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The soft desorption and landing of organic molecules using large cluster ions was demonstrated on ToF-SIMS analytical
instruments equipped with a gas cluster ion source. A natural next step following this proof-of-concept is the devel-
opment of a dedicated instrument for cluster assisted soft-landing. In this work, we present the design and conception
of CLASH (Cluster Assisted Soft Landing Hub), an instrument equipped with a pulsed ion cluster source operated at
200 Hz to produce cluster ions. Distributions centered around Arjgso™ and (CO;)2100" were accelerated to 4.5 keV
to sputter and deposit o-cyano-4-hydroxycinnamic acid (CHCA) from targeted samples onto collector surfaces. We
detail, through experiments and SIMION (ion optics software) simulations, all components of the instrument and the
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challenges encountered in cluster formation, ionization, acceleration, and detection.

I. INTRODUCTION

Clusters are intermediate species between the gas and con-
densed phases. This represents an important place along a
reaction coordinate leading to a phase transition or the forma-
tion of a solution. This unique position has attracted a lot of
attention with the will to study clusters to better understand
such reactions at the microscopic level.! In particular, the
production of ionic clusters in combination with the use of ion
optics lead to the possibility to probe species along this coor-
dinate in a mass-selective manner. This capability with the
use of molecular action spectroscopy, allows then to record
the spectral signature of mass-selected species.’ This has, for
example, allowed to probe the phase transition of water from
the gas to the solid phase, one molecule at the time. In this
work, clusters of 475 + 25 monomers were identified as the
smallest entity for which, the spectral band of crystalline ice
begins to dominate the infrared spectrum.® Advances in the
study of ionic clusters have also provided clear evidence of
theirgsigniﬁcance in our atmosphere’ and across the solar sys-
tem.

Beyond the idea of joining the gas and the condensed phase
in a step by step approach, clusters also have a large surface-
to-volume ratio and a large number of constituents leading to
a large density compared to the gas phase. These properties
combined with the technology of intense and ultra fast laser
led to the use of clusters of deuterated methane and molecular
hydrogen in an attempt to enhance the efficiency of nuclear fu-
sion.>!? The plasma produced by intense amplified femtosec-
ond laser irridiation of atomic and molecular clusters can also
be of interest to produce XUV!! and X-ray radiation or mul-
tiply charged ions.!2

These features also attracted considerable interest for pro-
ducing cluster ion beam sources with tunable energy to be
used as projectiles. In particular, they are used for high-
precision surface processing techniques such as ion beam pol-
ishing. The latter has emerged as a critical method for achiev-
ing ultra-smooth surfaces, especially in optics'>!# and semi-
conductor manufacturing!®, where nanoscale precision is es-

sential.!® A major breakthrough was the development of gas
cluster ion beam (GCIB) sources, which are capable of pro-
ducing large cluster ions. These sources have significantly
advanced secondary ion mass spectrometry (SIMS) as an an-
alytical technique by enabling gentle sputtering, which allows
both high-quality surface analysis and precise depth profiling.
Furthermore, these clusters have been successfully employed
to sputter a wide range of organic molecules from one sur-
face to another, either for analytical purposes—such as acidic
matrices'”!8 or the molecular content of mouse brain tis-
sue'—or for soft-landing and synthesis experiments involv-
ing peptides and proteins.”®?> However, these soft-landing
experiments were all performed using commercial cluster
sources installed on analytical ToF-SIMS instruments, which
severely limited the experimenter’s freedom, particularly with
respect to sample size and cluster composition. Moreover, re-
cent studies have demonstrated that cluster composition plays
a critical role in determining secondary ion yield.?3>*

The goal of this work was to build an instrument, named
CLASH (Cluster-Assisted Soft-Landing Hub), to create an
independent platform for exploring sputtering with a home-
made cluster source. The manuscript is structured as follows,
Sec. II presents a general description of the instrument, detail-
ing each component from the pulsed cluster source through
acceleration, mass selection, detection, and impact on the
sample. Sec. III describes the sample preparation and ToF-
SIMS analyses used to characterize the samples after deposi-
tion. Sec. IV shows the results, starting with the formation and
detection of Ar,,™ and (CO,),, ™. These clusters are then mass-
selected and used to deposit a-cyano-4-hydroxycinnamic acid
(CHCA) from a targeted sample onto another surface, called
the collector.

Il. GENERAL DESCRIPTION

The CLASH instrument consists of two chambers, as il-
lustrated in Fig. 1A. The first chamber is used to produce
the clusters using a pulsed supersonic expansion. The sec-
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FIG. 1. (A) SolidWorks top view of the instrument: (1) pulsed valve, (2) skimmer, (3) electron gun, (4) acceleration, gating and bunching
electrodes, (5) Wien filter, (6) steering and focusing electrode, (7) sample holder, (8) Load lock chamber featuring a translation system
for sample insertion, (9) Daly detector. (B) SIMION simulation of CLASH. The parameter values of the simulation are provided in the
supplementary material. Neutral Arjgyg clusters (FWHM = 125 atoms) are generated (in black), pass through the skimmer at 550 m.s~!, and

become ionized (in green) after crossing the electron beam (in red).

ond chamber, placed at a distance of 155 cm from the first,
is devoted to the sample and soft landing. Both chambers are
pumped by turbomolecular pumps with capacities of 2350 L/s
and 2150 L/s for N, in the molecular flow regime (P <
10~3 mbar), respectively. A home-built pulsed valve (1) is
connected to a bellow (CF100/SEWB, Hositrad) that allows
precise alignment and optimization of the circular nozzle po-
sition relative to the skimmer (2). The bellow has a travel
distance of 26 mm. The pulsed valve is mounted on a CF40
tube and can be positioned in the center of the chamber for
optical characterization of the jet, if it is found necessary. Af-
ter passing through the skimmer, the clusters are ionized by
an electron gun (3) and then accelerated, bunched, and refer-
enced to the ground (4). All of the electrodes necessary for
this process are housed within a T-shaped tube. A turbop-
ump (260 L/s for Ny) is installed below. A Wien filter (5) is
installed after acceleration. It is composed of two coils that
create a magnetic field and electrodes that create an electric
field perpendicular to the ion trajectory. A steering focusing
lens (6) is placed in the drift tube and can be used to select
the clusters in mass. Following a drift tube, the ions enter the
sample chamber (7).

The sample chamber is connected to a load-lock cham-
ber, which allows sample insertion without breaking the vac-
uum. This load-lock chamber is maintained by a separate tur-
bomolecular pump and primary pump. A pneumatic valve
separates the two compartments. This part was not drawn
because the sample load-lock chamber and translation can
were taken from an unused TRIFT™ ToF-SIMS instrument
(Charles Evans & Associates, USA). Finally, ions can be de-
tected using a Daly detector (9) placed after the sample cham-

ber. A delay generator is used to synchronize all the timing
signals, which are captured using an oscilloscope. Most of the
CLASH elements were manufactured in-house at the UCLou-
vain mechanical workshop, and the corresponding drawings
can be found in the supplementary material.

A. The pulsed supersonic expansion source

Previous soft-landing experiments with large clusters
were performed using a commercial ToF-SIMS instrument
equipped with a continuous supersonic expansion source.?’>2
Continuous beams offer advantages over pulsed operation, in-
cluding simpler setup (only a nozzle is required) and improved
stability of source conditions. In pulsed systems, the expan-
sion temperature and cluster formation can vary during valve
opening and closing, leading to fluctuations in cluster size
distributions and internal energy, especially as valve timing
changes with wear. These effects are generally more critical
for clusters than for molecular beams. Therefore, some re-
searchers in cluster science still prefer continuous expansions
despite some of their disadvantages, e.g. the required higher
pumping speed and the consequent smaller diameter of the
nozzle affecting the cluster size (see Appendix).

However, pulsed supersonic expansions also offer impor-
tant advantages. By restricting gas flow to brief pulses, pulsed
valves reduce the overall background pressure in the vacuum
chamber. In spectroscopy, this results in cleaner spectra and
more precise measurements. For the purposes of this work,
it also enables operation at higher backing pressures or with
larger nozzle diameters, two parameters that increase the clus-
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ter formation. Moreover, the adaptability of the valve opening
duration and backing pressure enables researchers to optimize
conditions to generate clusters of specific sizes or composi-
tion. In addition, there is a growing demand for pulsed gas
sources operating at frequencies between 1 and 5 kHz. This
demand is driven by applications in atomic, molecular, and
optical (AMO) physics, and nuclear fusion’, where high peak
density, low average pressure, and precise timing are critical.
In particular, ultrafast laser systems frequently operate at rep-
etition rates exceeding 1 kHz, requiring gas delivery systems
capable of matching these high repetition rates while main-
taining vacuum integrity and interaction efficiency.?

Several technologies are available for pulsing valves.
Solenoid valves operate using a magnetic plunger inside a
coil. For example, the Even-Lavie valve is capable of gen-
erating 20 us pulses at repetition rates of up to 1 kHz and
handling backing pressures as high as 180 bars.?®?’ Lorentz
force valves rely on the force exerted on a pulsed current
through a strip placed in a permanent magnetic field. Due
to the large current (400-1000 A), the strip bends as a result
of the Lorentz force. A pin attached to the center of the strip
briefly opens the nozzle hole, typically 10-20 pus. However,
they are limited to low repetition rates (= 30 Hz) due to heat-
ing constraints.?8

PZT actuators offer several advantages, including com-
pactness, ease of mounting, low power requirements, and the
ability to operate at high repetition rates well above 1 kHz.
However, they generate relatively low forces (= 0.5 N), mak-
ing it difficult to open against high backing pressures. In addi-
tion, their performance is highly sensitive to the distance be-
tween the piezo element and the sealing surface, requiring fre-
quent adjustments when heating the nozzle, changing backing
pressures, or switching carrier gases. The Amsterdam piezo-
valve is capable of producing short pulses (7 us) at a high rep-
etition rate (5 kHz).?® However, the valve does not allow real-
time adjustment of the piezo-to-seal distance. Instead, this
distance is set using three internal screws that fix the position
when the valve body is opened. In 2018, Catanese et al. devel-
oped a design that preserves the advantages of piezo ceramics
while enabling real-time external adjustments.? Their system
achieved 11 ps pulses at repetition rates exceeding 5 kHz.

In this work, a very similar valve was developed. The de-
scription of the electrical circuit, mechanical drawings, and
the assembly procedure can be found in the supplementary
material (Sec.I). It also employs a PZT parallel bimorph actu-
ator to pulse the beam, with the piezo-to-seal distance adjusted
externally via a feedthrough mechanism that moves a piston.
However, it differs from Catanese ef al. in the fact that the
O-ring is glued directly onto the PZT actuator, and the valve
is fabricated in a CF40 format.

The design, dimension and ceramic kind of the piezomate-
rial have an impact on the deflection and resonance frequency
that we can obtain. In the limit of a linear response and static
operation, the deflection of a cantilever can be expressed as:3!

lZ
6°<d317 (1)

Where [ is the free length of the cantilever. d3; is the charge
piezoelectric constant (specified equal to -270 pm/V by the
manufacturer) and ¢ is the total thickness (0.5 mm).

The first natural resonant frequency, v; of a clamped can-
tilever can be written:

t

VI°<172

2

The piezo was cut to a length of 6.7 mm, and the free length,
defined as the distance between the nozzle and the edge of the
clamp, is / = 4.8 mm. Scaling these values, the expected de-
flection at 200 V is approximately 0.027 mm, and the resonant
frequency is estimated at 71 kHz. This is significantly higher
than the operating repetition rate, which ensures stable opera-
tion at the 200 Hz used here. This also means that in the next
version, the free length could be increased.

The piezoelectric actuator is controlled by a delay genera-
tor, which sends TTL pulses (0 to 5 V) to a fast high-voltage
transistor switch (HTS 61-01-GSM, BEHLKE). The details
concerning the circuits driving the piezo are provided in the
supplementary material. In particular, we had to pay particu-
lar attention to the current that one can deliver to such a device
to perform at high repetition rate and over a short time.

The results presented here were obtained using a first ver-
sion of the valve, for which leaks and the straight propaga-
tion of the pulsed gas were checked using a schlieren imaging
setup (described in Ref.??). The next version could address
several limitations by incorporating an oval piston, a differ-
ential screw for enhanced precision, and an adjustable piezo
free length, whereas this parameter was fixed in the current
version.

B. lonization and acceleration

After passing through the skimmer, whose design is dis-
cussed in the supplementary material, the cluster must be ion-
ized and accelerated. Fig. 2A presents a SIMION simulation
of the ion optics mounted in CLASH, while Fig. 2B shows
a photograph of the mechanical assembly prior to the latest
modifications, including the addition of components (7) and
(8) and ceramic beads around the cables. The starting point
of this simulation is a beam of neutral particles (in black),
whose mass follows a Gaussian distribution (mean = 40,000,
FWHM = 5,000), generated with a speed of 550 m/s and a
cone direction distribution with a half angle of 4°. This beam
passes through a skimmer, then becomes ionized (in green)
after crossing the electron beam (in red). It should be noted
that ceramic pearls were placed around the cables due to the
necessity to prevent discharges when the voltage applied in-
creases.

The ion optics system is inspired by the STARGATE in-
strument.”> From left to right, the neutral clusters (black) pass
through a grounded plate that supports a custom-built electron
gun (details in the supplementary material). Then, they move
through a series of circular lenses. Lens 1 and Lens 2 guide
the beam to the entrance of the buncher.
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FIG. 2. (A) SIMION simulation of the electrode assembly used to
ionize and accelerate the clusters. From left to right the beam crosses:
(1) the skimmer, (2) the electron gun, (3) Lens 1, (4) Lens 2, (5)
Gate 1, (6) Gate 2, (7) Lens 3, (8) einzel lens. (B) Picture of the
assembly, for which elements (7) and (8), as well as the ceramic
beads surrounding the cables, were added before installation.

In Fig. 2, the buncher, consisting of Gate 1 (5) and Gate 2
(6), compresses the beam spatially and references it to ground
potential. At the exit of Gate 2, an electrode with a smaller
aperture of 8 mm diameter is positioned (7). Finally, an einzel
lens is placed at a certain distance from the buncher to further
shape the beam.

The entire electrode assembly is supported by three
threaded rods, with ceramic spacers that ensure proper sepa-
ration. Two aluminum supports were machined with diameter
of 99 mm, allowing them to fit inside a DN100 tube with three
pressure screws. Mechanical drawings of the lens electrodes
and the gates can be found in the supplementary material.

C. Wien filter

The Wien filter is a device consisting of orthogonal electric
and magnetic fields that can be used as a velocity filter.>3 A
particle moving inside the filter will follow a straight path and
will be transmitted only if the magnetic force and the electric
force are equal in magnitude in opposite directions. In that
case, it can be shown that:

E
5=V 3)
Which means that any combination of electric (£) and mag-
netic (B) fields will deflect all charged particles with velocity
different than v 4+ Av. Fig. 3A shows the electrodes that were
designed for the E field. Four rectangular electrodes (50 x 28
mm?) were mounted to enable ion deflection in the x — z and
y —z planes, where z is defined as the ion propagation axis.
The mechanical drawing can be found in the supplementary
material. Two copper foils with circular apertures (15 mm in
diameter) were placed at the entrance and exit. The assem-
bly was placed inside a DN63 tube. Around the tube, two

coils were installed to generate a magnetic field by flowing a
current through them. These coils are supported by an iron
structure designed to guide the magnetic flux.
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FIG. 3. (A) Picture of the rectangular electrodes of the Wien filter.
(B) Mass spectrum when the Wien filter is off. The image in the top
right corner shows the Wien filter with the beam passing in the center
represented in green. (C) Mass spectrum when B = 225 G. (D) Mass
spectrum when B = 225 G and E = 10,000 V/m. For each spectrum,
the backing pressure was Py = 8 bar. The bunch was switched at
250 s after the gas pulse for Gate 1 (-4000 V to +370 V) and Gate 2
(-4000 V to +0 V).

The coils and rectangular electrodes are shown in the up-
per right corner of the spectra in Fig. 3. The spectrum in the
0-400 m/z in Fig. 3B was recorded when the Wien filter was
turned off. When a magnetic field of 225 G was established
by flowing a current (5 A, 1.26 V) through the coils, small
ions were deflected and not transmitted, resulting in a strong
reduction of the Ar; ™ signal (Fig. 3C). The intensity of larger
clusters increased slightly, possibly due to a small correction
in their trajectories.

Finally, when the electric field was also applied (Fig. 3D),
the large clusters were no longer detected. In this configu-
ration, the Wien filter acted as a velocity selector for Art
and lighter ions (e.g., residual species such as H;O™). These
spectra were compared to SIMION simulations in the supple-
mentary material.

In this work, the Wien filter is employed to filter out small
ions and to correct the x —y ion trajectories.

D. lon steering and focusing

A steering and focusing einzel lens is placed just before the
entrance of the sample chamber (see the supplementary ma-
terial for technical drawings). While an einzel lens provides
focusing, it also introduces spherical aberration. As a result,
only about a quarter of the internal diameter of the central
electrode should be used, as stated in Ref.>*. Therefore, the
lens must be significantly larger than the beam it is focusing.
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FIG. 4. (A) Focusing and steering lens placed at 1 m of the bunch-
ing/referencing unit in SIMION. (B) SIMION simulation of two
identical beams. Red trajectories are obtained by applying 200 V
on the upper half last electrode (Yy7). While green traces are obtained
while maintaining grounding on the same electrode. (C) Picture of
the electrodes.

The enlargement of the einzel lens reduces the available
space for separate steering electrodes. Although space is not
a significant issue for the CLASH instrument, it is beneficial
to combine the steering and focusing functions into a single
set of electrodes. In this design, the first and third electrodes,
which are typically kept at the same potential, are split into
half and separated. Each of the four half-electrodes can be
independently activated with different potentials, allowing for
steering in any direction.

Fig. 4A presents the SIMION simulation of the lens posi-
tioned 1 m after the skimmer. The beam consists of a dis-
tribution centered around Arjgoo" (FWHM = 125 atoms) and
emerges from the bunching and referencing unit at 1 keV. The
lens has five electrodes, each with an adjustable potential: Xg
and X; deflect the beam in the x-direction, C is the central
electrode (which is not split in half), and Yy and Yp deflect
the beam upward and downward, respectively. In Fig. 4B, the
same beam is simulated, but represented in red when 200 V
is applied to the Yy electrode, affecting beam’s trajectory. A
strong focus is obtained by applying 600 V to the central elec-
trode C. Fig. 4C shows a photograph of the manufactured
aluminum electrode. The lens is supported by two grounded
aluminum mounts, each with four holes and an outer diameter
of 95 mm. These mounts were machined to hold the elec-
trodes in place. Side pressure screws ensure proper centering
and secure the assembly within a DN 100 tube. The electrodes
are separated by ceramic spacers to maintain electrical insula-
tion.

In order to evaluate the deflection aberration of this lens, a
representative ion beam was used. Arjgoo™ ions were accel-
erated to 1 keV. The ion array starts 50 mm upstream of the
grounded support (at z = 0). The ions are initially spaced sym-
metrically about the center of the electrodes (y = 0), within a
range of =5 mm along the y-axis, in steps of 1 mm. Their an-
gular divergence (¥') is also symmetrically distributed about
y' = 0, within a range of 4-0.25°, in steps of 0.05°. This forms
a square array of 100 ions in the y—y' phase space.

Beam focusing is achieved by raising the central electrode
to 500 V. Fig. 5A shows the resulting y—y’ emittance diagram
when the beam is focused at 217 mm, with no net deflection
at the focal point. The emittance plot exhibits an "S"-shaped

FIG. 5. The y-y’ calculated emittance diagrams at the focus of the
lens (217 mm) for different deflecting Yy potentials: (A) 0 V, (B)
50V and (C) 100 V. The dotted line shows the shape of the distortion.

distortion, as indicated by the dotted line.

There is no displacement or divergence in the x-direction.
Due to the azimuthal symmetry of the lens, the x—x emittance
diagram would be identical.

In Fig. 5B, a positive 50 V bias is applied to the upper half
of the exit electrode (Yy). As a result, the beam is deflected
downward. The y—y' emittance diagram at the focus now ex-
hibits a "U"-shaped distortion. This deformation elongates the
beam along one axis and is characteristic of sextupole aberra-
tion (see Refs.>33¢ for a mathematical description of the aber-
rations). Unlike the "S"-shaped distortion, the sextupole com-
ponent introduces nonlinear distortions that generate asymme-
tries and tails in phase space, degrading beam quality without
increasing the true emittance. In addition, this distortion is
known to grow with increasing deflection.>® This effect is fur-
ther demonstrated in Fig. 5C, where the deflection voltage is
increased from 50 V to 100 V, resulting in a more pronounced
distortion of the emittance diagram.

To minimize beam distortion—particularly that caused by
the sextupole component—an alternative electrode design
should be considered in the future and adopted as the stan-
dard when both focusing and steering are required. This im-
proved design involves introducing a diagonal slit in the cen-
tral electrode, a concept studied by Mandal er al. for low-
energy beams.3¢

E. lon detection

Mass distribution measurement is a challenge well docu-
mented in the literature. This is due to dissociative ionization
processes®’ and ion detection efficiency.’®4? In particular, the
efficiency of a microchannel plate (MCP) detector, which re-
lies on secondary electron emission, decreases with increased
mass and decreased impact energy. It has been shown that
the efficiency for the detection of cationized polystyrene (PS;
10,000 amu) is approximately 80% at an impact energy of
20 keV and drops to 5% at 5 keV.3®

For CLASH, an electrostatic Daly detector was built in
which incoming ions are accelerated toward a conversion elec-
trode, which is held at a high negative potential (typically
around -15 kV).*! When ions hit the electrode, they generate
secondary electrons. The secondary electrons are accelerated
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away from the conversion electrode by a strong electric field
and directed toward a scintillation crystal. Upon impact, these
electrons excite the crystal, leading to the emission of pho-
tons. The emitted photons are then converted into electrons
at the photocathode and subsequently amplified by the photo-
multiplier tube (PMT). A high voltage of +1 kV is applied to
the PMT for all measurements in this work to ensure consis-
tent comparison.

Fig. 6 presents the home-built Daly detector alongside its
SolidWorks drawing. The conversion electrode is a coated
aluminum electrode with a well-maintained surface, origi-
nally part of a magnetic Daly detector.*> Due to the high po-
tential applied to the electrode, a custom connection system
was designed. The electrode is screwed into an insulating ce-
ramic component with a conductive extremity. The ceramic
is enclosed within a protective cap, where the connector is se-
curely plugged and sealed.

A. B.

Photomultiplier
tube

4800 to 1500 V' (uaxo)
signal |

Scintillation
crystal

Conversion
electrode

Insulating
ceramic

Outer
cap

-15 kV

FIG. 6. (A) Picture of the home-built Daly detector fixed at the ex-
tremity of the sample chamber. (B) SolidWorks drawing of the de-
tector.

In Sec. IV, this detector is employed to measure cluster dis-
tributions including a few thousand atoms. However, simi-
lar to an MCP, its detection principle relies on electron emis-
sion. Consequently, the measured distributions may not ac-
curately reflect the true ones due to potential biases in detec-
tion efficiency. Nonetheless, the detector remains suitable for
mass-selecting clusters within the ranges studied in this work.
The experimenter should be aware of its reduced efficiency
for higher masses, and post-acceleration to higher energies or
other strategies should be implemented if larger clusters are to
be measured. 3+

Finally, this design uses only an electric field, and the con-
version electrode is not positioned directly in front of the
beam. Therefore, if the beam energy exceeds 5 keV, the ions
are not deflected sufficiently to hit the conversion electrode
at -15 kV. For higher-energy beams, a design incorporating a
magnetic field and a frontal conversion electrode was adapted
from Ref.*! and must be used in that case.

F. Sample holder and current measurement

A load-lock chamber is used to mechanically move a sam-
ple into the main chamber without breaking the vacuum.
Fig. 7A shows a top view of the chamber when it is open. The
cluster beam enters from the right and hits a sample holder
plate positioned in front. The sample holder (top right of
Fig. 7B) can slide along two rails, which are 3D-printed in
PLA. Each rail contains a rectangular copper sheet that makes
contact with the sample holder, the upper sheet is connected
to an electrometer, and the one below is grounded.

The sample holder itself consists of two electrically insu-
lated parts. It is designed to hold both solid samples (e.g.,
screwed-in pieces) and copper foils, as illustrated in Fig. 7B.
These foils are used for current measurements: the first foil
is grounded and contains a central hole, while a second foil,
positioned behind it, is used to measure the collected current.

This second foil is electrically connected to the upper part
of the sample holder, which presses against the upper rectan-
gular copper sheet, thereby establishing an electrical connec-
tion to an external BNC connector.

Sample holder

Laser pointer
Cluster P

ion beam

FIG. 7. (A) Top-view photograph of the sample chamber. The green
arrow indicates the direction of the cluster ion beam. Components:
(1) focusing and steering lens, (2) sample holder, (3) Daly detector,
(4) load-lock chamber, and (5) laser pointer. (B) SolidWorks draw-
ing of the sample holder (top right). This sample holder is screwed
onto a translation can and positioned between two black PLA rails
suspended inside the chamber. The top rail is connected to an exter-
nal BNC connector, while the bottom rail is grounded.

With this design, a mass spectrum can first be measured
using the Daly detector in order to mass-select a specific clus-
ter size. The sample holder is then positioned so the ion beam
strikes the copper foils, allowing ion current measurement and
optimization with an electrometer or current-to-voltage ampli-
fier. A laser pointer aids in aligning the system and optimiz-
ing the current at a fixed position. Finally, the sample holder
is moved to place a mounted sample in the beam’s path for
deposition.
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I1l. MATERIAL AND METHODS
A. Sample preparation

For each deposition experiments, three Si wafers (15 x 15
mm?Z, WAK2PN, Neyco, France) were cleaned for 15 minutes
in a piranha solution (sulfuric acid/hydrogen peroxide, 4:1),
rinsed with ethanol, and dried under a flow of N;. One wafer
was used as the target, onto which a thick CHCA layer was
deposited by sublimation (2 h at 180 °C), resulting in a smooth
layer 1.5 um thick (R, = 0.11 um). The second wafer served
as the collector for deposition, and the third as the cleaned Si
reference.

B. ToF-SIMS analyses

ToF-SIMS analyses following the CLASH deposition ex-
periments were performed using an IONTOF ToF-SIMS V
commercial instrument. This instrument was used to quantify
and image the molecular signal from the target and collector
surfaces. A Bi3™ primary ion beam was used with a current
of 0.4 pA and a cycle time of 100 ps. Large-area images were
acquired by scanning the surface with a 500 pm x 500 pm
raster, with two frames per patch and a pixel density of 256
x 256. Static analyses over 500 um x 500 pym areas were
also performed with an analysis time of 200 s. In this mode,
the primary ion beam remains fixed and the signal is acquired
from a single area without raster scanning. Three static anal-
yses were carried out on each sample: one in the center and
two located 1 mm from the edges, noting that both the col-
lector and the target were 15 mm x 15 mm silicon wafers.
Charge compensation was never used during the analyses.

IV. RESULTS AND DISCUSSION
A. Ar," Cluster formation and detection

Fig. 8A shows the superimposed mass spectra obtained for
Ar, " at 1 keV with a backing pressure By = 6 bar. Mass-over-
charge calibration is performed using the small clusters Ar,™
(34.8 us), Ary ™ (42.6 us), Arg™ (49.38 us), and Arjo™ (78 ps),
for which the mass peaks are still resolved. The corresponding
FWHM values are 0.35, 0.32, 0.32, and 0.52 ps, respectively.
The intensity of these small clusters is enhanced by bunching
them with a delay of 230 us after the pulse. Ion bunching
is achieved by switching the Gate 1 voltage from -1000 V
to 70 V. The large cluster intensity is further optimized by
bunching with a delay of 360 ps.

The steering and focusing electrode is used to mass-select
the ions after a specific time-of-flight. A voltage of -150 V is
applied to one of the half electrodes (X;) to continuously de-
flect the beam, except during short pulses when the potential
shifts to 0 V. In this experiment, short pulses of 20 us were
applied at increasing time-of-flight, allowing the selection of
ions of increasing mass. Fig. 8A illustrates two key aspects.
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FIG. 8. (A) Distribution of Ar,™ cluster ions obtained by pulsing
the steering electrode. Pulses of 20 us were applied at increasing
time delays, with each delay increasing by 50 ps steps. The backing
pressure was fixed at 6 bar. (B) Cluster distribution centered around
Arjgpp™ obtained at different backing pressures. Voltages with the
time delays referenced to #y, the start of the gas pulse; Lens 1 (-
950 V), Lens 2 (-360 V), Gate 1 (-1000 V to +70 V at ¢t = 360 ps
with Ar = 1.1 ms), Gate 2 (-1000 V to 0 V at r = 360 ps with Ar =
1.1 ms), Xy (pulsed at -150 V at variable ¢ with Ar = 20 ps), Xg (0 V),
C(-200V),Yy (0V),Yp (OV).

First, it demonstrates the ability of CLASH to select mass
distributions centered around a specific cluster size. A fixed
At = 20 us time gate corresponds to a larger absolute mass
window for heavier clusters and amplifies energy/velocity
spread effects (since ¢ «< /m), so large clusters appear broader
even with the same temporal selection.

Second, the global mass distribution is also illustrated, with
a sharp decline in intensity for small clusters and a broad dis-
tribution for larger clusters. When Ar; ™ is mass-selected and
bunched at a time delay of 230 s, the maximum peak inten-
sity reaches 1150 mV, with a full width FWHM of m/z 0.22
(data not shown). The intensity then decreases for small clus-
ters and increases again, reaching a maximum near Arjgoo™.
This distribution shape was previously observed by Yamada*
and can be explained by the fact that after a critical size
N*, cluster-cluster aggregation becomes the dominant growth
mechanism, with minimal addition of individual monomers.
This bimodal distribution is often observed in cluster beam ex-
periments,*®47 but detailed mechanisms of such growth can-
not be extracted from mass spectra only. Nevertheless, this
bimodal size distribution was also observed in soft ionization
experiments, suggesting that it can be attributed to a transition
in the cluster formation process.*3.

At this backing pressure, the heavier cluster distribution
that was measured is centered around Arpsoo™. With the in-
stalled nozzle (500 um diameter, 15° half-cone angle), a back-
ing pressure of 6 bar, and a stagnation temperature of 298 K,
the semi-empirical Hagena law (see Appendix) predicts an av-
erage cluster size of 5935 Ar atoms. The experimentally mea-
sured distribution deviates significantly from this value; how-
ever, this deviation is expected. Electron-impact (EI) ioniza-
tion induces extensive fragmentation of the clusters,*>* and
an additional detection bias favoring lower masses further dis-
torts the observed size distribution (see Sec. II E).

Fig. 8B shows the mass selection of Arjgge™ at different
backing pressures. It can be seen that increasing the pressure
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FIG. 9. (A) Distribution of (CO,),™ cluster ions obtained by pulsing the steering electrode. Pulses of 20 s were applied at increasing time
delays, with each delay increasing by 50 us steps. The backing pressure was fixed at 7 bar. (B) Zoom-in view in the low mass range where

cluster ion masses are still resolved.

increases the intensity. In this experiment, only the backing
pressure was varied, while all other parameters were kept con-
stant.

B. (CO;)," Cluster formation and detection

CO; offers several potential advantages, as its clusters are
nearly four times more stable than Ar clusters due to stronger
van der Waals interactions. The binding energy of CO; clus-
ters is 0.27 eV per atom, compared to 0.065 eV per atom for
Ar clusters (average values obtained by molecular dynamic
simulation in Ref.’!). This increased stability facilitates the
experimental production of larger clusters and reduces the
likelihood of metastable decay as they travel down the ion
beam column.

CO; cluster ion beams were generated simply by chang-
ing the feed gas. Fig. 9A shows the mass spectra obtained
for (CO,), . Mass calibration was performed using small
clusters: (CO7)2" (36.8 ps), (CO2)¢™ (63.6 ps), (COz)9™
(77.8 ps), and (COy)20™ (116 ps), where the mass peaks re-
main well-resolved. Fig. 9B provides a zoomed-in view of a
smaller mass range, highlighting the first two selected distri-
butions. In blue, the first distribution shows that the different
cluster ion peaks remain well-resolved and can be assigned.
However, this is not the case for the next distribution, which
is centered around (CO2)s0 ™.

The Hagena semi-empirical law (see Appendix) is not used
here to determine the average CO; cluster size formed in the
jet for two reasons. First, the law was primarily established
and calibrated for rare gases, even though it provides a use-
ful estimate for CO,.5% Second, experimental studies®® show
that, depending on the diagnostic technique, agreement on ab-
solute or relative values is only achieved for I < 10*, while
in our case I' = 2.7x10*. Considering dissociative ionization,
bias in detection for large masses, and the fact that the current
experimental conditions fall outside the validated range, it is

unsurprising that clusters smaller than those predicted by the
Hagena formula are observed.

C. CHCA deposition

To perform the first CLASH deposition, a copper foil was
used and bent to position the target and the collector so that
the impact angle is at the optimal value for sputtering of 45°.%!
CHCA was chosen as a small molecule that is easily sputtered
and has some interest for in situ matrix-enhanced secondary
ion mass spectrometry.!”-18

The experiment was performed sequentially. First, the
sample holder was inserted and positioned so that the beam
reached the Daly detector (position (1) in Fig. 10A). A spec-
trum of small clusters was initially measured for calibration
and is shown in blue in Fig. 10B. A distribution centered
around Arigso” (FWHM of 119 atoms) was then selected by
time-of-flight. The beam energy was increased to 4.5 keV
(E/n=2.73 eV) to ensure soft sputtering.

After the size distribution measurement, the sample holder
was moved toward the current measurement (position (2) in
Fig. 10A). An average current of 0.4 nA was measured for
Ars0™ at a repetition rate of 200 Hz. Considering a pulse
width of 20 us with mass selection (Xz,), this corresponds to a
relatively high peak current of 100 nA, indicating that increas-
ing the repetition rate could significantly enhance the current
and, consequently the deposition rate. However, increasing
the frequency of the pulsed valve resulted in higher beam cur-
rent but did not improve the cluster intensity. In fact, at higher
frequencies, the noise level at the Daly detector increased, and
Ar™ ions began to be detected. This is probably due to the
higher pressure in the instrument. For this reason, the fre-
quency was maintained at 200 Hz for this first deposition ex-
periment.

The voltages were optimized to the following values, with
the time delays referenced to #o, the start of the gas pulse; Lens
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1 (-400 V), Lens 2 (-1800 V), einzel lens (+1000 V), Gate 1
(pulsed from -4000 V to +1000 V, at ¢ = 330 us with At =
1.1 ms), Gate 2 (pulsed from -4000 V to O V at r = 330 ps
with Ar = 1.1 ms), X;, (pulsed from -250 V to OV at t = 650 ps
with Ar = 20 ps), Xg (0 V), C (-1000 V), Yy (0 V), Yp (0 V).
The Wien filter was off during this deposition. The pressure in
the jet chamber was around 3 x 10~* mbar, and the pressure
after the skimmer was around 4 x 10™> mbar and decreased
slightly over time.
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FIG. 10. (A) Picture of the sample holder with the different posi-
tions. (1) The ions (green arrow) follow a straight path toward the
Daly detector (not shown), (2) optimization of the current and (3)
target bombardment. (B) Mass spectra obtained with the Daly de-
tector showing the lower mass cluster for calibration (blue) and the
selection of a distribution centered around Arjgso™ (green).

After deposition using 2.89 x 10'* cluster ions with a distri-
bution centered around Arjgs0" and an energy of 4.5 keV, 2D
large-area ToF-SIMS analyses of the target, the collector and
a cleaned Si wafer reference were performed (Fig. 11). The
picture of the target and the corresponding [CHCA+H]" ToF-
SIMS signal indicate that the center region was bombarded by
the ion beam. The circular pattern observed arises from a cir-
cular aperture of 10 mm of diameter placed before the target
and mounted on the sample holder (see Fig. 10A).

For the collector, a decrease in the Si signal relative to the
reference, together with the detection of the CHCA molecu-
lar ion, confirms that CHCA molecules were deposited on its
surface. This experiment highlights a key observation: the ion
beam was not well focused and appeared to spread widely,
consistent with the 10 mm diameter aperture placed in front
of the target. The beam brightness can be further improved by
introducing apertures and optimizing the lens system through
adjustments to position, operating voltage, and design.

To demonstrate that other gases, such as CO;, can also be
used, a deposition experiment was performed using a clus-
ter distribution centered around (CO3)2100" with a FWHM of
269 CO;, molecules. At 200 Hz, the beam current was lower
(0.1 nA) than for the deposition with Ar cluster ions (0.4 nA),
and the applied dose was 7.33 x 10'3 cluster ions. This time
the Wien filter was on (5 A, 1.5 V), and a small electric field
was applied to the electrodes of the Wien filter to optimize the
current. Fig. 12A shows ToF-SIMS images of the CHCA tar-
get and the collector after deposition. Once again, the circular
shape arises from the circular aperture placed in front of the
target, indicating the poor focusing of the beam. Moreover,
this aperture was connected to an electrometer, and a side cur-

FIG. 11. (A) Picture of the different samples that were analyzed with
ToF-SIMS after the deposition experiment. The CHCA target, the Si
collector and a clean Si reference. (B) Si™ and (C) [CHCA+H] ™ ion
images for the different samples.

rent oscillating between 0.08 and 0.12 nA was detected.

Fig. 12B shows the ion peak intensities measured on the
collectors after the deposition experiments. The negative and
positive ions of CHCA are compared to measurements per-
formed on a Si reference wafer, which do not reflect actual
CHCA signals but rather correspond to background interfer-
ence and noise. The ion dose used for Arjgso" deposition
was 4.6 times higher than for (CO;)»100" deposition, so the
plot was normalized to allow for a comparison. No signifi-
cant differences were observed between the two CHCA de-
position conditions. Future experiments will investigate other
molecules and systematically assess the effects of ion energy
and gas type on deposition rate and fragmentation.
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V. CONCLUSION AND FUTURE PROSPECTS

The construction of a new instrument for sputtering and
soft-landing is presented and is based on the use of pulsed
supersonic expansion to generate cluster ions. This was moti-
vated by the goal of advancing the development of a state-of-
the-art pulsed valve that offers greater adaptability. Indeed,
at high operating frequencies, the beam approaches quasi-
continuous behavior while allowing the use of larger nozzle
diameters or pressure ratios, which favor the formation of
large clusters. Ar,™ and (CO,),™ were mass-selected and
used to deposit CHCA from a targeted sample onto another
surface, called the collector.

This setup represents a first demonstration that it is feasible
to build a soft-landing instrument using cluster ions gener-
ated by a pulsed source. However, further improvements are
required to achieve a fully efficient system. The main lim-
itation is found to be the focus of the beam. Implementing
apertures and several current measurements along the beam
path would provide a better understanding of the beam charac-
teristics and enable subsequent adjustments, such as changes
in lens positions, dimensions, or types (e.g., upgrading to a
diagonal-slit einzel lens). In addition, new versions of the
valve could be developed, along with enhanced safety mea-
sures, such as an interlock between the primary and secondary
pumping systems, allowing for longer or overnight deposition
experiments. Finally, post-acceleration to higher energies is
needed to detect heavier clusters.

SUPPLEMENTARY MATERIAL

Sec. I describes the pulsed valve in detail with a general de-
scription, the piezo electrical circuit, the valve assembly pro-
cedure, and technical drawings. Sec. II describes the skim-
mer from Beam Dynamics and compares its performance
with a skimmer manufactured at UCLouvain. Sec. III de-
scribes the electron gun by providing the mechanical drawing
of the assembly and the SIMION simulation. Sec. IV pro-
vides a description of the accelerating bunching electrodes.
Sec. V describes the Wien filter with the assembly drawing
and SIMION simulations. Sec. VI describes the steering and
focusing lens. Sec. VII describes the sample holder assembly.
Finally, Sec. VIII lists all the adjustable variables used for the
SIMION simulation of the entire instrument and the values set
for the simulation shown in Fig. 1.
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Appendix: Hagena semi-empirical law

For experimentalists, it is essential to determine the clus-
ter size as a function of nozzle geometry, gas type, and gas
properties (temperature Tp and backing pressure ). To ad-
dress this, Hagena developed an empirical scaling law that
quantifies how these parameters influence the kinetic condi-
tions for cluster growth.’>>* The average cluster size N can
be described by the following semi-empirical scaling law for
axisymmetric gas expansion through sonic and conical noz-

zles:3233

_ r \’

The Hagena parameter I is function of the backing pressure
Py (mbar), the equivalent critical-section diameter d,, (um) of
the nozzle and the gas temperature 7 (K):

0.85
P()deq

=k 7228

(A.2)

K is the gas specific constant (1650 for Ar,>® 3660 for
CO,,%7 and see Ref® for other gases). The equivalent
critical-section diameter d,., was also introduced by Hagena
and is equal to:

_0.74d
" tano

eq (A.3)

« is the half opening angle of the conical nozzle. For a
sonic nozzle de, = d.

The experimental information of N is often obtained using
Rayleigh scattering.*~%2 Such studies try to better understand
the cluster formation because deviation of the Hagena law are
often observed. For instance, an effective equivalent sonic-
nozzle diameter d;, = 8d,, was introduced to account for the

deviation observed from the predictions.®® These deviations
from an ideal conical nozzle can be due to boundary layers
effects that restrict the performance in cluster formation. The
results of these experiments provide the value of the constants
a and b to match the Hagena scaling law in the given interval
of I' parameter. In this work, when the cluster size is eval-
vated, the I' parameter is calculated. Based on the interval
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I" range a | b |Ref
350 <T < 1,800 |[38.4[1.64] ©3
1,000 < T < 7,300 | 33 [2.35]°%>
2,100 < T < 14,000| 78 [1.84] 2

10" <T<10° [100]1.8] 3

TABLE I. Experimentally determined values of a and b for different
ranges of the Hagena parameter I'.

summarized in Table I, the average cluster size N can be ap-
proximated.
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