beam-width measurement for
Kr in 50% Kr 4 50% He mixture. Blue curve shows the signal of Kr
observed as a function of the position of the knife edge (razor blade)
with a step size of 10 um. Red curve shows the best fit, using a model
based on a step function convoluted with a Gaussian. (b) Modeled
beam profile with the parameters obtained by fitting with a FWHM
of 56 um. (c) and (d) depict the same for pure He (monoatomic)
resulting in a beam-width estimate of 60 um (FWHM).

IV. CONCLUDING REMARKS

In this work we have demonstrated that NAM imaging is
possible using a beam of Kr atom clusters and the well-known
topographic contrast can be obtained for rough surfaces. Us-
ing samples of atomically thin films of MoS, grown on
Si0,/Si substrate, we have shown that NAM imaging with
Kr clusters is possible even in the regime of beyond sim-
ple topographical contrast. Interestingly, here we observe a

contrast inversion compared to the similar measurements
made with monoatomic beams.

Importantly, the results presented here clearly establish that
NAM imaging can be done with atomic clusters as well. To the
best of our knowledge, this possibility has not been explored
previously. These results point toward two interesting possi-
bilities in the direction of developing a high lateral resolution
NAM. Firstly, the higher atomic density of clusters can be ex-
ploited to obtain high incident beam flux that can in turn allow
the use of smaller pinholes leading to higher lateral resolution.
Secondly, in the case of atomic clusters, owing to their much
higher mass compared to their monoatomic counterparts, the
problem of lateral spread caused by diffraction from small
pinholes is expected to be negligible. Based on the sizes of the
incident clusters, we estimate that small pinholes up to 20 nm
can be used, opening a possible route toward realizing a high
lateral resolution neutral-atom microscope.

A systematic exploration of these possibilities will be
needed, especially to understand the maximum centerline in-
tensity obtainable in the case of atomic cluster beams [37].
Here, the role of mass focusing effect [38] toward enhancing
the density of clusters along the centerline and the coun-
teracting effect of warming up of the beam to reduce the
centerline intensity need to be understood well. Further, these
results also suggest an interesting possibility of developing a
guided negatively charged cluster-ion source with subsequent
neutralization. Using this approach, a tightly focused beam
of low-energy neutral atomic clusters can be generated. Such
focused neutral atomic cluster beam sources can also be of
interest for developing a high lateral resolution NAM.
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APPENDIX A: INCIDENT BEAM-WIDTH ESTIMATION

Beam-width estimation of a monoatomic He beam and a
beam of Kr clusters (using a 50% mixture) were measured
using a knife-edge scanning method. These results are shown
in Fig. 7.
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FIG. 10. Spectrum of the x rays generated from Ar clusters interacting with intense femtosecond laser pulses, measured at different backing
pressures. Actual transition is at an energy of 3 keV. Peaks at 6, 9, 12, 15, and 18 keV energies merely indicate the accumulation of 2, 3, 4, 5,

and 6 x-ray photons within the dead time of detector, respectively.
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FIG. 11. Spectrum of the x rays generated from Kr clusters interacting with intense femtosecond laser pulses, measured at different backing
pressures (pure Kr). Here we do not observe the separated peaks as in the case of Ar. Rather, a continuum (inverse bremsstrahlung) was

observed, as expected for larger atoms.

APPENDIX B: VARIATION IN SCATTERED SIGNAL
WITH BACKING PRESSURE

Centerline intensity of a molecular beam is related to the
backing pressure by the following relation:

Pod?
VT

Here, d is the orifice diameter, and Py and T; are the back-
ing pressure and temperature, respectively. According to the
above relation, Kr signal is expected to increase linearly with
increasing backing pressure. However, we see a change in the
slope for Ar at 3 bars and Kr beams in the range of 1-2.5 bars
(Fig. 8). We infer this change in slope to be caused by the on-
set of formation of large clusters, as suggested by the Hagena
parameter. Further evidence for large cluster formation was
obtained by performing femtosecond laser ionization, leading
to characteristic x-ray emission being observed for Ar and Kr.
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APPENDIX C: EXPERIMENTAL SETUP TO VERIFY
CLUSTER FORMATION USING X-RAY GENERATION

Experimental setup used for x-ray generation and detec-
tion from Ar and Kr clusters is depicted in Fig. 9. These
measurements were performed with the same pulsed nozzle
(with similar operating parameters) as used for NAM. Fo-
cused pulses with a temporal width 25 fs (at 800 nm) having
an energy of 2 mJ/pulse (intensity ~10'® W/cm?) were made
incident at the center of supersonic expansion, approximately
5 mm away from the exit plane. This interaction generated x
rays that were detected using a Si-PIN detector (Amptek XR-
100CR). A significant amount of X-ray emission was observed
under these conditions, clearly indicating that large clusters
with sizes of the order of 10* atoms were formed for both Ar
and Kr (Figs. 10 and 11).
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FIG. 12. (a) NAM image measured with pure He with a backing pressure of 1.5 bars at time ¢ = 0. (b) Measurement performed with Kr in
50% Kr and He mixture with a backing pressure of 6 bars at time ¢+ = 2 h. (c) Measurement performed with pure He with a backing pressure

of 1.5 bars at time t = 96 h.
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APPENDIX D: SEQUENTIAL MEASUREMENT WITH
PURE HELIUM, 50% KRYPTON, AND PURE HELIUM

Figure 12 shows the results of NAM measurements with
He monomers (a), followed by measurement with Kr clusters

(b) and again with He monomers (c). Images (a) and (c) show
a similar contrast pattern and based on this we conclude that
the Kr clusters do not cause any significant change on the
sample surface under our measurement conditions.
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