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A molecular level understanding of surface chemistry involved in the focused electron beam induced
deposition (FEBID) with metalorganic molecules is crucial for enhancing the metal content in the fabricated
nanostructures. Here, we investigate the FEBID process of trimethyl(methylcyclopentadienyl)platinum(iv)
[MeCpPtMes] using focused electron beam induced mass spectrometry (FEBIMS), a recently developed
in situ analytical technique. A comparison with experimental gas-phase electron impact fragmentation
spectra, alongside density—functional theory calculations and molecular dynamics simulations is presented.
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The results indicate that charged fragments generated via dissociative ionization exhibit strong adsorption to
the substrate and lack sufficient kinetic energy to desorb. This suggests that the most observed charged spe-
DOI: 10.1039/d5cp02552d cies during FEBID originate from gas-phase fragmentation above the surface. Furthermore, this study

proposes processes like charge neutralization and dissociative recombination, not previously considered in
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1. Introduction

Techniques for probing a surface through mass analysis of
particles ejected by an external trigger, such as secondary ion
mass spectrometry (SIMS), are valuable for gaining insights
into the chemical composition of a sample. Using a focused
particle beam as the trigger, as in scanning electron micro-
scopes (SEMs) or focused ion beam (FIB) systems, allows for
detailed imaging of the chemical composition with excellent
lateral resolution." In FIB, the ion beam generally induces
sputtering, facilitating SIMS depth profiling. FIB-SIMS can be
applied to analyse interfaces between different materials or
dopant profiles in electronic devices.'™

@ EMPA-Swiss Federal Laboratories for Material Science and Technology,
Feuerwerkerstrasse 39, Thun, CH-3602, Switzerland. E-mail: ivo.utke@empa.ch

b Institute of Applied Physics, TU Wien, Wiedner Hauptstrafie 8-10, Vienna, 1040,
Austria

¢J. Heyrovsky Institute of Physical Chemistry, Czech Academy of Sciences,
Dolejskova 3, 182 23 Prague, Czech Republic

 Department of Physical Chemistry, University of Chemistry and Technology,
Technickd 5, 16628 Prague, Czech Republic

¢ Institute of Physics and Applied Computer Science, Faculty of Applied Physics and
Mathematics, Gdarsk University of Technology, ul. G. Narutowicza 11/12, 80-233
Gdarisk, Poland

7 Institute of Geological Sciences, University of Bern, Baltzerstrasse 3, 3012 Bern,
Switzerland

¢ MBN Research Center, Altenhdferallee 3, Frankfurt am Main 60438, Germany

22734 | Phys. Chem. Chem. Phys., 2025, 27, 22734-22745

FEBID, could be significant contributors to increasing the metal content in the resulting nanostructures.

Focused electron beam induced mass spectrometry (FEBIMS)
is an analogous technique employing a focused electron beam
(FEB) as an external trigger.” FEBiMS monitors electron-induced
damage by in situ mass detection of charged fragments gener-
ated during irradiation of a material and can be used for in situ
monitoring of gas-assisted focused electron beam induced
deposition (FEBID).

FEBID is a direct-write nanofabrication technique in which
precursor molecules are continuously delivered onto a sub-
strate, where they physisorb and are locally decomposed by a
focused electron beam, creating a deposit in the irradiated area.
The process also involves the interactions of secondary electrons
(SEs, with energy <50 eV) and backscattered electrons (BSEs)
interacting with the adsorbates. By controlling the scanning of the
electron beam, various patterned 2D and 3D deposits can be
fabricated. The technique thus serves as a 3D-nanoprinting tool
for several nanotechnological applications.®™® For metallic nanos-
tructures, organometallic or inorganic complexes are used as
precursors.'”'* A significant challenge with this approach is
obtaining high purity, carbon-free metal nanostructures. Incom-
plete separation of ligands from metal atoms and co-deposition of
already cleaved ligands often result in low metal content in the
created nanostructures. Consequently, much attention has been
paid in recent years to understanding the electron-induced frag-
mentation of FEBID precursors. The primary question in these
efforts is how many (and which) ligands the precursors lose in
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collisions with electrons. Common approaches to tackle this
question include experiments with precursors in the gas
phase,’>™* their layers condensed on various low-temperature
substrates,”>™” or in the form of clusters."®'° These approaches
provide useful insight into the radiation-induced chemistry dur-
ing FEBID. However, the molecular environments used in such
experiments are different from the FEBID process environment.
In this respect, the FEBiMS method used for in situ monitoring of
FEBID can provide insights into mechanisms that are directly
responsible for the deposition process.

FEBIMS was successfully applied for in situ monitoring of
FEBID using W(CO)g as a precursor.” It was also used for
monitoring irradiation of grains of non-volatile precursors such
as silver and copper carboxylates and ruthenium carbonyls.?
Both approaches provided first insights into electron induced
decomposition processes under conditions similar to those of a
standard FEBID process.

A key unresolved issue in in situ monitoring of FEBID
through FEBiMS is the contribution of the electron-induced
fragmentation of either adsorbed or gas-phase molecules to the
detected signal. An estimate, based on precursor concentra-
tions and electron mean free paths in both the gas and
adsorbed phases, suggests that the signal from the condensed
phase could be up to 500 times more intense than that from the
gas phase, assuming equal fragmentation cross-sections in
both phases.” However, the mass spectra recorded during the
FEBID process with W(CO), were qualitatively, and surpris-
ingly, similar to the gas-phase spectra available in the
literature.

This paper aims to investigate the origin of metal-containing
fragments in the FEBiMS signal during FEBID. We have
selected the precursor trimethyl(methylcyclopentadienyl)
platinum(wv), (CHj3)3;Pt(CsH4(CH3)) or [MeCpPtMej;], which is
widely used for creating local platinum-carbon surface protec-
tion deposits for subsequent FIB milling. FEBID structures

nanoprinted using MeCpPtMe; are employed in gas,
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temperature, and strain sensors.’>’ We present the mass
spectra obtained during the [MeCpPtMe;]-assisted FEBID and
compare them with the gas-phase mass spectra of MeCpPtMe;
across an electron-energy range of 10 eV to 30 keV, reflecting
the broad energy spectrum of electrons involved in the FEBID
process. The aim of this analysis is to investigate the origin of
fragments in the FEBID process. Quantum chemical calcula-
tions were performed to understand the molecule-substrate
interactions for the neutral and charged precursor molecule
and its fragments. A possibility of ion desorption through
kinetic energy release was also explored using classical reactive
molecular dynamics simulations. This study provides valuable
insights into the electron-induced deposition process.

2. Experimental methods
2.1 SEM based FEB induced mass spectrometry

The experimental setup used in this study is described in detail
by Jurczyk et al.,> and is shown schematically in Fig. 1a and b.
The experiments were conducted in a TESCAN Lyra3 dual-beam
system (Brno, Czech Republic), consisting of an SEM, a gallium
FIB, and a 5-line gas injection system (GIS) from Orsay Physics
(Fuveau, France). It is equipped with a synchronized high-
resolution time-of-flight mass spectrometer (ToFMS) from TOF-
WERK (Thun, Switzerland). The resolution M/AM is 2096 at a
mass of 320 amu and is 2087 at a mass of 50 amu. The ToF
mass spectrometer has an ion extractor at an angle of 55° to the
electron beam. Ionic fragments generated inside the chamber
are extracted and collected by electrostatic potentials of around
100 V. Every 40 ps, the fragments are released into the ToFMS
for mass analysis by an orthogonal voltage pulse. The ToF
instrument was originally designed for time-of-flight secondary
ion mass spectrometry (ToF-SIMS) and synchronized with a
FIB.*** The mass spectrum is collected pixel by pixel as the ion
beam scans the surface, with pixels being binned according to
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Fig. 1

(a) FEBIMS method for in situ monitoring of FEBID inside the SEM. (b) High-energy (1-30 keV) gas-phase experiments inside the SEM. (c) Low-

energy (10-80 eV) gas-phase experiments. Abbreviations “bkg" and “op” stand for background and during operation. PE stands for the primary electron

beam.
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the user’s preference, resulting in a spatial map for each
complete scan. No post-ionization of neutral fragments is
involved in the measurement.

2.1.1 FEBiMS experiments for in situ monitoring the
FEBID process. For our purposes, the mass spectra were binned
across all scanned pixels to enhance the signal-to-noise ratio, as
no spatial map was needed. FEBID was performed on a native
oxide Si(100) substrate using a focused electron beam with an
energy of 10 keV and a beam current of 8.9 nA. Square deposits
were created by scanning an area of 20 x 20 um® using a
serpentine scanning strategy. The MeCpPtMe; GIS was main-
tained at 77 °C, while the substrate was kept at room tempera-
ture. The mass spectrum was collected during FEBID with a
pixel dwell time of 40 ps enabling coverage of the mass range
up to 450 m/q (mass over charge ratio) and a frame size of 256 x
256 pixels.

2.1.2 High energy electron gas phase experiments (1-30 keV)
inside the SEM. The same experimental setup was used to
investigate the gas-phase electron-induced fragmentation at
high electron energies (>1 keV). For this experiment, the
substrate was removed from the setup, as shown in Fig. 1b, and
a Faraday cup was introduced. These modifications enabled us to
study the electron impact dissociation of the gas-phase precursors
in the SEM. The base pressure of the chamber was 6.9 x
10~° mbar. The chamber pressure rose to approximately 8.2 x

¢ mbar when introducing the MeCpPtMe; precursor at 60 °C.
The GIS was in a standby position to prevent higher molecular
flux locally. We collected the mass spectrum at different electron
currents at 2 keV electron impact energy and selected the current
range of 100-900 pA that satisfies the single collision condition.
Since the cross-section for fragmentation decreases with increasing
electron energy, this condition holds for higher electron energies.
The SEM-based gas-phase electron impact mass spectra were
recorded at 2, 5, 10, 20, and 30 keV electron energies.

2.2 Gas phase experiments (10-80 eV)

The low-energy gas-phase mass spectra were measured using a
dedicated experimental setup equipped with a tunable mono-
chromatic electron gun and a reflectron time-of-flight (RToF)
mass spectrometer (Stefan Kaesdorf, Germany),”®> as shown
schematically in Fig. 1c. The base pressure in the interaction
vacuum chamber was 1 x 10~ % mbar. The MeCpPtMe; sample
was introduced into the chamber via a background gas inlet at
room temperature, and the whole chamber was thus filled with
its vapor to the background pressure of 4.0 x 10”7 mbar. The
electron beam was generated by a magnetically collimated
electron gun using a heated tungsten filament as an electron
source. The electron beam was pulsed at a frequency of 10 kHz,
and the electrons were passed through the interaction region in
a field-free environment. After the electrons exited the inter-
action region, an extraction pulse was applied to extract the
ions to the RToF mass spectrometer. The mass resolution of the
spectrometer during the present experiments was M/AM = 2627
at 320 amu and 691 at 50 amu. Mass spectra were recorded for
electron impact energies from 10 to 80 eV in steps of 0.5 eV.
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2.3 Experimental data analysis

Mass spectra obtained were discretized by binning ion signals
into integer mass units. This was achieved by integrating ion
counts within a 0.4 amu window centred at each integer mass.
The chosen bin width exceeds the instrumental mass resolu-
tion, thereby ensuring complete capture of each mass peak.
Individual mass channels are denoted by mi with corres-
ponding intensities designated as I for gas phase data and
IEPIP for the mass spectra obtained during FEBID.

Quantitative comparison among the three different experi-
mental methodologies was conducted over two distinct mass
intervals: 180-340 amu, encompassing Pt-containing frag-
ments, and a broader 0-340 amu range. Empirical intensity
values were normalized to construct discrete probability dis-
tributions. Specifically, the normalized intensities from gas-
phase spectra yield the distribution p%y° while those from
FEBID spectra yield phi° “such that

Zpﬁff =
and

Z pFEBID _

i=a
where the summation bounds (a, b) correspond to either the
180-340 or 0-340 amu range, depending on the analysis.

To quantify spectral similarity, the Jensen-Shannon diver-
gence (JSD) was computed. This symmetric divergence metric,
measures the dissimilarity between two probability distribu-
tions and is bounded between 0 (identical distributions) and 1
when the logarithm of base 2 is considered. At a given gas
phase electron impact energy, E, the JSD between the FEBID
mass spectrum and the gas phase spectrum is defined as:

JSD = E 2as | ’%?IS 4 E FEBID] 5111531[)
pl?” . o og
le P le

1

with the intermediate distribution (Q,,;) defined as:

Omi = ( T Pmi )

JSD values computed for the 180-340 amu and 0-340 amu mass
ranges at a given gas phase electron energy, E, are denoted as
h(E) and g(E), respectively.

3. Theoretical methods
3.1 DFT interaction energy calculations

To calculate the interaction between MeCpPtMe; and its
charged and neutral fragments and the substrate, a quartz
(001) surface was modelled as a slab consisting of seven SiO
layers. To avoid spurious interactions between the layers, a
vacuum space of 30 A was included in the simulation cell. The
lateral dimensions of the simulation cell are 21.38 x 21.38 A”
and the cell was periodically repeated. Where needed, dangling
bonds were saturated with hydrogen atoms to ensure a

This journal is © the Owner Societies 2025
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chemically reasonable hydroxyl-terminated surface and a
charge-balanced model.

All periodic calculations were performed using the Quick-
step module of CP2K (version 2022.1).>® Kohn-Sham density
functional theory (DFT) with the Gaussian and plane wave
(GPW) method was employed. The Perdew-Burke-Ernzerhof
(PBE) functional with D3(BJ) dispersion corrections, paired
with the DZVP-MOLOPT-SR-GTH basis set, was used for all
structure optimization and interaction energy calculations. For
all calculations, a grid cutoff/relative grid cutoff of 400 Ry/50 Ry
was used.

The geometry of MeCpPtMe; was optimized at the B3LYP/
LANL2DZ level using Gaussian16.>” This optimized molecule
was subsequently adsorbed in different orientations onto the
quartz slab, creating eight different adsorption geometries.
Each adsorption configuration, including the adsorbed mole-
cule and the uppermost layer of the slab, was optimized. For
MeCpPtMe;, MeCpPtMe,, MeCpPtMe, PtMe;, and Pt, four
adsorption geometries were created for each singly charged
and neutral fragment and optimized in the same way. In all
cases, the basis set superposition error (BSSE)-corrected inter-
action energy of the most stable adsorption configuration is
reported.

3.2 Kinetic energy release calculations

We have analysed the kinetic energy release of the fragments
(ions and neutral co-fragments) following the gas-phase ioniza-
tion of MeCpPtMe;. This analysis is based on the results of
irradiation-driven molecular dynamics (IDMD) simulations
presented in Lyshchuk et al.?® The IDMD method,* implemen-
ted in the MBN Explorer software package,*® allows atomistic
simulations of irradiation-driven transformations in various
molecular and condensed matter systems exposed to radiation.

View Article Online
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1,%° and described in

This method was introduced in Sushko et a
detail in several recent reviews and books.*'** Briefly, the IDMD-
based molecular fragmentation model assumes that, upon ioniza-
tion, excess energy is transferred from the electronic degrees of
freedom of the target molecular system to the motion of nuclei on
an ultrafast timescale.'®?%2°* At simulation time zero, the excess
energy is distributed statistically among the vibrational degrees of
freedom of the parent cation MeCpPtMe;". A classical reactive MD
simulation of the nuclear motion was then performed using the
reactive *CHARMM force field.>* The parameters of the force field
describing the covalent bonded and angular interactions (which
change dynamically upon the breakage or formation of covalent
bonds) are described in detail in Lyshchuk et al.*® The simulations
were conducted with the MBN Explorer software package.*® The
IDMD simulations of MeCpPtMe; fragmentation recently showed
a very good agreement with the experimental data on electron-
induced dissociative ionization of gas-phase MeCpPtMe; in terms
of fragmentation patterns and appearance energies of different
fragments.?® In this study, we have analysed the trajectories from
these simulations to evaluate the kinetic energy imparted into the
fragments during the dissociative ionization.

4. Results and discussion

4.1 Mass spectra of in situ FEBID and gas phase electron
impact ionization

Fig. 2 shows the FEBiMS spectrum obtained during FEBID of
MeCpPtMe; which we refer to as the FEBID spectrum. The mass
spectrum shows a series of peaks that are grouped due to the
presence of various isotopic forms of Pt, with the following
abundances: *°Pt = 0.01289%, *°*Pt = 0.7938%, '**Pt = 32.81%,
195pt = 33.79%, *°°Pt =25.29% and '°®Pt = 7.308%.3° In addition,
the observed fragments contain varying numbers of hydrogen
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Fig. 2 The mass spectrum collected during the FEBID process with the FEBIMS experimental setup shown in Fig. 1a using the MeCpPtMez precursor
with an electron energy of 10 keV withn = 0, 1, 2,... The parent ion with most abundant Pt and C isotopes has m/q = 319. The value for n in (Cp-nH)* can

take negative integers.
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atoms, with the removal of hydrogen indicated as -nH in Fig. 2.
The most intense group of ions corresponds to [MeCpPtMe-nH]',
representing the loss of 2 methyl ligands, followed by a second
group, [MeCpPt-nH]", corresponding to the loss of three methyl
ligands. Ligand stripping down to the bare platinum ion was
also observed. Interestingly, the signal at m/gq = 197 clearly
indicates the presence of a PtH" ion (see Fig. S1 in the SI). A
second strong intensity group of ions appears at low masses and
corresponds to the ligands (CpMe’, Me') and their fragments
(MeCp-nH)', (Cp-nH)', CxHn"). The intact ligand signals have
higher intensities than their respective fragments. Additionally,
background gas peaks were observed, including H,O" from
background water vapor and Ga' (m/q = 69) from the liquid
ion source of FIB, even though the gallium ion beam was not
used in this study. Fig. 3 presents the integer gas-phase mass
spectra taken at 2 keV and 80 eV electron energy. These electron
energies correspond to the lowest and highest energies used in
the experiments described in Sections 2.1 and 2.2, respectively.
The raw mass spectra are shown in Fig. S2 of the SI. To facilitate
comparison, the mass spectra were normalized by dividing each
spectrum by the corresponding sum of all Pt-containing peaks, so
that the total intensity of these peaks is equal to 1. It is evident
that the degree of fragmentation is greater at 80 eV than at 2 keV.
This is well rationalized by the short interaction time and the
resulting lower amount of deposited energy for the higher-energy
spectrum. The 2 keV mass spectrum measured in the SEM has
significant contribution from the residual gases N, (venting gas,
m/q = 28) and O, (m/q = 32). Our 80 eV spectrum is in a very good
qualitative agreement with the one measured by Engmann et al.,"*
using a quadrupole mass analyzer in an orthogonal beam setup.

4.2 Comparison of in situ FEBID and gas-phase electron
impact mass spectra

In gas-assisted FEBID, precursor molecules are delivered to the
substrate surface and irradiated with an electron beam, initiat-
ing a complex deposition process involving not only primary

View Article Online
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electrons but also SEs and BSEs. To elucidate the contribution
of gas-phase fragmentation in the FEBID mass spectrum, we
therefore need to consider a broad electron energy range. We
systematically compared gas-phase mass spectra recorded at
electron energies ranging from 10 to 80 eV in 0.5 €V incre-
ments, alongside spectra acquired at 2, 5, 10, 20, and 30 keV
using a SEM, against the in situ FEBID spectrum.

Fig. 4 presents a qualitative comparison of the FEBID
spectrum with three gas-phase spectra at energies of 10 eV,
70 eV and 10 keV (the complete mass spectrum can be found in
SI, Section S2). We confine the spectra to a mass range of 180-
340 amu and normalize such that the sum of the intensities in
the mass range 180-340 amu equals one. We can observe that
the FEBID spectrum closely matches the 10 keV spectrum above
m/q = 241 and the 70 eV spectrum below m/q =230, the
difference is clearly visible from the region around m/q = 290.
At 10 eV, the mass spectrum is dominated by the parent ion
with significant contribution coming from the MeCpPt-nH
fragment.

For quantitative comparison, we used the JSD measure and
first focused on the mass range of 180-340 amu. We set the
values of Li™® and B to zero for all ion masses where no
signal from MePtCpMe; is expected, in order to eliminate the
noise contribution to the divergence. Normalization of each
spectrum within the 180-340 amu range yielded discrete prob-
ability distributions p%2° and pry° " enabling the calculation of
JSD, denoted as A(E). The resulting values, plotted in Fig. 5 in
red, indicate a high degree of spectral similarity between FEBID
and gas-phase measurements over the energy range 60 eV to
30 keV, which can be considered constant (the range between
80 eV and 2 keV is unfortunately not covered in the present
experiments).

We further extended the analysis to the full 0-340 amu range
(the normalized mass spectra can be found in SI, Section S3) by
computing an additional JSD quantity, g(E). A minimum in g(E)
occurs near 50 eV, followed by an increase at higher energies.
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Fig. 3
80 eV measurement, respectively.
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Integer electron impact ionization mass spectra of gas-phase MeCpPtMes. Fig. 1b and c show the related experimental setups for the 2 keV and
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In both cases, we have observed a high degree of similarity
for electron energies greater than 30 eV. This suggests that the
dominant fraction of the in situ FEBID signal comes indeed
from the gas-phase precursor molecules fragmented above the
substrate and the growing deposit. This also shows that the role
of SEs around 50 eV in causing the dissociation is important
in FEBID. This was already suggested by the observation of
negatively charged fragments in the FEBID using W(CO)g.*> Of
note is that we have removed the background masses, 18, 28,
32, 69 amu in the analysis. The difference between g(E) and h(E)
at higher energies could also imply that the difference in 10 keV
FEBID and 10 keV gas-phase mass spectra could be due to the
observation of desorbed fragments coming from dissociation of
physisorbed molecular fragments. This is particularly notable
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Fig. 5 The value of the Jensen—Shannon divergence used for evaluating
the similarity of the 10 keV FEBID mass spectrum with the gas phase
spectrum at all gas-phase electron energies. The h(E) and g(E) denote the
JSD values at a given electron impact energy, E, for the two mass ranges
180-340 amu and 0-340 amu, respectively. The smaller the JSD the more
similar is the gas-phase spectrum to the FEBIMS spectrum.
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for the MeCp' fragment, which is prominent in the FEBiMS and
80 eV gas-phase spectrum but almost absent in the 2 keV gas-
phase spectrum. This suggests that this fragment was produced
by SEs or low energy BSEs dissociating the adsorbates or gas
phase molecules above the surface.

4.3 Adsorption energies of fragments to the substrate

The intensity of the charged particle signal, I, is proportional to
the number density of precursor molecules, n, the ionization
cross section, ¢, and the length of the path travelled by the
electron beam through the volume filled with molecules, I ~
nol. In our experiment, the adsorbed versus gas-phase ratio of
ionization events is related as Iggpip/lgas & 5 ¥ 10% x OFEBID/ Ogas
(see the SI of Jurczyk et al.’). This relationship suggests that
ionization events in the adsorbed phase are dominant when
assuming roughly equal cross-sections for both phases. This
contradicts the above observations. Moreover, this expression
does not account for how many ions from each phase reach the
ion extractor and, subsequently, contribute to the ToFMS
signal.

To address this, we explored the desorption behavior of
charged and neutral fragments via DFT calculations as exem-
plified in Fig. 6, which shows a MeCpPtMe; molecule physi-
sorbed on a hydroxylated quartz slab. Interestingly, the lowest
energy configuration is neither with the cyclopentadienyl ring,
nor with the three methyl ligands facing the substrate as is
often schematically represented.’” This was also observed in
previous theoretical studies.*®**° Table 1 compares the calcu-
lated adsorption energies of several neutral and singly charged
cation fragments observed. Evidently, the charged state
increases the adsorption energy drastically: while the adsorp-
tion energy of neutral MeCpPtMe; to the substrate is 0.62 eV,
comparable to the literature values,*®*° the adsorption energy
of the parent cation is 4.4 eV. For the bare platinum atom, the
binding energy is 2.06 eV and for Pt" it is 10.05 eV. The higher
adsorption energies of cations can be attributed to the stronger
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Fig. 6 Optimized adsorption geometry of the neutral MeCpPtMe; on the
hydroxylated SiO; slab. Color code: white — H, black — C, blue — Pt, red —
O, and yellow - Si.

electrostatic interactions than the weaker van der Waals inter-
action of neutral species.

Hence, ion species created on the substrate surface have to
overcome a much larger barrier than the neutrals to desorb.
Following an Arrhenius-type dependence, the average thermal
desorption time © ~ texp(—Eaqs/ksT) depends exponentially
on the adsorption energy E,qs with T being the temperature, kg
the Boltzmann constant and 7, being an inverse of the attempt
frequency/escape frequency. The ratio of desorption times for
different adsorption energies is given by

Tcharged _ f % ex Eneulral - Echarged
B P kgT ’

Tneutral

f: TOcharged/TOneutraI and ylelds Tcharged/Tneutral ~ f X 1065 for
MeCpPtMe;" versus MeCpPtMe; at room temperature (20 °C)
when entering the adsorption energies from Table 1. To have
comparable desorption rates of ionic vs neutral ligand frag-
ments the pre-exponential factor should be at least 10~% which
is far beyond the typical vibrational frequencies (10"*-10"* s™%).
This exemplifies that at room temperature the thermal desorption
of cationic species with binding energies in units of eV never
happens unless there are other mechanisms taking place. Con-
sidering the values for 7, = 10""* s from Cullen et al.,*° time scales
of desorption of neutrals are around Tpeyral & 5 ms for the parent
molecule. It should be noted that the desorption behavior is more
generally expressed using Polanyi-Wigner equation which has a

Table 1 The adsorption energies of the neutral and singly charged
positive molecular species on the hydroxylated SiO, surface. Me stands
for the methyl group (CH=)

Adsorption energy (in eV)

Fragment Singly charged cation Neutral
MeCpPtMe; —4.41 —0.62
MeCpPtMe, —5.91 —0.69
MeCpPtMe —6.51 —1.63
PtMe; —-7.11 -1.11
Pt —10.05 —2.06
Me —5.87 —0.27
22740 | Phys. Chem. Chem. Phys., 2025, 27, 22734-22745
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dependence on surface coverage. It was shown theoretically that
the Polanyi-Wigner frequency prefactor (can be considered as the
Arrhenius pre-factor, attempt frequency) is more than two orders
of magnitude greater than the value of 10" s™* for a specific
case.”" When we apply this correction, we obtain the characteristic
desorption time Tpeyrar & 50 ps, which is within the order of
magnitude of the experimentally determined desorption time of
MeCpPtMe; on the silicon cantilever.** This would then result in
Techarged ~ 10°" s for charged parent ions, implying that they
cannot desorb to be detected by ToFMS during FEBID. This
applies further to other charged fragments in Table 1 as they
have higher binding energy than the parent ion. The charge
transfer could take place in the presence of the conductive
substrate. This process would lead to the neutralization of frag-
ments which would then enable desorption. However, it should
be noted that neutralization of metal-containing fragments would
not result in such an effect, as the adsorption energies of these
fragments are still high. Consider for example, for Pt containing
fragments, such as MeCpPtMe or PtMe;, the desorption times can
reach 10" or 10° s, respectively, suggesting that these fragments
also do not thermally desorb during the FEBID process.

The adsorption energies reported in Table 1 correspond to
the configurations with the highest interaction energy of the
molecule with the surface. The existence of some configura-
tions in which charged species have less interaction energy
than the neutral is possible. In the SI, Section S4, we show that
the adsorption energies for different configurations of
MeCpPtMe; are smaller than those for the related MeCpPtMe;"
configurations and hence we consider that in general the
charged species have higher interaction energy than their
corresponding neutrals for the substrate and molecules used
in this study. Moreover, it was proven theoretically that equili-
bration timescales are in the order of picoseconds, much faster
than the desorption time.*" This would support the considera-
tion of the most stable configuration. As the deposit grows, the
surface changes from quartz to the deposited material itself.
Although values in Table 1 refer to the quartz surface, we think
that the considerable difference between interaction energies of
neutral and charged species will still be present.

The above considerations on desorption times assumed that
the molecules are at room temperature in equilibrium with the
substrate after electron impact (kg7 ~ 25 meV). However, the
energy deposited by electrons in the molecules (kg7 =~ eV
range) lead to “hot” molecules where the internal energy
distribution of molecules no longer follows a room temperature
Boltzmann distribution. The temperature in the Arrhenius
expression can be several thousands of kelvins (1 eV corre-
sponds to 11604.5 K). This eventually can reduce the
desorption times by several orders of magnitude. Here, the
transfer of deposited energy into the substrate needs to be
considered and this aspect is out of the scope of the
present work.

4.4 Kinetic energy release of the fragments

Another factor that could contribute to ion desorption from the
substrate is the kinetic energy imparted into the fragment ion
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in the process of dissociative ionization. Such a desorption
process was studied experimentally by Sanche et al.**** Fig. 7
shows the results of IDMD simulations® of electron-induced
MeCpPtMe; fragmentation in the gas phase, resulting in the
formation of a singly-charged MeCpPtMe," fragment and a
neutral methyl radical as a co-fragment. The horizontal axis
shows the excess energy which was put into the parent
MeCpPtMe;" ion at the beginning of the simulation. The
vertical axis shows the average kinetic energy of the cationic
(left) and neutral methyl (right) fragments at the end of the
500 ps long simulations. These are obtained as kinetic energies
of the centers of mass of the two fragments. As expected purely
from momentum conservation, the kinetic energies of
MeCpPtMe," are lower by approximately a factor of 20 (ratio
of masses of the two fragments). The sum of the kinetic
energies of the products does not equal the input excess energy
as the energy is also distributed among the vibrational and
rotational degrees of freedom. For the charged fragment, the
maximum value of kinetic energy is around 4.5 meV, which is
much lower than the eV-range adsorption energy to the sub-
strate (5.9 eV, see Table 1). We thus conclude that for Pt-
containing cations, the kinetic energy released in dissociative
ionization will not increase their desorption probability. The
situation may significantly change upon multiple ionization
when multiply charged fragments can decay via Coulomb
explosion and cascade processes.*”> Surprisingly, despite high
enough electron energies of impinging electrons to doubly
ionize the precursors,*®*” the mass spectra are dominated by
single ionization products as discussed above. For neutral
methyl fragments, however, the kinetic energy of up to 0.1 eV
is comparable with the binding energy of the methyl radical to
the substrate (0.27 eV, see Table 1).

Two aspects concerning these simulations should be dis-
cussed. The first is the amount of excess energy. In the electron-
impact ionization, the incident collision energy (which goes up
to 30 keV in the present experiments) is divided between the
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Fig. 7 Calculated average kinetic energy of the MeCpPtMe,* fragment
(left axis) and the neutral methyl fragment (right axis) upon dissociative
ionization in the gas phase. The horizontal axis shows the internal energy
of the parent cation at the start of the IDMD simulations.
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two outgoing electrons and the internal energy of the cation (=
excess energy). In principle, the excess energy can be much
higher than the values considered here. However, it has been
shown by Lyshchuk et al.>® that for excess energies higher than
7 eV, the process is more fragmentative, and more than one
methyl group is separated. In other words, any detected
MeCpPtMe," has to originate from a parent cation with less
than this amount of excess energy. The second aspect is that
the IDMD simulations have been performed for the fragmenta-
tion in the gas phase. If the precursors are adsorbed on a
substrate, the excess energy can be quenched by the presence of
the environment prior to the dissociation."® This would prob-
ably lead to even lower fragment kinetic energies.

The fact that the neutral methyl fragment has a low adsorp-
tion energy and (relatively) high kinetic energy upon its release
could indicate the possible explanation of the results of Jurczyk
et al.’ Upon the irradiation of non-volatile precursor grains of
silver and copper carboxylates and ruthenium carbonyls, only
the ligands and their fragments were observed in the FEBiMS
spectra. It is reasonable to assume that similar effects are
operative in these precursor grain irradiation experiments, as
presented in our current work. First, only a small part of kinetic
energy is imparted into the metal atoms which is insufficient to
cause the desorption of metal-containing fragments. Second,
the cleaved neutral ligands interact weakly with the substrate,
and are much more likely to desorb. They can be further
ionized by a second electron collision in the gas phase above
the substrate to be collected by the ion extractor in the ToFMS.

Our proposed mechanisms and observations are in line with
the experiments of Massey et al*® who irradiated Fe(CO)s
molecules condensed onto a Pt substrate at 40 K. They collected
desorbed ionic fragments either by the ion collector close to the
substrate (as in our setup) or by applying a keV-potential pulse
on the substrate to be analyzed using a mass spectrometer.
They observed ionized ligands (CO)" with a significant signal
and no metal containing ions. However, when adding con-
densed inert xenon monolayers between the Pt and the Fe(CO)s
film, the signal of the metal containing ions increased with the
number of inert Xe monolayers. This was explained through the
quenching of image dipole interaction due to the Xe layer*®
which enabled the desorption of metal-containing ionic frag-
ments. It is worth observing that they applied a voltage of 2.4 kV
to the substrate after the electron pulse to collect ions. This
voltage should not influence the desorption of ions: let us
assume an ion with a binding energy of 1 eV to a substrate
which is at a distance of 0.1 nm (typical bond length). A field
strength of 1 x 10"° V m™" is required to remove it. With 2.4 kV
and 10 mm distance between the electrodes as reported in the
experiments of Massey et al.,*® the field strength amounts to
2.4 x 10° V. m™", which is being orders of magnitude smaller.

4.5 The CH," signal

Our results shed some light on a long-standing puzzle in the
electron-induced chemistry of MeCpPtMe; concerning the non-
Pt-containing peak, namely CH,'. Surface-science experiments
with electron irradiation of cryogenically condensed thin films
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Fig. 8 The 0,2*/O" and CH," fragments in the FEBID mass spectrum at

10 keV electron beam. A similar graph is shown for the SEM based high
energy electron impact mass spectrum in the Sl (see Fig. S5).

of MeCpPtMe; showed that the dominant neutral volatile
product is methane, CH,, and no methyl radicals are
released."” This is very surprising in the view of the MeCpPtMe;
structure. In contrast, the gas-phase dissociative ionization
study of Engmann et al.* reported no CH," signal.

Detection of this ion by mass spectrometric means is
difficult since m/q = 16 coincides with O" ions originating from
the residual oxygen and water in high and ultrahigh vacuum
systems. However, our TOF spectrometer in the FEBIMS experi-
ment has a mass resolution that can separate masses 15.999 amu
(0,*" and 0") and 16.04 amu (CH,") as shown in Fig. 8. A plausible
explanation is that CH," observed in the FEBID mass spectrum
originates from a CH, molecule formed in the adsorbed phase
which then desorbs and is ionized by another electron in the gas
phase above the substrate.

Careful examination of the CH," peak in the SEM based
high-energy gas phase experiments shows its presence, see Fig.
S4 in the SI. We verified the formation of CH," in the low-
energy gas phase experiments. As the mass analyzer does not
have the necessary mass resolution to separate the 0,>*/0" and
CH,", we used the ratio of peak intensities at m/qg = 16 and
m/q =32 and compared it to what is expected from the ioniza-
tion of pure molecular oxygen. This ratio (shown in SI in
Fig. S6) suggests that CH," is present also in the low-energy
gas-phase mass spectra. Our results suggest that the rearrange-
ment reactions before the dissociation occur in the gas phase
under single electron-molecule collision conditions and that
the CH;" fragment efficiently abstracts a hydrogen atom upon
leaving the parent molecule. This rearrangement mechanism
also justifies the statistical nature of the fragmentation process
considered in the IDMD simulations.>®

4.6 Implications for FEBID

Our above experimental and theoretical findings show that the
majority of the peaks in the spectra obtained during FEBID are
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coming from the gas phase ionization and fragmentation.
However, pairing the experimental results with calculations
allows us to draw a conclusion for the FEBID process, which
happens on the surface of the sample. For the cases when the
charged fragments are produced by the electron beam irradia-
tion, it is possible that significantly fast neutralization pro-
cesses can lead to desorption of the produced fragments.
This includes the potential SE-induced neutralization. To our
knowledge, the possible role of SEs in neutralizing the charged
fragments has not yet been considered.***® We would like to
highlight two facts. The slow SEs will be more efficient in the
charge neutralization than the fast primary electrons. The more
efficient neutralization will lead to a higher desorption prob-
ability of ligands and thus to a higher metal content in the
nanoprinted material. The dissociative recombination®" which
involves dissociation after neutralization could also play a role
in FEBID. These processes are represented as:

AB'+e” — AB (charge neutralization)

AB' +e” —» A+ B (dissociative recombination).
Further investigation for understanding the role of these pro-
cesses could provide insights for FEBID.

5. Conclusions

In this study, we conducted a detailed analysis of the perfor-
mance of the FEBIMS analytical technique for in situ monitor-
ing of FEBID using the MeCpPtMe; precursor. For this purpose,
we recorded the surface-based FEBID process mass spectrum at
10 keV and gas phase mass spectra of this precursor at a broad
range of electron energies. Their qualitative and quantitative
comparison showed that most of the mass spectrometric
signals, in particular, of the metal-containing ions during the
MeCpPtMe; FEBID process originated from the dissociation
and ionization of the gas-phase molecules present above the
surface and not from the physisorbed molecules. This observa-
tion was rationalized by the low probability of the desorption of
ions created on the surface. DFT calculations showed that they
have considerably higher binding energies and their thermal
desorption is not possible. The kinetic energy released in the
dissociative ionization process calculated by MD was insuffi-
cient to cause their direct desorption. However, the low mass,
carbon-containing fragments observed in the FEBiMS spectrum
can originate from the dissociation of the molecules on the
surface. Further research should be considered to properly
differentiate the origin of the low-mass signals, and to properly
understand the FEBiMS spectra in their full range. Additionally,
from the obtained results, we propose that processes such as
charge neutralization and dissociative recombination by SEs
and low-energy BSEs may contribute to the low carbon content
deposits, which have not been considered for the FEBID in the
past, and could be of interest to investigate their cross-sections
in comparison to other FEBID processes.
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