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Abstract

The focused electron beam-induced deposition (FEBID) process, a 3D nanofabrication technique,
involves the utilization of a concentrated electron beam of high energy to dissociate precursor
molecules that are adsorbed on a substrate, resulting in the creation of both volatile and non-
volatile fragments. The former are pumped away and the latter are deposited on the substrate to
form the desired 3D nanostructures. Close to any arbitrary form may be generated by a
combination of beam movements and its dwell time at the respective locations. As an electron
beam collides with a substrate, many interactions can take place, including scattering, secondary
electron emission, Auger electron emission, and ionization. The secondary electrons can interact
with the deposit and the substrate and induce processes including dissociative ionization,
dissociative electron attachment, neutral dissociation, and dipolar dissociation of the precursor
molecules. FEBID encounters challenges such as impurities and lateral broadening of deposited
structures. These issues arise from the partial decomposition of precursor molecules induced by
low energy electrons and the spatial distribution of secondary electrons beyond the focal point of
the primary electron beam.

To address these challenges, gas phase and surface studies of FEBID precursor molecules can aid
in understanding electron interactions in the low-energy range of secondary electrons. This thesis
focuses on studying gold precursor molecules [(CH3)AuP(CHs)s], [(CHs)2AuCl], and
[CFsAUCNC(CHs)s], with respect to their fragmentation through dissociative electron attachment
(DEA) and dissociative ionization (DI) in the gas phase under single collision condition and the
respective deposit formation in FEBID under ultra-high-vacuum. Quantum chemical calculations
are conducted at the DFT and coupled cluster levels of theory to support the interpretation of the
observations made in the experiments. The results from these studies are discussed with respect
to low energy electron induced fragmentation of these precursors in general and how that is
reflected in the elemental composition of the deposits formed in FEBID. Specifically, the suitability
of these precursor molecules for the creation of high content gold nanostructures in FEBID is
discussed in this context.



Utdrattur

Orprentun yfirborda med skdrpum rafeindageisla er prividdar értaekni sem notar skarpan haorku
rafeindageisla til ad sundra sameindum sem eru asogadar a yfirbord. Til ad mynda malmstuktata
med pessari teekni eru notud girditengi sem innihalda malm atom umkringd lifreenum og/eda
Slireenum tengihdpum. Undir kjéradstaeedum rofna tengihdparnir fra malminum pegar sameindin
vixlverkar vid rafeindir rafeindageislans. Tengihdpatnir eru rokgjarnir og fara i gasham og pannig
af yfirbordinu, en méalmutinn verdur eftir og myndar péa 6rstritira sem atlunin er ad byggja. |
raunheimum hinsvegar, brotna pessi girditengi sjaldan alveg nidur og erfitt hefur reynst ad byggja
hreina malmstratdra. Pad er frekar reglan ad strukturar sem eru byggdir med pessari teekni
innihaldi toluvert af frumefnum tengihépanna. | ofanélag vixlverka haorkurafeindirnar vid
undirlagid og vaxandi orstrdkturana, tapa orku og losa rafeindir Ur undirlaginu, rafeindir sem
jafnvel hafa litla sem enga hreyfiorku. bannig naer orkudreifing rafeindanna sem i raun valda
tengjarofunum allt fra nokkrum kilérafeindavoltum alveg nidur ad O rafeindavoltum. bessar
rafeindir geta pvi valdid tengjarofum 4 margvislegan mata, p.e., med rafeindadrfun sameindanna,
rjufandi rafeinda alagningu og i gegnum tengjarjufandi jonun. betta leidir til pess raunverulegu
ferlarnir & bak vid tengjarofin eru ekki vel pekktir og pad aftur kemur i veg fyrir ad haegt sé med
marvissum haetti ad hanna sameindir sem eru vel til pess fallnar a8 mynda hreina malmstruatura
med pessarri adferd. | pessu verkefni var tekin s nalgun ad rannsaka prjar sameindir sem zetladar
eru til ad mynda gull strdktura; [(CH3)AuP(CHs)s], [(CHs)2AuCl]; og [CFsAuCNC(CHs)s]. Pessar
sameindir voru rannsakadar med tilliti til rjufanti rafeinda alagningar og jénandi tengjarofa pegar
paer eru i gasham og voru notadar til ad mynda 6rstruktura. Skammtafraedilegir reikningar voru
notadir til ad tulka nidustédur tilrananna par sem tengjarof voru skodud i gasham og nidustodur
peirra tilrauna voru bornar saman vid frumeindasamsetningu Orstratitanna sem myndudust
pegar pessar sameindir voru notadar til ad mynda slika undir geislun med hdorkurafeindum.
Nidurstédurnar eru sérataklega skodadar i samhengi vid hvernig nidurbrotsferlin sem eiga sér stad
pegar pessar sameindir eru i gasham endurspeglast i samsetningu orstriktira sem myndast pegar
paer rofna a yfirbordum undir geislun med haorkurafeindum.
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1 Introduction

Researchers in the nanofabrication field seek to construct nanoscale structures, which may
operate as components, devices, or systems and are preferably suitable for high-volume
manufacturing at low cost. One of the main drivers is the miniaturization trend in the
contemporary electronics industry®?. Nanofabrication is also a key component of the wider
nanotechnology field and is essential for the practical application of nanotechnology in many
conventional engineering and scientific disciplines. The scientific disciplines intersecting in
nanoscience and nanotechnology include chemistry, physics, biology, engineering, and medicine.
Therefore, the economic and social impact of results from nanotechnology may be significant.
Diagnostics, therapies, and preventative measures in medicine>*, nanoparticles for sustainable
energy®, magnetic memories for computers®, electronic devices’, thin films in electronics®,
biosensors®, and nanostructured catalysts!® are just a few examples of applications of
nanotechnology in engineering, chemistry, and biotechnology. Furthermore, the properties of
materials at the nanoscale may differ significantly from those observed at the macroscopic scale,
allowing for the investigation of fundamental physical phenomena such as quantum size effects®.
These, in turn, may pave the way for further novel nanotechnology applications.

Gold nanostructures are a prominent example of nanostructures that have attracted significant
interest in recent years. This is because of their unique optoelectronic characteristics and
biocompatibility which make possible a wide variety of fascinating applications in medical imaging
and therapy!? as well as in the general field of nanotechnology'®!*. Among these are the
fabrication of electrical interconnects'®, metamaterials®®, growth of substrates for nanowires and
nanotubes?’, and the development of intricate 2D and 3D plasmonic structures. However,
application of 3D nanostructure for absorption and scattering of light, e.g., in plasmonic
structures, require not only mastery of shape but also precise control over elemental
composition. Plasmonic nanostructures may be produced using traditional techniques that
consists of depositing a thin metal film using electron-sensitive positive or negative resists in
Electron Beam Lithography (EBL)?°. However, multiple fabrication steps?!, a slow manufacturing
process?!, high cost?!, limited throughput??, substrate limitations?>?*, material restrictions??, and
structural defects resulting from radiation damage caused by high-energy electrons®* are
challenges that the EBL technique faces in its real-world applications. The direct deposition of
nanostructures on a substrate driven by a focused electron beam, i.e., FEBID is a potential
alternative to the EBL *?. In this process, the electron beam irradiation decomposes precursor
molecules adsorbed on the substrate’s surface, leaving a deposit, from which the nanostructures
may be formed by a combination of the beam position and its dwell time. Furthermore, it is a
single-step process capable of creating 3D structures directly on flat as well as uneven surfaces.
Indeed, eliminating the requirement for resist material will facilitate the fabrication of
nanostructures with larger aspect ratios and offers more control over nanopatterning on planar or
non-flat surfaces®. However, the high energy incident electron beam in FEBID interacts not only
within the adsorbed precursor molecules but also with the substrate and the growing
deposit>?%?’, leading to inelastic electron scattering and the generation of secondary electrons.
Furthermore, the electron beam current, the substrate material, the conditions within the
deposition chamber, and the chemistry of the precursor all play a role in the FEBID technique??’.



Historically, FEBID of gold structures has been carried out using a wide range of chemical vapor
deposition (CVD) precursors, such as (CHs),Au(acac)?, (CHs),Au(tfac)?*3°, and (CHs),Au(hfac)3! and
the resulting deposits have been poor in quality, generally consisting of an amorphous matrix of
carbon with embedded metal crystallites. For the precursors listed above, as an example, the gold
content achieved has been in the range of 8-20 at. %, 10-40 at. %, and 2-3 at. %, respectively. This
is not surprising as the deposition process in the FEBID technique is electron driven?3233 ag
opposed to the thermally-driven CVD. Hence there is no basis for the presumption that a suitable
CVD precursor will also perform well in FEBID. Correspondingly, significant effort has been put
into designing improved gold precursors for FEBID3*3¢, the two most noticeable of these being
CIAul(PF3)*” and CIAu(CO)*®. Despite the high gold content of the deposits achieved in FEBID with
these precursors, they have not found general application due to their sensitivity to moisture and
their thermal instability leading to a limited lifetime at ambient conditions and restricting their
handling and applications®*. In the still ongoing quest for suitable gold precursors in FEBID, it is
thus important to be able to combine their complete decomposition under the electron beam and
their stability under ambient conditions. To achieve this, a funded understanding of the
underlying electron-induced fragmentation of such precursors must be provided and eventually
used in the design of better-performing FEBID precursors. This is a complicated task as the FEBID
technique involves the decomposition of the precursors through irradiation with a high-energy
focused electron beam. Thus inelastic, ionizing scattering, at and within the substrate and the
forming deposits plays a significant role. This in turn leads to the formation of a large number of
scattered and low-energy secondary electrons at or near the respective surfaces 2>3°. In addition
to the primary electrons of the high energy beam, these low-energy electrons induce dissociation
of the precursor molecules through various fragmentation mechanisms. The degree of
dissociation of the precursor molecules' ligands impacts the purity of the FEBID deposits, as
remaining ligands and fragments may stay in the deposits. Furthermore, backscattered and
secondary electrons may also cause deposition outside the directly irradiated area, which in turn
reduces the resolution. There are four types of electron-induced fragmentation processes;
dissociative ionization (DD), dissociative electron attachment (DEA), dipolar dissociation (DD), and
neutral dissociation (ND)**™*. These are distinctly different with respect to their electron energy
dependence and product formation. Evaluating the energy dependence of these diverse
dissociation processes and the respective products formed in relation to their roles in the FEBID
deposition of different precursors is thus an important element in rational design of new FEBID
precursors*#>. Understanding the electron-molecule interactions in the FEBID technique requires
integrating UHV surface science with HV gas phase experiments®. The ultra-high vacuum regime
in surface science studies allows for the investigation of the interaction of precursor molecules
with the electron beam as well as the effects of surface kinetics, including adsorption, desorption,
and diffusion, in application of the FEBID technique*®8, Ultra-high vacuum is important in this
content as it reduces co-deposition from background gas in the FEBID chamber and allows better
judgement of impurities in the deposit that result directly from the respective precursor ligands.
Gas phase electron interaction studies are important as these allow deconvolution of the
underlying processes and assessment of their electron energy dependence. This combination is
important as bond selectivity of certain dissociation pathways presents a challenge in FEBID, as
the electron energy spectrum involved encompasses not only the high-energy primary electrons
(in the keV range) but also the low-energy secondary and backscattered electrons ranging from
few meV to the energy level of the primary electrons*. Furthermore, the purity of the FEBID
deposit is also determined by the equilibrium between the desorption of the volatile dissociation



fragments and their surface interaction, which coincides with the first electron-induced
dissociation reaction steps®.

Understanding the complex surface chemistry behind FEBID can be greatly facilitated by obtaining
knowledge about the species generated during the initial stage of deposit formation, which
involves the dissociation of the precursor by electrons. It has been shown that conducting HV gas-
phase experiments can shed light on the initial electron-induced precursor fragmentation
processes***. Mass spectrometry (MS) is usually utilized in such gas-phase investigations to
analyze the fragmentation products under single electron-molecule collision conditions. Such
experiments, which commonly use a crossed molecular and electron beam apparatus, can track
either the anionic fragments produced by dissociative electron attachment (DEA) or the positively
charged fragments produced by dissociative ionization (DI) processes, however, neutral
dissociation (ND) cannot be probed by such experiments**0-52,

Secondary electrons (SEs) are emitted in significant numbers when electron beams with energies
of several keV interact with solid materials. The energy range of these SEs overlaps with the range
that is relevant in DEA, which is most efficient close to the 0 eV threshold but may occur up to
about 10 to 15 eV, as well as the range relevant in DI, which onset is at or slightly above the
ionization energy of the respective molecule>*, In theory, an assessment of the significance of
individual electron induced events in FEBID could be obtained by convolving the energy-
dependent cross sections for the production of certain fragments with the energy-dependent SE
yielding from the material from which a deposit grows. However, neutral species are not only
formed in the ND process as DEA and DI also produce neutral counterparts to the charged
fragments observed in the mass spectrometric experiments. Generally, neutral fragments are
challenging to measure in gas-phase experiments, but exploiting the thermochemistry associated
with the formation of the observed charged fragments, determined by quantum chemical
calculations of the respective threshold energies, may help in the identification of these
fragments. In addition, the surface science experiments conducted under UHV conditions, where
the substrates remain clean due to the low adsorption rate of contaminations from the residual
gases, are important for gaining an in-depth understanding of surface reactions in conjunction
with those conducted in the gas phase studies®>*°.

To better understand the fundamental electron-induced reaction pathway(s) in the deposition of
gold, this thesis studies the extent, nature and energy dependence of DI and DEA processes in the
gas-phase on isolated precursor molecules developed for FEBID as well as the elemental
composition and morphology of deposits generated in FEBID using these precursors under UHV
conditions. Neutral fragments and fragmentation routes in DI and DEA to these gold precursors
are identified by using quantum chemical calculations of the respective thresholds and are
discussed in context with the composition of the deposits formed in FEBID under UHV.

In this thesis, Chapters 2 and 3 provide an overview of the theoretical and experimental principles
that form the basis of the methodologies employed in this study, while chapter 4, discusses the
results of single-collision gas-phase experiments and UHV deposition studies conducted on three
potential organometallic gold precursors.






2 Theoretical Perspective

2.1 Focused Electron Beam Induced Deposition
(FEBID)

Focused Electron Beam Induced Deposition (FEBID) is a single step material deposition technique
that allows for precise and controlled 3D growth of nanoscale structures composed of a variety of
materials, including metals, alloys, and insulators®?°. Utilizing a focused electron beam enables
the controlled and precise material deposition onto a substrate in a highly-localized manner?. As
a result, complex nanostructures with a high degree of accuracy and resolution can be created>.
The unique capabilities of FEBID make it a promising technology for a wide range of applications,
including micro- and nanoelectronics®, biomedical devices®®, and energy storage systems>®.

2.1.1Principle of FEBID

The origination of the focused electron-beam induced deposition (FEBID) technology may be
traced back to the period when researchers discovered undesired deposits of contaminations,
most of which were hydrocarbons, that prevented them from exploring substrates in the electron
microscope®®’. The primary sources of contamination were the diffusion of hydrocarbons from
pump oils and the leakage of water molecules through polymeric O-rings as well as vacuum
grease and pump oils®®. In recent years, the adoption of oil-free turbomolecular pumps, plasma
decontaminators, UV radiation, and ozone to clean the SEM chambers have all contributed to the
decrease in the undesired deposition of impurities®>®%. In addition, the temperature within the
chambers could be reduced, and other gasses like argon, nitrogen, oxygen, and air can be
introduced into the chamber to assist in the removal of contaminations from the electron
microscope chamber®%3,

This was, however, also recognized as an opportunity and researchers attempted to use these
unintended processes to open a new avenue for fabricating exceptionally high-resolution
nanostructures. The high resolution of the nanostructures is determined by the width of the
primary electron beam as well as the very short mean free path of secondary and backscattered
electrons in the substrate and deposit.>® In addition, the depth of focus in this method is rather
considerable, and it has the potential to be employed in the fabrication of both two and three-
dimensional structures®. Today it is common practice to use a scanning electron microscope
(SEM) for carrying out FEBID experiment, though other instrument types, such as (S)TEM® and
STM®, are also utilized.

The principles underlying FEBID involve electron induced molecular fragmentation and fragment
desorption, whereby a focused electron beam is utilized to decompose molecular precursor
materials at a surface to desorb unwanted components, leaving the desired deposit. A schematic
representation of this process is shown in Figure 2.1.
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Figure 2.1 Schematic image of the FEBID process. The precursor molecules are introduced to the
chamber through GIS and then interact with the electron beam. Upon irradiation, the precursor
molecule dissociates into volatile and non-volatile fragments. The volatile fragments are pumped
away from the substrate, whereas the non-volatile fragments remain on the substrate and create
the deposit. Reprinted with permission from ref.

In FEBID of metallic structures the precursor materials, is typically an organometallic compound
with sufficient vapor pressure to be introduced into a vacuum chamber, as shown in Figure 2.1.
The precursor compound enters the chamber close to a substrate surface, at which it is subjected
to a tightly focused high-energy electron beam. Under the electron beam exposure, the precursor
molecules decompose through electrons-induced fragmentation, leading to desorption of the
unwanted ligand materials and ideally the deposition of pure metal structures. By moving the
electron beam along the surface and varying the dwell time, the spatial material deposition can
be controlled, allowing for precise 3D control over the formation of nanoscale structures®2’,

In this process special Gas Injection Systems (GIS) are commonly used to transfer the gaseous
precursor molecules into the gas phase and into the high vacuum chamber in close proximity to
the substrate surface®®. Generally, for metal deposition, the FEBID precursors are organometallic
compounds that composed of a metallic core carrying organic ligands, while inorganic precursors
include carbon-free ligands are also used?’. The ligands play a crucial function by increasing the
volatility and stability of the precursor molecules, allowing them to pass through the GIS and
reach the respective substrates®*. At the substrate’s surface, the precursor molecules are
physically adsorbed in dynamic equilibrium with the gas phase, and are subjected to a focused
electron beam with an energy of 1, up to 50 keV that impinges on the adsorbate at the surface
%558 The molecules of adsorbed precursors on the substrate are decomposed into volatile and
non-volatile species while being subjected to the impact of the electron beam?”*%, The volatile
species are pumped away while the non-volatile fragments remain on the substrate, eventually
creating well-defined nanostructures from the respective deposits?>?6. This is a single-step
procedure that may be applied on flat or non-flat substrates, and is suitable for the fabrication of
3D structures of significant complexity®’.

However, when a high energy electron beam impinges onto a substrate, secondary electrons (SE)
and backscattered electrons (BSE) are generated in close proximity to the irradiated region. For 20
or 30 keV incident electron energies radius for SEs may be on the order of 1 nm and for BSEs it has



been shown to be on the order of 5 um for 30 keV electrons impinging on a silicon substrate®”,

Such backscattered and secondary electrons that are generated close to the surface of the
substrate react with the adsorbed precursors and contribute significantly to the deposit
formation®. For high aspect ratio structures this is also the case for forward scattered electrons.
For this reason, the spatial resolution of FEBID-fabricated nanostructures depends not only on the
size of the primary electron beam, but rather on the size of the region surrounding the incoming
electron beam where scattered and secondary electrons are present®’.

Focused electron beam induced deposition is a versatile single step process with high potential
where conventional layer by layer lithographic processes are not suitable. Furthermore, despite
the role of scattered and secondary electrons, FEBID is suitable for high precision and high
resolution®*® fabrication of nanostructures as the high energy electron beam allows for tight
focusing and the spread of the secondary electrons is limited. It may be used for the deposition of
a wide range of materials®, including metals, alloys, and insulators, making it a versatile
technique for a variety of applications. Furthermore, it offers controlled deposition rate®,
adjustable with the energy and current of the electron beam as well as the delivery of the
precursor molecules. And, last but not least, it is compatible with a variety of different
substrates’®”!, both with regards to material composition and topography. These parameters
make FEBID a versatile technique with high potential for a wide range of potential applications in
various fields.

However, although FEBID has several advantages, there are also various challenges and
limitations that require attention. One such limitation is the slow deposition rate of FEBID’?, and
related to that the technical realization of parallel processing’®. These are especially of concern
for high-volume manufacturing processes. The practical limitations to the range of materials that
can be deposited using FEBID are also of concern. This is mainly due to the limited availability of
suitable precursors®. In practice, the compatibility of FEBID with different substrates can also be
challenging, and specialized substrates or surface treatments may be necessary for optimal
results?®. Furthermore, the biggest strength of FEBID is probably in the manufacturing of 3D
structures making the stability of high-aspect-ratio nanostructures an intrinsic concern’. The cost
of equipment and materials required for FEBID, though not high compared to EUV or DUV
lithographic manufacturing tools, also limits their access to only few researchers and institutes?.

Despite these challenges, FEBID is a promising technology with unique capabilities that makes it
suitable for a wide range of applications and researchers are working to improve the speed,
efficiency, and versatility of this method and to overcome its limitations to making it more
accessible and valuable for a broader range of applications in the nanotechnology industry.

To achieve this, both instrumental parameters and parameters of fundamental underlying
processes need attention. The important instrumental parameters in the FEBID technique
include®?"58 the electron beam energy and current as well as control of the precursor delivery.
These are important parameters which can affect the deposition rate and the material properties
of the deposited nanostructures. The substrate temperature and substrate material are also of
importance as well as the cleanliness of the processing environment. Specifically, with respect to
the cleanliness, pre-deposition cleaning protocols and background gas contaminations are of
importance, i.e., FEBID under high vacuum may produce deposits with considerably higher carbon
compared to deposition in ultra-high vacuum. The optimization of these technical and
instrumental parameters, along with others not listed here, is crucial for the success of the FEBID



process and the reproducibility in production of high-quality nanostructures with the desired
properties.

However, the currently most important parameter to be addressed is the design of suitable FEBID
precursors that are stable at ambient conditions, have sufficient vapor pressure and decompose
under the electron beam to produce pure deposit and/or allow for their composition control.
Hence, the fundamental underlying processes, the electron-molecule interaction mechanisms in
FEBID need attention.

2.2 Electron-Molecule Interactions

As the decomposition process in FEBID is not only effectuated by the well-defined primary
electrons of the beam, but rather by these, the elastically and inelastically scattered electrons and
the secondary electrons resulting from inelastic ionizing processes, precursor molecule
dissociation during the FEBID process reflects the energy distribution of the locally available
electrons convoluted with the energy-dependent dissociation cross-sections of the respective
processes®’.

There are four electron induced dissociation processes that can be brought by the precursor
molecules, and these may all proceed within the active electron energy range in FEBID*. These
electron induced fragmentation processes are dissociative electron attachment (DEA), dissociative
ionization (DI), dipolar dissociation (DD), and neutral dissociation (ND), as shown in equations 2.1-
2.4, respectively®:

AB+e” - AB™T" > A"+ B (2.1)

AB+e” > AB*™ +2¢~ > AT+ B + 2e” (2.2)
AB+e (&)~ [AB)* + e (&)(& < &) > AT+ B~ (2.3)
AB+e - [AB]*+e (e,< ) > A +B (2.4)

Here, """ represents the fragment(s) in a vibrationally and/or electronically excited state, "*"

indicates electronic excitation, and &; and &, represent the electron’s incident energy and the
electron’s residual energy after the inelastic scattering process, respectively. In principle, the
fragments may also be formed in a vibrational or electronically excited state, but that is not
specifically indicated in the equations.

2.2.1Dissociative Ionization

In dissociative ionization, a bonded electron is removed from the target molecule, resulting in the
creation of a positively charged parent molecule. This may take place when the energy of the
incoming electron is equal to or greater than the ionization energy of the target molecule. The
target molecule undergoes a vertical electronic transition from the ground state of the neutral
molecule to the ionization continuum of the molecule, which may be the ground state or an
excited state of the molecular cation. This is shown in Figure 2.2%°, which shows the cationic
ground state and two exclusively repulsive excited cationic states attainable within the Frank-



Condon (FC) region. Dissociative ionization exhibits threshold behavior rather than resonant
behavior, hence, it is a non-resonant process. Upon transition from the neutral ground state to
one of the possible cationic states within the FC region, the parent cation will be left in a
vibrationally and/or electronically excited state. In mass spectrometry, this may result in the
observation of the parent cation (AB*) or cationic fragments resulting from its dissociation (e.g.,
A*+ B or A + B* as shown in Figure 2.2). Fragmentation may be determined by the internal energy
of the cation as well as the thermochemical thresholds of the process*. As the energy of the
impacting electron rises, the fragmentation events evolve from a single bond ruptures to multiple
bond ruptures, and the total cross section approaches a maximum at around 50-70 eV. At higher
incident electron energies, however, the electron-molecule interaction time becomes shorter,
resulting in a reduction of the dissociative ionization cross section%*, Dissociative ionization may
result in significant fragmentations since it occurs across an energetic range much beyond the
ionization energy of the target molecule. Also, additional energy may be gained through new
bond formations in the fragmentation process, i.e., unimolecular rearrangement processes.
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Figure 2.2 Simplified potential energy diagrams for the DI to a diatomic molecule AB. The potential
energy curves AB, AB*, AB**, and AB™* depict the ground state of the neutral molecule and its

several ionization states. The threshold energies for producing A* and B* via dissociative ionization
of AB are denoted by Ew(A*) and Ewm(B?), respectively (adapted with permission from ref. 4).

The threshold energy (Ey,) for the formation of a positively charged fragment through the
dissociative ionization process in a diatomic molecule can be expressed by equation 2.5;
E.(A*) = BDE(AB) + IE(A) (2.5)

where IE(A) is the ionization energy of fragment A and BDE (AB) is the bond dissociation energy
of AB. For the formation of a fragment in the circumstance of more complicated dissociation
mechanisms for a polyatomic molecule where multiple bonds can be broken and formed,
equation 2.5 for the threshold energy (E;,) takes the form:

Eth = Z BDEbTOken - Z BDEformed + IE(fragment) (26)



In this case, the ionization energy of the fragment is shown as IE(gragment), ad BDEproken and
BDEfprmeq are the bond dissociation energies of the broken and formed bonds, respectively*C.

2.2.2Resonant Interactions of Low Energy Electrons

In contrast to DI, the electron attachment mechanism is active across a restricted energy range
(less than 10 to 15 eV in most cases). In electron attachment, the impacting electron remains near
the target molecule for a longer time, binding to it to form a transient negative ion (TNI), also
termed resonance. The lifetime of such a resonance spans from a few vibrational periods (1 x 10
145) in the case of N, to the 100 ps range in the case of SF¢’°. Creating a stable anion that can be
detected by mass spectrometry requires, from a thermodynamic point of view, a positive value of
the electron affinity of the molecule or fragment. However, as the attachment process is a vertical
transition, without nuclear displacement, the respective anions are formed in the equilibrium
geometry of the neutral state, hence in an excited state. The TNA is thus bound to relax by either
re-emitting the electron (autodetachment) or through dissociation (DEA). 7577
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Figure 2.3 Potential energy diagrams for DEA to a diatomic molecule AB, simplified to two
dimensions (quasi-diatomic). The electron capture (EC) is depicted with vertical arrows. The
neutral and anionic ground states, as well as the anionic excited state of molecule AB are
represented by the potential energy curves AB, AB~, and AB™. The thermochemical threshold for
the formation of B~ via DEA to AB is shown as Ew(B"). Adapted with permission from ref. 4.

Because of the complexity of the DEA process, it is often presented in terms of a quasi-diatomic
molecule so that the steps may be seen more clearly. This is shown in Figure 2.3, which depicts
the electron attachment and the DEA process for a diatomic molecule. In the Franck-Condon
region, the vertical transition occurs across a narrow energy window. The Franck-Condon factor,
which is defined as the square of the overlap integral between the wave functions of the neutral
ground state (") and the resulting electronic state (V') is directly proportional to the transition
probability (Pyans) in the electron attachment process®.

(Perans) & [(¥"|¥")] (2.7)
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There are two main types of resonances leading to the initial TNI; Feshbach and Shape
resonances, which are categorized based on their respective resonance energy compared to the
energy of the corresponding parent state’®”°.

Shape resonances

In shape resonances, the attachment of the incoming electron to the molecule is determined by
the shape of the potential resulting from the interaction between the molecule and the
electron’®. Suppose a molecule possesses an unoccupied molecular orbital that is energetically
favorable and possesses the same symmetry as the angular momentum of the incoming electron,
a plane-wave with angular momentum [. In that case, the electron attachment process can
occur’®. Assuming a neutral molecule with non-zero polarizability («), an approaching electron
induces a transient charge induced dipole in the molecule, leading to an attractive long-range
polarization potential (V,) as well as a repulsive centrifugal potential generated between the
molecule and electron due to the electron's angular momentum V;(r) as shown in the following
equations:

—a
Va = F (28)
v =D 29)

Consequently, the sum of the (V,) and (V;(r)) results in an effective potential as shown in the
following equation:

a l(I+1

Vettective = Vo) + Vi(1) = e + %
Figure 2.4 shows a representative diagram of the effective potential in dependence of the
molecule-electron distance for different angular momentums of the electron. If the centrifugal
term is zero for s-wave electrons (I =0), there is no potential barrier owing to the absence of the
centrifugal term, and no shape resonances occur. However, for electrons with non-zero angular
momentum, there is a potential barrier in the diagram in which the height of the barrier rises by
increasing the angular momentum of the electron. The incoming electron can be repelled by the
potential barrier, or it can tunnel through it leading to the formation of a TNI768081,

(2.10)
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Figure 2.4 An illustration of the effective potential between an incoming electron and its
corresponding molecule is shown in the left panel for different angular momentum (l). The total
effective potential between the electron and the corresponding molecule, including the electron-
electron repulsion) is shown schematically in the right panel. Due to the barrier, the electron may
be deflected back (shown with reflecting waves) or tunnel through the potential barrier (shown
with straight waves), becoming temporally trapped within the potential barrier. Adapted with
permission from ref. 52,

The total effective potential between a molecule and an electron, when their distance becomes
very short, is equal to the sum of the short-range repulsive force due to the interaction between
the cloud of electrons in the molecule with the incoming electron, and the long-range effective
potential.

Similarly, this TNI can decay via auto-detachment when an electron that has tunneled through the
potential barrier to form it, tunnels back out. A single-particle shape resonance occurs when this
mechanism is active without concomitant electronic excitation. Such resonances are generally
restricted to the energy range between 0 to 4 eV and are characterized by the trapped electron
occupying a vacant or partially occupied molecular orbital of the ground state parent molecule
without altering its electronic structure’. At energies at or above the initial electronic excited
energy of the neutral parent molecules, electron attachment may trigger electronic excitation. In
this case the resonance is termed a two-particle-one-hole shape resonance or core-excited shape
resonance. Both of these attachment mechanisms are examples of what is referred to as "open
channel resonances" since the electron detachment may proceed through a single particle
(electron) transition. This is shown schematically in Figure 2.5 along with the respective electron
configurations.

12



Core-excited shape 2-particle-1-hole
(open channel) o m T e mmmm———— .
—_— ! '
: iy LUMO :
| '
: '
AB bt womo
'
Core-excited Feshbach
(closed channel)
Single-particle shape 1-particle-0-hole
(open channel) ST TnmnsnnEEEEEEEEs .
| '
. _r LUMO
: '
| '
AB ! i — HOMO |
e s .
Vibrational Feshbach
(closed channel)
Molecular state Resonances Electron configuration

Figure 2.5 An illustration of the four distinct resonance types (vibrational Feshbach, single-particle
shape, core-excited Feshbach, and core-excited shape). The neutral molecule AB has two possible
states, the ground and the excited one denoted by AB and AB*, respectively. One electron in the
LUMO and no hole being generated in the HOMO represented by I1particle-0-hole, while two
electrons in the LUMO and one hole being created in the HOMO as a result of electron excitation
represented by 2-particle-1-hole. Adapted with permission from ref. 8.

Feshbach resonances

Different to shape resonances, Feshbach resonances are TNIs which are energetically below the
corresponding neutral state of the molecule. In this context nuclear-excited (vibrational) Feshbach
resonances are lower in energy than their respective vibrational parent states, generally the
ground vibrational state of the neutral. Correspondingly, electronically excited Feshbach
resonances are energetically below the respective electronically excited parent state. Auto-
detachment from theses TNIs is thus not possible in a direct process, which in turn extends their
lifetime. Accordingly, these are classified as closed channel resonances 767%7°. This is shown
schematically in Figure 2.5 along with the respective electronic structures.

2.2.3Relaxation of TNIs Through Auto-Detachment and
Dissociation (DEA)

In principle a TNI, formed through a vertical transition from the ground state neutral, may relax by
re-emission of the electron, that is by Auto-detachment (AD) or by dissociation, hence,
dissociative electron attachment (DEA). This is shown in equations 2.11 and 2.12:

AD: AB + e (&) » AB®~ 5 AB® 1 e (&) (&, < &) (2.11)
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DEA: AB+ e (g) —» AB®~ - A)- 4 B (2.12)

In the Eq. 2.11 and 2.12, "#" denotes a vibrationally and/or electronically excited state. In
addition, the g stands for the energy of the incident electron and &, stands for the energy of the
electron after the inelastic scattering process.

In the case of the diatomic molecule AB depicted in Figure 2.3, the TNI is formed via a vertical
transition from the ground state of the neutral molecule to either the electronic ground or excited
states of the anion. The TNI is initially formed without structural relaxation (vertical transition)
and the relaxing process is achievable along the respective, repulsive potential energy surfaces.
Auto-detachment can take place anywhere along the nuclear relaxation coordinate before the
crossing point, r, of the potential energy curve of the TNI with that of the neutral ground state.
However, after the crossing the point r, the autodetachment process is classically not possible
and the TNI will be dissociated, resulting in the production of neutral fragment A and negatively
charged fragment B~ in Figure 2.3. The equation 2.13 provides the lifetime tpp of a TNI with
respect to auto-detachment where h is the reduced Plank constant, I the width of the negative
ion state which is given by the Heisenberg uncertainty principle:

h
Tap =7 (2.13)

The DEA cross-section (6PF4) for this process can be obtained from equation 2.14:

oPEA = g, e~ Tdiss/TaD (2.14)
where gy is the attachment cross section and 7455 the time for relaxation beyond r..

Hence, tap is inversely proportional to the width of the respective resonance and shorter at high
energies, similarly the distance to r, is longer at higher transition energies and t4;5s thus larger.
For this reason, the DEA curve is represented in Figure 2.3 to be red-shifted relative to the
electron attachment curve (EA(AB)). Furthermore, at very low energies the attachment cross
section is inversely proportional to the square root of the energy and the DEA cross section are
generally orders of magnitude higher at the 0 eV threshold, where it is limited to exothermic
processes.

With respect to the thermochemistry of the DEA process, the threshold for the formation of A and
B~ up on electron attachment to AB is given by
Eq~ AH, = BDE(AB) + EA(B) (2.15)

where the dissociation energy of the A—B bond is denoted by BDE(AB), while the electron affinity
of fragment B is denoted by EA(B). In general terms, the thermochemical threshold energy for
DEA to a polyatomic molecule can be written as follows

Eth = ZBDE(Educt)i + EBDE(Product)j - EA(X) (2.16)

where the electron affinity of the charge-retaining fragment X is denoted by EA(X), and the bond
dissociation energies for all formed and broken bonds are given by BDE(Pmduct)j and

BDE (gauce);, respectively.
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It is also possible that the experimental measurement may record the negative ions produced via
the DEA process at energies above their corresponding thermochemical threshold. For one thing,
the extra energy can be retained in the neutral and negative ion fragments as internal or
translation energy, and it follows that the appearance energy (AE) of the negative ion produced
by DEA may be expressed as

AE(B™) = Eg, + E* (2.17)

where E* is the additional energy distributed to the fragments as internal energy or translation
energy43,76,78.

However, DEA is a resonant process and does only occur in the narrow energy ranges of the
corresponding vertical transition, which in turn may be well above the threshold for the
respective process. Thus, in DEA the appearance energy of individual fragments does only
coincide with the corresponding threshold if the energy range of a resonance overlaps with the
respective threshold value. Hence, threshold calculations for DEA fragments do only provide a
lower limit for the AEs.

In addition to relaxation through AD or dissociation a TNA may also be stabilized through
intramolecular vibrational energy distribution (IVR), allowing for mass spectrometric observation
of the metastable molecular anion. This is, however, generally limited to very low energies at the
0 eV threshold and enabled by effective coupling of the respective electronic state with the
nuclear coordinates through the Jan-Teller or pseudo-Jan-Teller effect. Correspondingly, these
observations are mostly restricted to highly symmetric, relatively large molecules, examples being
SFG, Cso and C5F5.83’84

2.3 Neutral Dissociation

Neutral dissociation is a process in which the electron interaction leads to electronic excitation,
i.e., inelastic electronic scattering. When the initial electronic excitation energy exceeds the
energy required for bond dissociation in a molecule, it has the potential to break apart into two or
more neutral fragments. Neutral dissociation is not a resonant process, and its threshold depends
on the lowest electronic excitation energy and the bond dissociation energy of the respective
molecule. The initial excitation energies of numerous organic and inorganic molecules can be as
low as 2 to 5 eV®. This makes neutral dissociation active at low electron energies. When a
diatomic molecule AB is electronically excited and dissociates to form two neutral fragments the
process may be depicted by the equation 2.18

AB + e (&) » AB* + e (&) (e, < &) » A* + B* (2.18)

where "#" denotes electronic and/or vibrational excitation. The dissociation of a neutral molecule
into fragments can take place solely if the initial electronic excitation energy surpasses the bond
dissociation energy (BDE) of AB.

Neutral dissociation may be very efficient, especially for larger molecules with a high density of
electronic states. Neutral dissociation can exhibit a significant cross section over a broad range of
electron energies, depending on the density of electronically excited states of the molecule and
the dissociative nature of these states. As there are no charged fragments produced during
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neutral dissociation, it can be a challenge to study this process using a mass spectrometry setup.
Nevertheless, electron scattering experiments can be used to measure a molecule's electronic
excitation cross section and obtain insights into its potential for neutral dissociation cross
sections® and quantum mechanical calculation can provide information on the dissociative nature
of these states. Moreover, the dissociative excitation process of a Fe(CO)s was studied with the
aid of an electron induced fluorescence apparatus (EIFA)®”28, This device can detect photons in
the UV/Visible region generated by excited neutral species created by electron-molecule
collisions, and its energy-dependent photon efficiency curves can offer useful information about
the neutral dissociation process of a molecule.

2.4 Dipolar Dissociation

The process of electron induced dipolar dissociation (DD) involves the formation of an ion-pair
resulting from an electronically excited state, depicted as AB* in Eq. 2.19.

AB + e () » AB* + e (&) (e, < &1) » AW+ + (I~ (2.19)

DD and neutral dissociation (ND) are similar, but DD requires overcoming the coulomb
interactions between the positively and negatively charged fragments. Non-resonant anion
fragment formation may be observed through this process above the excitation energy of the
respective molecule. Thus, non-resonant anion formation above the excitation energy of a
molecule is a clear indication of DD and can readily be distinguished from DEA, which is a
resonant process. The thermochemical threshold for DD of a diatomic molecule AB is given by the
equation 2.20

Eq(A* + B™) = BDE(AB) + IE(A) — EA(B) (2.20)

However, DD is generally less efficient than DEA, DI, and ND and we did not observe DD process in
our studies.
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3 Methodology

3.1 Experimental Setups

The part of this thesis that was conducted at the University of Iceland involves high vacuum (HV)
gas-phase experiments using a crossed electron-molecular beam apparatus termed SIGMA
(SImply a Gas-phase MAchine), that is described in section 3.1. That part of the studies focuses on
analyzing the energy dependence and mass spectrometry of the relevant fragments. Quantum
chemical calculations are performed at the DFT and coupled cluster level of theory to underpin
the interpretation of the gas phase experimental data. These are briefly described in section 3.3.
Finally, a scanning electron microscope equipped with a QMS and a hemispherical electron energy
analyzer that enables local Auger electron spectroscopy (AES) was used for comparative UHV-
FEBID study. The instrument is located at the Friedrich-Alexander-Universitat Erlangen-Niirnberg
(FAU) in Erlangen, Germany, and a part of this thesis work was conducted during a secondment
with PD Dr. Hubertus Marbach at the FAU. This instrumentation is described in section 3.4.

3.1.1 Gas-phase Experiment

In the gas phase experiments, a high-vacuum (HV) crossed electron-molecular beam machine
(SIGMA), operating under single collision conditions, was used to conduct the investigations. A
schematic representation of the instrument is shown in Figure 3. The chamber housing the
instrument is built of non-magnetizable stainless steel and has a base pressure of 1-3x10® mbar.
The working pressure during experiments was in the range 2-9x107 mbar. In SIGMA, an electron
beam with a narrow energy distribution intersects with an effusive molecular beam, and the
electron-molecule interaction leads to the formation of ions. The ions are extracted into a
quadrupole mass spectrometer (QMS) for their analysis and detection. Both negative and positive
ions can be analyzed by changing the polarity and voltages of the mass spectrometer, the ion
optics and the detection system. The SIGMA instrument comprises three critical components; The
first is a trochoidal electron monochromator (TEM), which enables the generation of a
monochromatic electron beam. The second is a heatable effusive gas inlet system that enables a
controlled supply of the target molecules into the chamber. This is a standard stainless-steel
Swagelok inlet system, via which gaseous, liquid or solid, samples may be introduced, directly,
through evaporation or through sublimation, respectively. The capillary system transports the
vapor to the interaction area, where it is introduced as an effusive beam and crosses the electron
beam perpendicular to the quadrupole mass spectrometer. The third component is a HIDEN EPIC
1000 quadrupole mass spectrometer that enables identify and detection of the ions generated in
the interaction section.

The TEM was originally introduced by Stamatovic and Schulz®%, and it can be operated over a
wide range of electron energies and has good energy resolution at comparatively high electron
currents, even at very low energies. The trochoidal electron monochromator in our research
facility is divided into three primary sections, as shown in Figure 3.1. These sections are designed
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to provide a quasi-monoenergetic, collimated electron beam. The first section M1-M3 is
composed of a hair-pin tungsten filament followed by a stack of plates with the filament and the
progressively smaller apertures of the plates in-line but displaced with respect to the center of the
x-axis. The plates are kept electrically isolated from each other using ruby balls and their voltage
can be fine-tuned individually. Electrons with a wide energy distribution are emitted from the
hairpin tungsten filament (M1) and directed via a series of lenses provided by M2—M4, into the
second section of the monochromator. The second section, the deflection section, is provided by
two plates M5 and M6 that are perpendicular to the electrical lens components M2-M4 as well as
the succeeding components. An electric field is provided between these plates along the y-axis
and an orthogonal magnetic field is provided along the z-axis, generated by two Helmholtz coils
positioned outside the chamber. Through the M2 and M4 lens components, the electrons move
along the z-axis direction and once they enter the deflection section they are subject to the
crossed electric and magnetic fields.

dh

[ —— Quadrupole MS

1 React. Region
8

J

—  Computer

TEM

Acqusition

Ml (Filament)

Figure 3.1 Schematic representation of the SIGMA and TEM used in these studies. A tungsten
filament serves as the source of the electrons that are then energy-selected by the TEM. The
collision region, here denoted by "React. Region," is where electrons and the effusive molecule
beam collide; from there, ions are collected by the quadrupole mass spectrometer and directed to
an electron multiplier, where the signal is processed. Adapted with permission from ref.*.

In the deflection section, the crossed electric and magnetic fields force the electrons on a
trochoidal trajectory and caused them to drift in the x-axis direction with at a constant velocity v,.

E X B 3.1
Vy = ——5— .
X |B|2 ( )
Equation 3.1 can be modified to Equation 3.2 due to the fact that E and B are perpendicular.
E
v, = — 32
== (3.2)
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Hence, the displacement of the electrons in the x-direction is proportional to the time duration
they reside in the deflection section and thus their velocity in the z-axis direction. The electrons
fan-out along the x-axis as they pass through the deflection area with the faster electrons
experiencing less displacement than slower electrons and only a narrow velocity component exits
the deflection zone through the centrally placed aperture on the exit plate M7, hence, the exit
aperture on M7 is displaces by Ax with respect to the entering aperture on M4. After exiting the
deflection section, the electrons are guided through the lens components M7-M8 before entering
the collision area where the now quasi monoenergetic electron beam crosses the effusive
molecular beam. The electron energy is controlled by the voltage difference between M1-M2
block and the M3-M8 block which can be ramped from 0 up to about 100V. Following their entry
into the collision zone through the C1 lens, electrons interact with the target molecules to
generate ions, as discussed in detail in Chapter 2. The resulting ions are extracted using a weak
electric field and focused onto the quadrupole mass spectrometer using the electrical lens
components F1 through F3. To avoid back-scattering of electrons, C4 and C5 guide extra electrons
away from the collision area and into the Faraday cup at which the electron current can also be
measured. To avoid condensation of the target molecules or background contaminations on the
electric lens components during experiments, these are maintained at a temperature of 393 K
using two halogen lamps. To obtain the mass spectra, the m/z range is scanned at a constant
electron energy, while the ion yield curves are recorded by scanning the energy range at a fixed
m/z %2,

3.1.2 Energy Scale Calibrations and Appearance Energy
Determination

The electron energy for the negative ion experiments was calibrated using ion yield of SFg from
SFe that appears through a narrow resonant structure at the 0 eV threshold with a full-width-at-
half-maximum (FWHM) of the resonance being less than 1 meV®**4, This allows for an energy
calibration but also gives a decent estimate of the energy distribution that is reflected in the full
width at half maximum (FWHM) of that signal as is shown in Figure 3.2.
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Figure 3.2 A typical ion yield curve for SFs /SFs measured with SIGMA. Adapted with permission
from ref.2,
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The energy scale for positively charged fragments was calibrated using the first ionization energy
of argon at 15.759 eV, i.e., the appearance energy of Ar* from Ar.
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Figure 3.3 An example of a typical DI ion yield curve fitted with the Wannier-type model and
measured by SIGMA in the gas phase. Reprinted with permission from ref. 64.

For the determination of the appearance energies (AEs) of individual positive ions, a Wannier-
type threshold function®® was fitted to the experimental threshold region of the respective data.
The fitted cross-section dependence as a function of electron energy (o (E)) is shown in equations
3.3 and 3.4, and a typical fit to the Ar* threshold signal is shown as an example in Figure 3.3. This
method was used to calculate the appearance energies of the positively charged fragments®®.

o(E) =b E < AE, (3.3)

o(E) =b+ a,(E — IE)™ AE, <E (3.4)

In Eq. 3.3 and 3.4, (b) accounts for the baseline signal (a,) is a scaling factor, (AE;) the
appearance energy, and (d;) an exponential factor describing the rise of the cross section in the
threshold region. For the negative ions, the fit of two Gaussian functions were used to determine
the peak position where the negative ion yields were a combination of two contributions®’.

3.1.3 Quantum Chemical Calculation

All quantum chemical calculations can be obtained by solving the Schrdédinger equation.
Understanding how electrons will be distributed around the nucleus of a molecule allows us to
determine the chemical and physical properties of the molecule. The Schrédinger equation can be
written in a time-independent form, as shown in equation 3.5

H(r,R)Y(r,R) = EY(r,R) (3.5)

where H denotes the Hamiltonian operator (the sum of potential and kinetic energy of the
system), E represents the energy eigenvalue, and ¥ is the wave function as a function of nuclear
and electronic coordinates. The Hamiltonian operator H can be calculated easily for a system with
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a single particle, but it becomes very complicated when multiple particles are involved in the
system due to the necessity of considering the kinetic energy of each individual electron (T,), as
well as nuclei (T‘n), electrostatic repulsion between the nucleus (I7nn), electrostatic repulsion
between electrons (I7ee), and coulomb attraction involving nuclei and electrons (Vne). This is
represented in equation 3.6.

H=T,+T,+V,+V,+7, (3.6)

Because of the intrinsic and interrelated complexity of the electrons in the system, which
precludes the possibility of an analytical solution, the Schrodinger equation for a complicated
system requires several approximations, including Born-Oppenheimer approximation, Hartree
approximation, and Hartree-Fock (HF) approximation, prior to being properly solved. The Born-
Oppenheimer approximation is based on that the nuclear motion is significantly slower than the
electronic motion, as the nucleus is much more massive than the electron. To the extent that this
approximation holds, we can disregard the term T,, and treat /,,, as a constant. As a result, we
can then calculate the potential energy surface. The Hartree approximation®® assumes that
electrons travel in isolation, such that the wavefunction for multiple electrons may be written as
the sum of the wavefunctions for individual electron orbitals. In order to account for the
antisymmetric character of orbitals, which is neglected by the Hartree approximation, the whole
wavefunction is expressed as a Slater determinant (Hartree-Fock (HF) approximation®1%), and
these orbitals can be expressed as the linear combination of basis-functions (basis-sets). By
substituting trial wavefunctions into the HF energy equation and limiting it in terms of molecular
orbital coefficients, one may derive a solution to the HF energy equation from the HF
approximation of a many-electron wavefunction. However, post-HF approaches, such as coupled
cluster theory, can potentially improve electron correlation, which is currently lacking in the HF
method but would greatly increase computing costs.

The Coupled cluster (CC) method is a precise approach within quantum mechanics used for
calculating electronic wavefunctions and energies in molecules. This post-Hartree-Fock method
accounts for a broad range of electron correlation effects. In CC, the wavefunction is represented
as an exponential series of excitation operators, which act on a reference wavefunction. The
coefficients of these operators are obtained by solving a set of non-linear equations known as the
CC equations. One significant advantage of the CC method is that it provides highly precise and
reliable results for molecular properties such as bond lengths, dipole moments, and reaction
energies. It is a potent tool for studying chemical dynamics, enabling calculations of excited states
and potential energy surfaces for chemical reactions. Furthermore, the CC method is highly
parallelizable, allowing for efficient calculations on large systems and parallel computer
architectures®®,

Density functional theory (DFT) has emerged as the gold standard in quantum chemistry because
it takes a different approach to dealing with the issue of electron correlation. According to the
Hohenberg-Kohn (HK) theorems!®?, which form the foundation of density functional theory, the
actual energy of the system may be represented in the form of electron density. In DFT, accurate
energy for the system may be calculated using a functional (a function of electron density);
however, finding the proper functional will be the most important challenge. The electron
density, in other words, may be calculated using the basis-functions (basis-sets) that characterize
the orbitals occupied by the electrons. For the CC calculations in the current thesis, we employed
the def2-TZVP basis set (a collection of basis-functions) where TZVP stands for polarized triple
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zeta. Kohn-Sham density functional theory energy equation (equation 3.7) allows us to describe
the ground state energy of the system if we know the electron density.

Elp()] = T¥[p()] + Ve [p(M] + JIp ()] + Exc[p(1)] + Vi 3.7)

where TXS[p(r)] is the non-interacting electron kinetic energy term introduced by the Kohn-
Sham equation® (i.e., the non-interacting electron kinetic energy term may be derived utilizing
orbitals). For electron-nuclear attraction, we have V. [p(r)], for electron-electron Coulomb
interaction, we have J[p(r)], for electron-electron repulsion exchange-correlation, we have
E,c[p(1)], and for nuclear-nuclear interaction, we have V. We can obtain an accurate solution
for the TXS[p(1)], Vor [o (M1, J[p(1)], and Vi, terms but only an approximation for the E,.[p(r)]
term. Many DFT functionals diverge in how they express E,.[p(r)] exploiting different
functionals. There is a plethora of functionals accessible nowadays (PBEO, BP86, B3LYP, etc.). The
TPSS and PBEO functionals were employed in the DFT calculations current thesis. The TPSS is a
meta-generalized gradient approximation (meta-GGA) functional that, in addition to density and
gradient magnitude, takes into account the kinetic energy density or Laplacian (second derivative)
of the density. The hybrid functional, PBEO, combines accurate exchange from Hartree-Fock
theory (25%) and DFT exchange (75%). Goel et al.'® and Kepp et al.1® demonstrated that while
computing gold clusters, the PBEO and TPSS functionals yielded the most precise structures and
bond energies than other functionals, including B3LYP, M06, etc. The ORCA program, version 4.1,
was employed for quantum chemical calculations, utilizing various functionals and basis sets.
Detailed information regarding the specific functionals and basis sets used for each precursor
molecule can be found in the methods sections of the subsequent chapter. The quantum chemical
calculations were employed to aid in interpretation of the gas-phase results and to establish the
possible reaction leading to the observed m/z ratios for each precursor.

3.2 UHV FEBID Setup

At the University of Erlangen-Nirnberg (FAU), a Multiscanlab commercial UHV system
manufactured by Omicron Nanotechnology in Germany was utilized to investigate novel
precursor molecules and produce deposits at the nanoscale level. The instrument is divided into
two main chambers, analysis and preparation chambers, from which the analysis chambers is
shown in Figure 3.4.
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Figure 3.4 Picture of the UHV-FEBID analysis chamber with descriptions of the most important
parts. Adapted with permission from ref'°®.

Using a sequence of gate valves and linear transfer arms, samples can be transported between
the chambers used for sample preparation, analysis, and quick entry. The analysis chamber,
equipped with a UHV compatible electron column (Leo Gemini), is utilized for both the creation of
nano-scaled structures via FEBID and the imaging of specimens using scanning electron
microscopy (SmartSEM/Zeiss, nominal resolution of approximately 3 nm). The chamber
background pressure is maintained at 2x107*° mbar. The instrument is further equipped with an
Auger electron spectrometer with hemispherical electron energy analyzer combined with the
highly focused electron beam (EA 125, Omicron Nanotechnology, NanoSAM).

The precursor gases are delivered through stainless-steel tubing with an inner diameter (capillary)
3 mm at an approximate 12 mm distance to the surface of the substrate. In addition, a QMS
(Pfeiffer / Prisma QMS 200M) is used to monitor the purity of the precursor gas. The local vapor
pressure at the substrate’s surface was simulated by a Monte Carlo-based method (the GIS
Simulator version 1.5'%7) and for comparatively volatile precursors, the pressure at the surface
was found to be 30 times greater than the background pressurel®®%, For example, at the
experiment conditions where the target gas pressure in the chamber is 3.0x107 mbar, the
calculated pressure at the surface will be 9.0x10°® mbar. The preparation chamber (base pressure
10 mbar) is equipped with a sputter gun (Omicron Nanotechnology/ISE10) that is used to clean
the substrates before the FEBID studies. These included SiOx (nat.)/Si(111) and SiO, (200
nm)/Si(111) substrates in the current experiments. More information about the UHV system can
be found in Thomas Lukasczyk's Ph.D. dissertation'® and Elif Bilgilisoy’s Ph.D. dissertation% and
more information on the parameters and settings in individual experiments are provided in the
respective publications and manuscripts delivered as a part of this thesis work.
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4 Results and Discussion

4.1 (CH3)AuP(CHs)s FEBID Precursor

The fundamental electron-induced dissociation path(s) in gold deposition from (CH3)AuP(CHs)s as
precursor and how these are reflected in the composition of FEBID deposits is best understood by
comparing and combining gas-phase studies on the isolated precursor molecules and UHV-FEBID
findings with the same precursor. The (CH3)AuP(CHs)s precursor, as stated in the research paper
by Marashdeh et al.*¥%, is an excellent candidate for CVD and FEBID owing to its good volatility
under high vacuum and stability at room temperature. The asymmetric crystal structure of
(CH3)AuP(CHs)s is responsible for these features; it contains six molecules per unit cell, of which
four have strong aurophillic connections, and two are monomeric. Therefore, under UHV
conditions, a number of weakly attached molecules leave the crystal structure. This process
weakens the crystal structure of the compound, allowing the "freed" molecules to enter the gas
phase. The present experiments, performed in a gas-phase, reflects this and show that the intact
precursor molecules can be efficiently delivered into the high vacuum chamber at ambient
temperature. The results of a previous FEBID experiment performed under HV conditions
demonstrated that 19-25 at. % gold could be deposited from (CHs3)AuP(CHs)s, which is highly
promising®'%. Prior FEBID study on Co(CO)sNO*? and Fe(CO)s'*? precursors under UHV conditions
resulted in the formation of deposits with more than 80% and 90% metallic purity, respectively.
This suggests that the UHV system provides the appropriate environment for minimizing impurity,
which may result from the undesirable deposits from residual gases in FEBID the process of
creating nanostructures. For comparison, HV experiments on these precursors have given notably
lower metal content deposits, with values as low as 70-85 at.% Fe?!!* and 40-50 at.% Co''*V/,
respectively, as compared to the 80% and 90% achieved under UHV conditions.

In the current study, we investigated the fundamental electron induced dissociation pathways of
(CH3)AuP(CHs)s through dissociative ionization experiments in the gas phase, supported by
quantum chemical calculations. (CHs)AuP(CHs)s is a potential FEBID precursor considered for the
production of gold nanostructures with high metallic content, and the present work was carried
out in conjunction with FEBID experiments with this precursor, using a scanning electron
microscope (SEM) operating under ultrahigh vacuum (UHV) conditions. This combined study is at
the core of an effort to better understand the electron induced processes underpinning FEBID and
link those to the ligand structure of the respective precursors and the resulting composition of the
deposits formed in FEBID.

The study was conducted in collaboration with the group of PD. Dr. Hubertus Marbach at the FAU
in Erlangen where the FEBID experiments were conducted and the group of Prof. Sjoerd Harder
also at the FAU Erlangen which synthesized the precursor under study. The FEBID experiments
were conducted by Dr. Elif Bilgilisoy Alperen and constitute a part of her PhD thesis. The gas
phase studies, and the quantum mechanical calculations were conducted at the University of
Iceland and are submitted as an integral part of the current thesis.
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The results of this study were published in Nanomaterials:

On the electron-induced reactions of (CHs)AuP(CHs)s: A combined UHV surface science and gas-
phase study, by Ali Kamali 1, Elif Bilgilisoy 2, Alexander Wolfram 2, Thomas Gentner 3, Gerd
Ballmann 3, Sjoerd Harder 3, Hubertus Marbach %*, Oddur Ingélfsson *

Nanomaterials, 12 (15),2022

4.1.1Methods

The DI experiments were performed using SIGMA, the electron/molecule crossed apparatus to
collide electrons with (CH3)AuP(CHs); molecules under single collision conditions. lon fragments
were analyzed with a quadrupole mass spectrometer and ion yields were recorded by scanning
through electron energy and m/z ranges. Positive ion yields were normalized to the Ar* formation
cross-section and appearance energies were determined by fitting a model function to the onset
of ion yields and calibrated with reference to the first ionization energy of Ar®>. The gas-phase
experiment was conducted at room temperature with base pressure of 2-3 x 10® mbar and
working pressure of 7-9 x 107 mbar.

Threshold energies were calculated using ORCA 4.1 computational chemistry program®®, The
meta-GGA TPSS functional and def2-TZVP basis set were used to optimize the geometries of the
primary positively charged fragments and their neutral counterparts, applying the D3(BJ)
dispersion correction developed by Grimme et al.® Harmonic vibrational frequencies were
confirmed to be positive, proving that all structures were stationary points on the potential
energy surface and were used to compute the thermal and zero-point vibrational energies.
Number of alternative fragmentation pathways were considered for each positive fragment
observed and compared to the respective AEs. Single-point coupled-cluster computations at the
DLPNO-CCSD(T)/QZVPP level of theory were also performed on the optimized geometries as this
approach is generally considered more accurate than DFT. The threshold energies for each
fragment were calculated by subtracting the sum of the energies of the fragments from the
energy of the parent molecule.

4.1.2 Results and Discussion

Dissociative ionization in the gas phase

The electron impact mass spectrum of (CHs)AuP(CHs)s is shown in Figure 4.1; the mass spectrum
was collected at 50 eV incoming electron energy and 7x107 mbar target gas pressure. There are
two distinct trends in the mass spectrum. The first is due to the dissociation of the
trimethylphosphine ligand, as evident by the predominant contributions of the m/z ratios 61
([P(CHs)2]*), 59 ([P(CH3)CH,]*), and 45 ([PCH,]*), as well as the m/z ratios at 76 and 75, which are
assigned to the [HP(CHs),CH2]" and [P(CHs).CH,]* fragments, respectively. The second is the
removal of one or more methyl ligands which leads to [AuP(CHs)s]*, [AuP(CHs).]*, [AuP(CHs)]*, and
[AuP]*, i.e., the observation of the m/z ratios 273, 258, 243, and 228, respectively.
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Figure 4.1 The mass spectrum of the positively charged ions produced during dissociative
ionization of the (CHs)AuP(CHs)s precursor at an incident electron energy of 50 eV. Adapted with
permission from ref ®.

The onset area of the respective ions reflects their appearance energy and thus the
thermochemistry of the underlying processes. Figure 4.2 shows the onset of the ion yield curves
for the formation of the parent cation (m/z 288) and for the P(CHs)s loss with the significant
contributions at m/z 76, 75, 61, 59, and 45, as well as the methyl loss at m/z 273. Also shown are
the Wannier-type threshold fits that were utilized to determine the AEs and their associated error
ranges. The AEs are determined as the mean of three to four separate measurements, and the
stated margins of error are the standard deviations from the average values, rounded up to the
nearest 100 meV.

Table 4.1 compares the thermally adjusted threshold energies for the corresponding routes
calculated at the DLPNO-CCSD(T)/QZVPP and TPSS/def2-TZVP levels of theory with the respective
experimentally determined appearance energies.

The experimentally obtained value of 7.5 + 0.2 eV for the ionization energy of the parent
molecule, i.e., the formation of the [(CH3)AuP(CHs)s]* cation, is in close agreement with the
calculated threshold values of 7.58 and 7.45 eV determined at the DLPNO-CCSD(T)/QZVPP and
TPSS/def2-TZVP levels of theory, respectively. The methyl loss is one of the dominant
fragmentation paths that result in the formation of positively charged gold-containing fragments,
as seen by the relatively intense peaks in the mass spectrum in Figure 4.1 in the m/z range of 228
to 288.
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Figure 4.2 lon yield curves of the parent cation and the most prevalent cations from DI of
(CHs3)AuP(CHs); along with their corresponding Wannier-type threshold fits, appearance energies,
and confidence limits. The respective cation structures optimized at the TPSS/def-TZVP level of
theory are shown in the respective panels and the structure of the intact neutral (CH3)AuP(CHs)s is

shown in the bottom-right corner. Adapted with permission from ref.%®
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For m/z 288, one possibility is the cleavage of the Au-CHs bond, whereas another channel is the
disruption of one of the P-CH; bonds in the trimethylphosphine ligand, both of which would
release the methyl group. The experimental AE value at m/z 288 is 8.1+ 0.2 eV, which is in close
accordance with the calculated values of 8.59 and 8.38 eV at the TPSS/def-TZVP and DLPNO-
CCSD(T)/QZVPP levels of theory, respectively, for the methyl ligand cleavage from the gold, i.e.,
the production of [AuP(CHs)s]*. The loss of methyl ligand from trimethylphosphine, in contrast,
has computed threshold values of 10.20 and 10.44 eV at the respective theory levels. These
values are around 2 eV higher than the experimental AE.

Table 4-1 TPSS/def2-TZVP and DLPNO-CCSD(T)/QZVPP theoretical threshold values for reaction
paths leading to the observed m/z ratios in electron impact ionization and dissociation of
(CH3)AuP(CHs)s, compared to the respective experimentally determined AEs Experimental and
theoretical results that are in best agreement are highlighted bold.

m/z Product

TPSS-TZVP DLPNO-CCSD-QZVPP AE (eV)
288  [(CH3)AuP(CHs)s]* 7.45 7.58 7.5+0.2
273 [AuP(CHs)s]* + (CHs) 8.59 8.38
[(CH3)AUP(CHs),]* + (CH3) 10.20 10.44 8102
76  [P(CHs)s]* + (CHs)Au 9.38 9.17
[HP(CH3)2(CH2)]* + (CH3)Au 9.73 9.61 8.6+0.2
[P(CH3)s]* + (CHs) + Au 12.04 11.54
75  [P(CHs),(CH,)]* + (CH3)AuH 10.64 10.68
[P(CHs)2(CH2)]* + (CH3)Au + H 12.12 11.86 10.5 +0.2
[HP(CH3)(CH2)2]* + (CH3)AuH 12.62 12.90
61  [HP(CHs)(CH,)]* + (CH3),Au 11.16 11.20
[HP(CH3)(CH2)]* + CoHs + Au 11.22 10.43 11.1+0.2
[P(CHs)]* + (CH3),Au 11.64 11.62
59  [P(CH,),]" + (CHs),Au + H, 13.46 13.45
[P(CH,),]* + (CH3)AuH + CH,4 13.18 12.93
[P(CHz)z]++(I-iz_Aﬁ+Csz 13.56 13.07 134203
[HP(CH2)CH]* + (CH3)2Au + Ha 15.22 15.61
45 [PCH,]* + (CH3)AUH + 2(CHs) 17.50 17.04
[PCH,]* + (CH3)AuH + C,Hs 13.84 13.20
[PCH.]* + Au(CHs) + CoHg + H 15.32 14.38
[PCH,]* + (CH3)Au(CH3) + CH,4 13.50 13.06
[PCH,]* + Au + (CH3) + CoHg + H 17.98 16.76 136204
[HPCH]* + (CH3)AuH + C,Hs 16.19 15.97
[PCH,]* + AuH + (CH3) + CHe 14.85 13.75
[HPCH]* + AuH + (CH3) + CoHe 17.19 16.52

Significant contributions from breakage of the (CHs)Au—P(CHs)s bond are also observed in the
mass spectrum shown in Figure 4.1. These are observed at m/z 76, 75, 61, 59 and 45, representing
the trimethylphosphine moieties intact and after the loss of one and two methyl groups as well as
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additional hydrogen loss. From these fragments m/z 59, 61 and 45 correspond to the loss of
hydrogen from [P(CHs)s]*, [P(CHs).]*, and [PCHs]*, respectively.

The calculated threshold energies for the direct fragmentation leading to [P(CHs)s]*, at m/z 76 are
9.17 and 9.38 eV at the DLPNO-CCSD(T)/QZVPP and TPSS/def-TZVP levels of theory, respectively.
We obtained an AE of 8.6 + 0.2 eV for this m/z ratio in our experiments, which is somewhat below
the calculated threshold values. Considering a transfer of hydrogen from one of the methyl
groups to the phosphor and production of [HP(CH3).CH,]*, increases the threshold values to 9.61
and 9.73 eV at the DLPNO-CCSD(T)/QZVPP and TPSS/def-TZVP levels of theory, respectively, and
considering the formation of the methyl radical and Au as the neutral counterpart (instead of
[AuCHs)), raising the corresponding threshold values further by about 2 eV. For the m/z ratio 75,
the additional loss of one hydrogen, we measured an AE of 10.5 + 0.2 eV. This value is in close
accordance with the calculation values of 10.68 and 10.64 eV at the DLPNO-CCSD(T)/QZVPP and
TPSS/def-TZVP levels of theory, respectively, when considering the formation of [HAuCHs] as the
neutral counterpart. Higher threshold values are obtained when the formation of [HP(CH2).CHs]*
via hydrogen migration inside the cation or generation of [AuCHs;] as well as a hydrogen radical as
the neutral counterparts are taken into account (about 1 to 2 eV).

The threshold values for direct loss of one methyl ligand, i.e. the creation of [P(CHs),]*, are 11.64
and 11.62 eV at the TPSS/def-TZVP and DLPNO-CCSD(T)/QZVPP levels of theory, respectively. This
is around 0.3 eV over the confidence limits for the measured 11.1 £ 0.2 eV AE of m/z 61. In a study
on dissociative ionization of trimethylphosphine, Bodi et al.’?® examined the production of
[HP(CH3)(CHy)]* via transfer of hydrogen atom from a methyl ligand to the phosphor for the m/z
ratio of 61, rather than a simple methyl loss. For this route they found a stabilization of around
0.43 eV at the CBS-QB3 and G3 levels of theory and based on the kinetic studies and calculations
on the reaction path, they conclude that this mechanism could be the dominant channel in the
methyl loss from P(CHs); upon DI. Our calculations agree with this and show stabilization through
hydrogen transfer of 0.42 and 0.48 eV at the DLPNO-CCSD(T)/QZVPP and TPSS/def2-TZVP levels of
theory, respectively. With (CHs),Au as the neutral counterpart, the calculated threshold energies
are found to be 11.20 and 11.16 eV, respectively, which agrees well with the measured AE of m/z
61, suggesting the formation of [HP(CH3)(CH,)]" rather than the direct methyl loss without further
rearrangement. We have also considered the neutral counterparts to be ethane (C;Hs) as well as
atomic Au in this process, yielding threshold values of 10.41 and 11.22 eV at the respective levels
of theory. Interestingly the difference between the DFT and coupled cluster results is
comparatively large for this channel and we attribute that to overestimation of the atomic energy
of Au by DFT meta-GGA TPSS functional, and as the CCSD threshold is much lower than the
observed AE we do not consider this path likely. A decrease in mass-to-charge ratio from m/z = 61
to 59 represents the loss of two hydrogen atoms from [P(CHs).], which could be related to the
formation of the positively charged [P(CH,),]* fragment and the neutral counterparts H,Au and
CzH,, (CHs3)2Au and H,, or (CHs)AuH and CH4. We find the experimental AE for this fragment to be
13.4 + 0.3 eV. At the DLPNO-CCSD(T)/QZVPP theoretical level, the calculated values for these
reactions are 13.45 eV for H, formation, 12.93 eV for CH4 production, and 13.07 eV for C;Hs
formation, respectively. Hence, there is excellent agreement between the calculated and
experimental results for this m/z ratio when assuming the formation of neutral H, and (CHs),Au
and the positively charged [P(CH,),]* fragment. Differently, both the [CH4] and [C;H¢] formation
pathways are below the confidence limits for the experimental AE.
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Lastly, a high intensity peak corresponding to the formation of [PCH,]" at m/z 45 is observed in the
DI mass spectrum of (CHs3)AuP(CHs)s. As a significant number of combinations of neutral
fragments can be assigned to the m/z 45, choosing the appropriate reaction path through
comparison of the calculated thresholds with experimental results is not simple. Additional
complications arise from the observation that the m/z 45 threshold begins to rise quasi-linearly at
10 eV. This quasi-linear contribution could arise from background gases and we compensate for
this by substituting the baseline (d) by a linear function (a + bx) for in the Wannier-type function,
as was previously done by Fiegele et al.®® when they determined the DI thresholds. The
experimental value for the AE of this fragments was found to be 13.6 + 0.4 eV. This agrees well
with the TPSS/def2-TZVP threshold values of 13.84 and 13.50 eV for the production of the neutral
fragments (CH3)AuH and C;He and for the production of the neutral fragments (CHs)Au(CHs) and
CHa, respectively. As can be seen in Table 1, all of the calculated threshold values for other
probable processes are above the confidence limit of the AE. We also find significant
contributions at m/z = 28 and m/z = 15 that may represent methyl and ethene from the precursor
molecule. However, we have not determined the AEs of these fragments as these are likely to
contain significant contributions from residual gases such as pump oil and nitrogen. Also, the
complexity which arises from the significant number of reaction paths possible for these m/z
ratios, complicates the assignment significantly.
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Figure 4.3 Representative curves of the ion yields for the positive ion fragments observed in DI of
(CH3)AuP(CHs)s. The ion yields are shown in the incidence electron energies range from their
threshold to 50 eV and are normalized with respect to the signal intensity and the pressure of
Ar*/Ar at 50 eV incident electron energy. Adapted with permission from ref..

To provide bases for comparison of the fragmentation observed in these DI experiments and the
composition of the deposits in the UHV-FEBID experiments, a quantification of ligand loss must be
provided. Further, this comparison should preferably be provided for the energy range of the
secondary electrons relevant in the FEBID process. Figure 4.3 shows the ion yields of the
individual fragments from threshold up to 50 eV electron energy. Table 4.2 compares the integral
intensity of these fragments in this energy range with the respective peak heights in the mass
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spectrum displayed in Figure 4.1. All the intensities are normalized with respect to the maximum
intensity at m/z 61, as 100.

Table 4-2 Relative integral intensities of DI fragments from (CHs;)AuP(CHs)s from thresholds to 50
eV derived from the ion yield curves (Figure 4.3), and the relative peak intensities of positively
charged fragments from the DI mass spectrum recorded at 50 eV electron incidence energy (Figure
4.1). The compositions of FEBID deposits from both current UHV and earlier HV studies are
presented at the bottom of the table.

Relative DI Yield Rela.tive Dl
Fragment m/z Yield
(Intensity) (Integration)

[AuP(CHs)s]* 273 78.41 79.07
[AuP(CHs)2]* 258 5.64 13.30
[AuP(CHs)]* 243 2.36 0.36
[Au]* 197 0.51 0.29
[P(CHs)s]* 76 64.78 78.98
[P(CHs)s - H] 75 33.12 28.47
[HP(CHs)(CH2)1* 61 100 100

[P(CH3)2 = 2H]* 59 68.8 68

[P(CH3), — 4H]* 57 26.19 17.98
[P(CH3)]" 46 14.1 2.54
[P(CHs) - H]* 45 33.7 24.7
Avrg. C loss per incident 1.94 2.01
Avrg. P loss per incident 0.80 0.76

UHV deposit composition 31-34 at. % Au 65-67 at. % C 1-2at. % P -

HV deposit composition 19-25 at. % Au 54-62 at. % C 12-16at. % P 2-7at. % 0O

The average phosphor and carbon loss per Dl ionization incidence is calculated from the individual
contributions and compared to the corresponding results from the UHV- and HV-FEBID studies
(bottom of Table 4.2). We attribute the slight difference between the peak values and the integral
intensity values for the carbon and phosphor loss mainly to the different AEs of the individual
fragments, but also the form of the ion yield curves may play a role.

The mean phosphor and carbon loss per DI incidence in the gas phase are calculated by summing
the contributions from all fragments, weighted by their individual phosphor and carbon losses,
and dividing by the sum of all DI event intensities. For comparison with the UHV-FEBID results,
desorption from the surface is assumed for all fragments that do not contain gold in the assigned
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reaction paths given in bold in Table 4.1. The extent of dissociation of the carbon and phosphor in
the gas phase is then compared to the stoichiometric ratios of the elements in the unaltered
precursor to obtain a hypothetic atomic composition of a deposit that would result from the
unaltered DI processes if these alone were determining for the composition of the FEBID deposits.
The carbon loss in the DI experiments is found to be on average around 2, while the average
phosphor loss is about 0.8 for every ionization incidence. Thus, if the unaltered DI processes are
the dominant fragmentation process in FEBID with this precursor, then the Au:P:C deposit ratio
would be 1:0.2:2, as compared to the composition ratio of the intact molecule of 1:1:4.

4.1.3 Dissociative Ionization, UHV, and HV FEBID Composition

The mean value of carbon loss in DI experiment was consistent with the results of the present
UHV-FEBID study, which showed a Au:C ratio of about 1:2. In the UHV-FEBID investigation, the
phosphor, however, was almost completely desorbed, whereas in the gas phase DI experiments,
the average loss of phosphor per dissociation incidence was roughly 0.8, thus in 20% of the DI
cases, the Au—P ligand survived unchanged. The primary reason for this is through the
contribution of the methyl-ligand loss which was linked to the central gold atom, which in the gas
phase contributed to the stability of the m/z 273 ([AuP(CHs)s]* fragment).

However, the EDX results of the HV-FEBID study demonstrated a Au:P ratio of 1:0.63 to 1:0.64 and
a Au:C ratio of 1:2.5 to 1:2.8. Although the deposit’s carbon content may be slightly higher owing
to the contributions of background gases under HV condition, the significantly higher content of
phosphor in the HV FEBID study must have its origins in different decomposition/desorption
mechanisms in the HV- and UHV-FEBID experiments. Both experiments utilized an electron energy
of 5 keV, and in the HV-FEBID experiment, the composition was not considerably affected by the
electron current or deposition time. Different substrates or the partial pressure of the background
gas in the UHV and HV-FEBID investigations must be the cause of this difference. It is evident from
the UHV study that the dissociated phosphor-containing ligands might be freely desorbed from a
SiO, substrate, which is a typical passivated material. The electron-induced decomposition of
(CH3)AuP(CHs)s adsorbed to the SiO, substrate correlates with the neutral (CHs),Au formation as
well as dissociation channels related to the [P(CH,):]* fragment formation observed as significant
contributions in the DI experiments. The [AuP(CHs),]* fragment was the main fragmentation
channel in the DI experiment where the phosphor remained attached to the central gold atom.
This channel cannot be active in the UHV-FEBID, as nearly all phosphor desorbed from the SiO,
substrate. However, secondary surface induced reactions or electron induce secondary reactions
may also lead to further decomposition of this fragment. Figure 4.4 shows a schematic
representation of a possible deposition process that is consistent with the anticipated reaction
route of the UHV-FEBID experiment.
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Figure 4.4 A proposed deposition rout for the UHV FEBID, using (CHs)Au(CHs)s. As precursor.
Positively charged [(CH3)Au(CHs)s]* is formed during electron-induced ionization of (CH3)AuP(CHs)s,
which quickly decays into [P(CH,);]* and [(CH3),Au]. The last process involves the desorption of
[P(CH,)2] from the surface, leaving behind the deposited fragment [(CHs),Au]. Adapted with
permission from ref.%,

This does not apply to the FEBID deposition with the CH3AuP(CHs); precursor on a Si wafer under
HV condition, where the deposits still contained significant phosphor with a reported Au:C:P:0
compositions of 19-25 at% Au, 54-62 at% C, 12-16 at% P, and 2-7 at% O. Van Dorp et al.!'!
stated that the dissociation of CHs—Au ligand and desorption of the methyl group was likely to be
the main reaction pathway and that the trimethylphosphine was not a good leaving group for
gold precursors. The results of the current UHV-FEBID experiment are contrary to these finding,
and it is not straight forward to correlate the different composition of the deposits in these
experiments with different surface reactivities in the experiments. However, it is not uncommon
for deposition under UHV and HV conditions to result in notably different FEBID compositions,
even when comparing the same substrates. In a recent study conducted by Mahgoub et al. on the
FEBID deposition of Pt(CO),Br, and Pt(CO),Cl,'%, it was shown that under HV conditions, halogen
desorption was highly efficient, while under UHV conditions, the Pt:Br and Pt:Cl ratios of deposits
remained close to 1:1.65 and 1:1.56, respectively. Similar to the electron-induced decomposition
of Pt(NHs),Cl,, where efficient Cl elimination occurred via intramolecular reductive HCI
production, the desorption of halogen may be attributed to reactions between the precursor
molecules with surface water inside the HV chamber. Also, in situ exposure to ammonia during
electron irradiation allows for the reductive elimination of HCl from surface-adsorbed (n3-
C3Hs)Ru(CO)sCI*?212, The purification of deposits by oxidative processes via electron irradiation in
the presence of water has proven to be effective in several experiments, both post- and in-situ.
For example, under HV conditions, the purity of gold deposits from dimethylgold (lll)
trifluoroacetylacetonate was increased by 75% by removing carbon residues through oxidation'?*
and finally the purity of gold deposits reached 91 at. %.

The oxygen presence in the HV chamber during the FEBID study with the current precursor was
reported by van Dorp et al**'. To the same end, it has been suggested that electron-induced
reactions of (CHs)AuP(CHs)s in the presence of water might produce non-volatile OP(CHs)s or
other phosphorous oxides. Although this may help in elucidating the higher phosphor content in
the HV-FEBID study compared to the deposit’s phosphor content in the current UHV study, the
lower O:P ratio in the deposits shows that the presence of water in the chamber could not be the
only explanation for the differences between UHV and HV results.
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4.2 [(CH3)2AuCl]> FEBID Precursor

In this study, the feasibility of using [(CHs):AuCl], as a potential FEBID precursor for gold
deposition was investigated. Gas-phase fragmentation of this compound through DI and DEA
were studied experimentally, FEBID was performed in the UHV setup, and quantum chemical
calculations were employed to identify the primary electron induced reaction pathways. The UHV
FEBID results were interpreted in light of the observed DI and DEA fragmentation processes and
compared to prior FEBID research conducted by van Dorp et al.}'! using this precursor under HV.
Their previous work demonstrated a promising Au content of 29-41% without any additional
purification steps, whereas the current research revealed that the Au content could be further
increased to around 50-61 at.% under UHV conditions.

This work was carried out in collaboration with the groups of PD. Dr. Hubertus Marbach, Prof. Dr.
Hans-Peter Steinriick, and Prof. Sjoerd Harder, both at the Friedrich Alexander University in
Erlangen, Germany (FAU). The UHV FEBID experiments were carried out during a secondment at
FAU under the supervision Dr. Elif Bilgilisoy in the group of Dr. Hubertus Marbach. The gas phase
experiments, and quantum chemical calculations were carried out at the University of Iceland.
The precursor was synthesized and delivered for experiment by the group of Prof. Sjoerd Harder
at the FAU. Both the gas phase and surface studies constitute an integral part of this PhD thesis.

The results of this study have been submitted for publication in a peer reviewed Journal:

A combined gas phase dissociative ionization, dissociative electron attachment and deposition
study on the potential FEBID precursor [(CHs).AuCl]; by Elif Bilgilisoy, Ali Kamali, Thomas Xaver
Gentner, Gerd Ballmann, Sjoerd Harder, Hubertus Marbach, Hans-Peter Steinriick” and Oddur
Ingélfsson”,

Submitted

4.2.1 Methods

The [(CHs),AuCl]; precursor, was synthesized following the protocols outlined by Paul and
Schmidbaur'?®. The synthesized precursor was stored in a stainless-steel reservoir at 253 K under
nitrogen atmosphere inside a glove box. For visual inspection of purity and potential degradation
the reservoir was provided with a small glass window. To avoid photodecomposition during the
experiments, the filled reservoir was covered with aluminum foil and directly attached it to the
analytical chamber.

For the FEBID deposition experiments, the Multiscanlab UHV equipment (Omicron
Nanotechnology, Germany) described in the method section of this thesis was employed. Auger
spectra were recorded using 15 kV acceleration voltage and 3 nA beam current (magnification;
100 kX; spectra area; 1.2 x 0.9 um?). Electron exposures to 0.4 nA, 1.5 nA, and 3 nA were utilized
for FEBID with a beam energy of 5 keV. Lithographic operations were managed using a high-speed
DAC PCle-card and proprietary software written in LabVIEW 8.6 (National Instruments) (M2i.6021-
exp, Spectrum GmbH, Germany). For deposition, lithographic step size of 6.2 nm and a sweep
number of 10 was used. SEM images were obtained using SmartSEM (Zeiss) at a beam energy of
15 keV and a current of 0.4 nA and were adjusted for contrast and brightness. Mass spectra of the
gas phase [(CH3);AuCl], precursor was recorded at ambient temperature (298 K) prior to
deposition experiments. The precursor, [(CHs),AuCl],, was found to be volatile enough to transfer
from the container into the UHV chamber using a gas-injection system where the precursor
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container was kept at ambient temperature. The studies were conducted with precursor chamber
pressures set between 6.0 and 9.0 x 10”7 mbar. According to calculations using GIS Simulator
(version 1.5)1%, the local pressure at the substrate surface was about 2.0-3.0 x 10 mbar, which is
roughly 30 times higher than the chamber pressure. FEBID structures were deposited and studied
on two substrates: SiO;, (500 nm) / Si(111) and thermally cleaned Si (111). The SiO, (500 nm) /
Si(111) sample was not subjected to any specialized cleaning procedures. AFM studies were
conducted using a JPK NanoWizard 4 in noncontact mode.

The crossed election-molecular beam device, discussed in preceding chapters, was used to carry
out the gas phase DI and DEA experiments under single collision conditions. These studies were
conducted at a constant working pressure of around 4 x 107 mbar. The electron energy resolution
during the measurements was 140 meV, as measured by the full width at half maximum (FWHM)
of the SFs~ formation from SFs at 0 eV incident energy. The incident electron energy for the MS
recordings of positive ions was set to 50 eV, whereas those of negative ions ranged from 0 to 10
eV. The SF¢~ formation from SFs at 0 eV and the Ar* formation from Ar at 50 eV were used to
calibrate the electron energy scale in negative ion mode and positive ion mode, respectively.
Normalization of the negative ion yields was carried out using the intensity of the SFs™ signal from
SFs at 0 eV and the corresponding working pressures, whereas the normalization of the positive
ion yields was carried out using the intensity of the Ar* signal from Ar at 50 eV.

For quantum chemical calculations, the ORCA program, version 4.1 was employed!® using the
hybrid GGA functional PBEO with the def2-TZVP basis set and D3BJ dispersion correction
developed by Grimme!?® for all geometry optimization. This chose was based on an evaluation by
Kang et al.}?® on various DFT functionals for gold(l) and gold(lll) hydrocarbons where they
concluded that the hybrid GGA functional PBEO, with a TZ basis set, was the most effective for
optimizing geometry as well as a subsequent study by Kepp et al.1®® where they determined that
PBE and TPSS functionals, with dispersion corrections, generally provided good results for
evaluating gold bond dissociation enthalpies. The restricted Kohn-Sham (RKS) formalism was
utilized for closed-shell systems, while the unrestricted (UKS) was employed for open-shell
systems. The geometry optimizations were performed using tight SCF settings, and the
PBEO/def2-TZVP single point energies were calculated using normal SCF settings. Positivity of the
harmonic vibrational frequencies were confirmed at the PBEO/def2-TZVP level of theory and were
used to determine the thermal corrections at 298K as well as the zero-point vibrational energies.
Single point coupled-cluster computations at the DLPNO-CCSD(T)/TZVP level of theory, using the
TZVP/c auxiliary basis set with normal PNO settings were also performed on the optimized
geometries. Both levels of theory were used to calculate threshold energies for individual
processes by subtracting the single point energies of optimized geometries of the respective
fragments from those of the parent molecule, while taking into account the zero-point vibrational
energies (ZPVEs) and thermal energy corrections. All fragmentation processes were analyzed by
computing various reaction paths, including rearrangement reactions.

4.2.2Results and Discussion

Surface studies:

Figure 4.5(a) shows a SEM image of a 4 x 4 um? square FEBID structure deposited with
[(CHs),AuCl], as precursor and an electron dose of 7.80 C/cm?using 5 keV acceleration voltage and
1.5 nA beam current. A green star represents the center of the AES zone in Figure 4.5(a). Figure
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4.5(b) depict the AES spectra of the substrate and deposit, shown with black and green lines
respectively. Two primary AES signals are observed on the clean SiO, (500 nm) /Si (111)
substrate's surface and deposit. The peak at 272 eV is attributed to Cyx. Auger transitions of
carbon'?” while the peaks at 468, 483, and 503 eV are attributed to Oy, and SiO, Auger
transitions. Following deposition, AES signals are found at 69, 181, 272, and 430 eV!?’. These
Auger transitions are attributed to Aunoo, Climm, Ckw, and Snwnn, respectively (Figure 4.5(b), green
spectrum). A broad low intensity signal is apparent at 367 eV'¥, which is attributed to residual Sn
from the methylation agent SnMe, used in the synthesis. The deposit of this precursor was found
to consist of 51 at.% Au, 2 at.% Cl, 42 at.% C, and 5 at.% Sn. Figure 4.5(c) magnifies a selected
section of the SEM image in Figure 4.5(a). Nanoparticles in the deposit are visible in Figure 4.5(c),
despite the background signal blurring the image. These are clearer after background subtraction
using the Imagel software!?®, shown in Figure 4.5(d). Careful analysis of Figure 4.5(d) reveals
nanoparticles of various shapes and sizes on the substrate’s surface. Some nanostructures are
triangular (yellow circle), rod-shaped (green circle), or hexagonal (red circle), but most of them
are spherical shaped (blue-colored circle). These shapes are comparable to gold-based
nanoparticles reported in the literature’®'3% which have mostly been investigated by STEM
and/or TEM*3,

5KkV, 1.5 nA (b) S:?M”N

7.80 Clcm?

Intensity (a.u.)

—— FEBID
— SiO, / Si substrate

T T T T T
100 200 300 400 500 600
Kinetic energy (eV)

BG Subtraction f§
[

Figure 4.5. (a) SEM images of FEBID deposits with beam current of 1.5 nA, 5 keV and electron dose
of 7.80 C/cm?. The FEBID structures were deposited on SiO; substrate. (b) The results of the AES
analysis on the SiO; substrate prior deposition (black line) and after deposition (green line). The
position where the AES analysis was performed is shown with a green-colored star in (a). (c) The
magnified image of the red-colored square in (a). (d) The image of (c) after subtracting the
background with different shapes of nanoparticles in red, green, yellow and blue circles.
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HAADF-STEM on FEBID (SiO2 (500 nm) / Si (111))

The morphology of the nanoparticles was investigated using HAADF-STEM. Using SiO, substrates,
FEBID structures with 4 x 4 um? dimensions and electron dosages of 7.80 C/cm? were created. For
HAADF-STEM measurements, a 100-nm-thick, 4 um-wide lamellae was constructed (Figure S1-
paper Il). The HAADF-STEM image depicted in Figure 4.6(a) shows a rather regular spatial
distribution of nanoparticles smaller than 5 nm and non-uniformly distributed nanoparticles with
15-20 nm sizes in the deposit. Figure 4.6(b) shows a magnification of a nanoparticle from Figure
4.6(a). The particle's fringe spacing is 0.23 nm, which corresponds to the (111) plane spacing of a
face-centered cubic (FCC) gold nanoparticles (refs*%133). Figure 4.6(c) depicts the selected area
electron diffraction (SAED) pattern used to assess the crystallinity of gold nanoparticles. Here, the
bright circular patterns reflect polycrystallinity of the particles and the growth planes (111), (200),
(220), (133), and (222) correspond to gold's close-packed, face-centered cubic crystal structure
lattice spacings (d-spacings) of 2.30 A, 2.07 A, 1.42 A, 1.23 A, and 1.17 A®**, respectively (Figure
4.6(c)).

HAADF-STEM

d(220)=1.42 A
> d(133)=1.23 A
> d(222)=1.17 A

Figure 4.6. (a) HAADF-STEM image of the nanoparticle formed due to FEBID deposition. (b)
Magnified image of the red-colored square in (a) which depicts the interplanar distance of 0.23 nm
between the {1, 1, 1} planes in the fcc lattice. (c) SAED image of the nanoparticles that match to
the fcc gold structure.

FEBID on SiO; (500 nm)/Si (111) at different beam currents

To create FEBID deposits, the [(CHs),AuCl], precursor was used with beam currents of 0.4 nA (2 x
2 um?), 1.5 nA (4 x 4 um?), and 3 nA. The remaining deposition parameters (electron dose; 7.80
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C/cm?; acceleration voltage; 5 keV) were not changed across all three experiments. Structures of
FEBID deposits were examined by SEM and non-contact AFM. The FEBID deposits and their
deposition parameters are shown in Figure 4.7(a). Mega-magnified SEM images are shown in
Figure 4.7(b). The effect of the beam current on the composition of these structures was
evaluated using Auger electron spectroscopy. The respective spectra are displayed in Figure
4.7(c).

As seen in Figure 4.7(b), particle size decreases with increasing current. Nanoparticle quantities
and mean diameters were calculated using Imagel'?®. Non-round gold nanoparticles are seen in
Figure 4.5(d). The average Feret diameter was used was used to measure the size of the
nanoparticles since it accounts for all possible orientations (Figure S2- paper I1).

(a)

Intensity (a.u.)

—— 400 pA
——15nA
—3nA

100 200 300 400 500 600
Kinetic energy (eV)

Figure 4.7. (a) SEM image of FEBID structures deposited with different beam currents on SiO.
substrate. (b) Magnified images of FEBID structures from (a), (c) AES analysis of the FEBID
structures deposited with 3nA, 1.5 nA, and pA with purple, green, and blue line, respectively.

The average particle size increased from 9.8 to 10.1 to 8.2 nm as the beam current increased from
0.4 nA to 1.5 nA, however, further increase in beam current to 3 nA decreased the particle size to
8.2 nm. The AES diagrams in Figure 4.7(c) were used to calculate the atomic contents of the
structures. The composition changed from 45 at.% Au, 1 at.% Cl, 49 at.% C, 5 at.% Sn at 0.4 nA
deposition current to 50 at.% Au, 2 at.% Cl, 42 at.% C, 6 at.% Sn at 1.5 nA and 52 at.% Au, 2 at.%
Cl, 38 at.% C, 8 at.% Sn at 3 nA. Hence, the gold content rises with increasing current, but carbon
content falls. The AES carbon peak areas are 36% smaller when comparing 0.4 nA and 3 nA
deposition and by 14% when comparing the depositions with 0.4 nA and 1.5 nA beam current.
The deposited gold particle therefore becomes smaller in size as the concentration of carbon
decreases with increasing deposition current. This is in line with reported height reduction of gold
nanoparticles by 18% due to the elimination of carbon that was reported earlier for FEBID
deposits subjected to oxidative purification .
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AFM of FEBID on (SiOz (500 nm) / Si (111)) at different beam currents

Non-contact AFM was employed to measure deposit height and particle size to gain additional
information on the effect of beam current on the structure of the deposits. Figures 4.8(a) and
4.8(b) show enlarged 2D AFM images and Figure 4.8(c) shows the corresponding height profiles.
The magnified 2D AFM images (Fig. 4.8(b)) reveal the same pattern as the SEM images in Figure
4.7(b): the gold nanoparticles are about the same size for FEBID structures written with 0.4 nA
and 1.5 nA, but they are smaller in the deposit written with 3 nA beam current. AFM scans show
particle diameters of 10.4 nm for 0.4 nA, 9.5 nm for 1.5 nA, and 7.0 nm for 3 nA. (Figure S3b-
paper Il). These values correlate well with the SEM image values (9.8 nm — 0.4 nA; 10.1 nm — 1.5
nA; 8.2 nm — 3 nA). In Figure 4.8(b), the line profiles for structures formed with 0.4 nA and 1.5 nA
show deposit thicknesses of ~17 nm, whereas the thickness of the deposit written with 3 nA is
only ~¥9 nm. Most intriguingly, the beam current changes the deposition height profiles (see also
Figure 4.8(b), Figure S4 — paper Il).
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Figure 4.8. (a) Two-dimensional AFM images and magnified AFM images according to the red-
dashed squares, (b) related line profiles for the FEBID structures produced with electron dose of
7.80 C/cm? using the beam currents of 3 nA (purple line), 1.5 nA (green line), and 400 pA (blue
line).

Furthermore, a negative dip at the margin of the height profile of the 0.4 nA deposition (Figure
4.8(b), blue line) is clearly visible (bracketed with orange dashed lines) and this dip is also visible in
the depositions with 1.5 nA and 3 nA beam currents (green and purple lines, respectively), though
less apparent. Hence, as the beam current increases, the depth of the negative dip diminishes.
We attribute this to an etching effect, but for all-beam currents, the etching impact is less
significant than the deposition. In the literature, halogen-based precursors were previously shown
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to cause etching and deposition®¥1% and etching was attributed to halogen ligand release. As

demonstrated in Figure 4.7(c), the spectrum produced with 0.4 nA current (blue line), shows 30%
lower Cl peak than the structures of deposits with 1.5 and 3 nA beam currents and the
combination of scanning electron microscopy (SEM) and atomic force microscopy (AFM), shed
light on how the etching process correlates with the Cl content in the deposits and how the
carbon content is reflected in the particle size.

FEBID on sputtered and thermally cleaned Si (111)

UHV environment alone is not enough to produce high metal content FEBID structures, as
revealed in various UHV-FEBID studies!!**3¢137 A clean and well-defined substrate also enhances
metal atomic content. Consequently, to show how surface preparation (reduction of C and O
impurities) affects deposition quality, the SiO, substrate was sputtered with Ar* for 45 minutes
and annealed at 823 K in an oxygen environment for 90 minutes before deposition. Following this
preparation, AES was used to compare the cleaned surface to the uncleaned surface (Figure S5 —
paper Il). Figure S5-Paper Il demonstrates that the carbon (Cxu at 272 eV) and oxygen peaks (Okw
at 508 eV) were lowered by 17% and 67%, respectively, revealing the Siiwm peak at 92 eV. Utilizing
the cleaned sample, a 4x4 um? structures was created in a FEBID experiment with the
[(CHs)2AuCl]; precursor using the parameters shown in Figure 4.5. Figure 4.9 shows SEM and AES
analysis of this structure, whereby the AES-measured area is represented by a red star.

5kV, 1.5nA
7.80 C/lcm?

Intensity (a.u.)

— Substrate
FEBID
100 200 300 400 500 600
Kinetic energy (eV)

Figure 4.9. (a) SEM image of a FEBID structure with 4 x 4 um? dimension size deposited on SiO;
with electron beam parameters of 5 keV and 1.5 nA and an electron dose of 7.80 C/cm?. (b) AES
analysis of the SiO, substrate prior to deposition (black line) and the result from FEBID structure
(red line), from the red-colored star in (a).

The AES data (red line) showed peaks at 69 eV for Aunoo, 181 eV for Cluwwm, 272 eV for Ck, and 430
eV for Snunn vielding atomic quantities of 61 at.% Au, 1 at.% Cl, 35 at.% C, and 3 at.% Sn'%.
Compared to deposition on the untreated substrate shown in Figure 4.5(b), the Au content
increased 10 at% while C content decreased 10 at% as result of the cleaning procedure.

In prior research, the same precursor, [(CHs)2AuCl],, was utilized to produce FEBID deposits on
SiO; substrates under HV conditions with a 5 keV electron beam at beam currents of 0.1 and 0.4
nA.11, The structures, evaluated with EDX, contained 29-41 at.% Au, 2—6 at.% Cl, and 53-68 at.%
C, and the SEM pictures of the deposits showed rough textures. The atomic concentrations of the
deposits in this reference study, support full Cl ligand desorption and deposit incorporation of
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both (CHs) ligands. Though the current study used UHV and 1.5 nA electron beam current, unlike
the HV study and the AES is a surface-sensitive method, unlike the bulk-sensitive EDX technique. It
is clear that the electron beam completely desorbs the Cl-ligands in FEBID with [(CHs)>AuCl],. This
has also been the observation for other gold precursors containing the Cl ligand.?”*8, Noticeably,
however, the current UHV-FEBID findings show 10-20% more Au content in the deposits created
with [(CHs),AuCl]; than the HV FEBID results.

Based on the current study and supported by the previous HV study the following deposition
reaction is proposed for FEBID of [(CH3),AuCl],:

[(CH3),AuCl], + e~ = Auy(CH3), + 2CL T +(4 —x)(CH3) T (4.1)
with the AES results shown in Figures 4.5(b) and 4.9(b) indicate that x is 1-2.

Gas-phase studies

Dissociative ionization in the gas phase under single collision conditions

A positive ion mass spectrum of [(CHs),AuCl]; recorded at 50 eV electron impact energy is shown
in Figure 4.10(a). The loss of methyl groups due to the DI process creates a rich fragmentation
pattern from this precursor. In the DI spectrum, the molecular cation at m/z 524 is followed by
the progressive loss of methyl ligands at m/z 509, 494, 479, and 464, with the loss of all four at
m/z 464 being the most significant channel. At m/z 458, 444, and 429, one chlorine atom and two,
three, and four methyl ligands are lost in a second progression. From these, m/z 458 has lost an
extra hydrogen and m/z 444 overlaps with smaller contributions from m/z 443, which we ascribe
to one more hydrogen loss. Similar to the previous progression, the most significant contribution
here is through the elimination of all four methyl ligands (m/z 429). Both chlorines and two three-
and four-methyl ligands are lost in the third progression at m/z 422, 408 and 394, respectively.
Here, the contributions are comparable, but the loss of three methyl ligands, m/z 408, is
somewhat stronger. The final progression occurs from the loss of both chlorine atoms, one gold
atom and two, three and all four methyl groups at m/z 227, 225, 212 and 197, respectively. From
these, m/z 225 represents the loss of two methyl groups and two hydrogens, while m/z 197
represents Au*, the elemental gold. Furthermore, m/z 247 is seen with moderate intensity; this
fragment is accounted for by the elimination of three methyl ligands, one chlorine atom, and one
gold atom, leading to the formation of [(CH3)AuCl]*. The m/z 28 and 15 are also noticeable in the
DI spectra. The produced [CHs]* in DI of [(CHs),AuCl], contributes to m/z 15. However, also
residual gas, including N,, contributes to these signals.
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Figure 4.10. Dissociative ionization mass spectrum of cations formed from [(CHs),AuCl]; recorded
at incident electron energy of 50 eV.

The neutral fragments corresponding to most observed m/z ratios may be ascribed to more than
one composition, making it difficult to assign the underlying fragmentation process. To further
understand the fragmentation process, the corresponding AEs are obtained using a Wannier-type
threshold function (see the methodology section) and compared to calculated threshold energies
for a number of probable reaction paths.

Figure 4.11 displays the fitted onset-region of typical ion yield curves for the respective fragments
with the average AE values derived from 3-4 ion yield curves obtained on different days, the
respective geometries, optimized at the PBEO-TZVP level of theory, and are also shown. The
computed AE thresholds for several reactions that might produce the relevant fragments are
compared in Table 4-3. The best matches of the AEs with the threshold values for single bond
ruptures without new bond formations are presented here. The assigned fragmentation reactions
in Table 4-3 are in bold, and the thresholds are determined at both the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory.

For the parent cation [Au,Cly(CHs)s]* the AE, i.e., the ionization energy, is found to be 9.4 £ 0.3 eV.
This is in good agreement with the calculated thresholds of 9.23 at the PBEO-TZVP level of theory,
while the DLPNO-CCSD(T)-TZVP theory levels, the value is found to be 9.92 eV, which is about 0.2
eV above the higher limit of the experimental AE. For m/z 509, loss of one methyl group, the
intensity is too low to determine the AE but for m/z 494, the removal of two methyl groups, we
derive an AE of 9.7 + 0.2 eV. At the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of theory, the
threshold values for single bond ruptures, which create two CHj; radicals, are 13.51 and 14.06 eV,
respectively. These exceed the experiment's confidence limits by 4 eV. Considering the formation
of ethane CH3CHjs in this process, on the other hand, yields threshold values of 9.67 and 10.29 eV
at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of theory, respectively. Here the situation is
similar to that observed for the formation of the parent ion and at the DFT level of theory the
agreement is excellent the threshold value calculated at the DLPNO-CCSD(T)-TZVP levels of theory
is about 0.3 eV above the respective confidence limit. This is somewhat surprising as the coupled

43



cluster approach is expected to be more accurate as compared to the DFT calculations and
delivers at large good agreement for the other, more complicated, fragmentation processes.
Furthermore, using the smaller bases set SVP at the DLPNO-CCSD(T) level, results in good
agreement with the experimental AE for these fragments. For the more complicated
fragmentation reaction, on the other hand, the SVP basis set generally underestimated the AEs.
For comparison, the threshold values calculated with the SVP basis set are shown in Table S7-
Paper Il in comparison with the experimental AEs and the threshold values calculated with the
larger TZVP basis set.

The loss of three methyl ligands, m/z 479, has an AE of 11.4 + 0.2, and the determined threshold
for this process without new bond formation is 15.01 and 15.04 eV at the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory, respectively.
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Figure 4.11. Wannier-type fits to the onset region inons formed in electron impact ionisation and
dissociation of [(CHs).AuCl]; and the respective appearance energies and confidence limits from
the average of fits to three curves recorded on different days. The respective structure, optimized
at the PBEO-TZVP level of theory, are also shown.

These values are, however, dropped to 11.18 and 11.27 eV if the production of ethane from two
of the methyl radicals is considered. This is in both cases in good agreement with the
experimental value. For the loss of all four methyl ligands, m/z 464, we determine an AE of 10.1 +
0.2 eV. The threshold values without new bond formations are in this case about 7 eV higher at
both levels of theory. When considering the formation of two ethane, these threshold values are
lowered to 9.65 and 10.12 eV at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of theory,
respectively. Here the DFT value is about 0.25 eV below the confidence limit, but the DLPNO-
CCSD(T)-TZVP value is in excellent agreement with the experimental AE. In addition, we
considered the formation of ethene (CH,CH,), ethane (CHsCHs) and molecular hydrogen as the
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neutral counterparts to m/z 464 but found the threshold for this reaction more than 1 eV higher
than the respective AEs.

For the next progression, m/z 458, 444, and 429, the AEs are 10.3 +0.2, 13.0£ 0.2, and 12.2 £ 0.2
eV, respectively. Taking into account only single bond ruptures and no new bond formations leads
also here to threshold values that are significantly higher than the respective AEs. These m/z
ratios represent the loss of one chlorine, two methyl groups and a hydrogen (m/z 458) and the
loss of one chlorine and three and four methyl groups (m/z 444 and 429, respectively). Several
fragmentation pathways that may lead to the formation of these fragments were investigated,
and for m/z 458 (AE = 10.3 + 0.2 eV), the formation of ethane and HCI gives the best agreement
with threshold values of 10.46 and 10.41 eV at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of
theory, respectively. For m/z 444, the loss of chlorine and three methyl groups (AE = 13.0 £ 0.2
eV), the agreement with the calculations is best when assuming the formation of ethane, a methyl
radical and atomic chlorine. The threshold values for this reaction at the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory are 13.58 and 13.52 eV, respectively. These are still 0.3-0.4 eV
above the confidence limits of the experimental AE, but considering the formation of
chloromethane and two methyl radicals, only rises these values to 13.72 and 13.76 eV,
respectively. Considering the formation of chloromethane and ethane, on the other hand, lowers
these values to 9.88 and 9.99 eV, i.e., about 3 eV below the experimental AE. Lastly, for the
production of [Au,CI]*, m/z 429 (AE of 12.2 + 0.2 eV), we find the closest agreement with the
observed AE when considering substantial rearrangements to form the neutral counterparts HCl,
2CHg4, and C;Hs. This reaction has threshold values of 12.54 and 12.33 eV at the PBEO-TZVP and
DLPNO-CCSD(T)-TZVP levels of theory, respectively. Considering the more direct route of the
formation of ethane, chloromethane, and the methyl radical, leads to threshold energies of 11.57
and 11.54 eV, at the respective levels of theory. These values are about 0.6 eV below the
observed AE. Considering the significant rearrangement, associated with the transfer of three
hydrogens is needed for the former path, we consider the direct formation of ethane (along with
CH; and CH3sCl) to be the more likely path. These threshold values drop to 11.44 and 11.30 eV,
respectively, (about 1 eV below the observed AE) when two ethane molecules and the chlorine
radical are considered neutral counterparts. The next progression, constitutes the loss of two
chlorine ligands, and two, three, and four methyl ligands (partially associated with additional
hydrogen loss) and leads to the formation of the positive ion fragments [Aua(CaHa)]*, [Au2(CH,)]%,
and [Auz]*, with m/z values of 422, 408, and 394, respectively. For [Aux(C2H4)]*, threshold values
of 10.53 and 10.46 eV are calculated at the respective levels of theory when assuming the
formation of two chloromethanes and one hydrogen molecule as the neutral fragments. These
values match the experimentally determined AE of 10.3 £ 0.3 eV very well, while the calculated
threshold for the production of ethane and two HCl as neutral counterparts is found to be 9.51
and 9.44 eV at the respective levels of theory, i.e., 0.79 and 0.86 eV below the observed AE. The
production of [Au,(CH,)]* (m/z 408) involves the loss of three methyl groups and one hydrogen.
This fragment has an AE of 13.2 £ 0.2 eV and we find the DFT and coupled cluster threshold value
for the formation of ethene (C;Hz), 2HCI, and methane as the neutral counterparts to be 13.35
and 13.06 eV respectively, i.e., within the confidence limits in both cases. Considering the more
direct formation of ethane (CHsCHs), HCI, and chloromethane lowers these values to 12.60 and
12.54 eV, respectively, which is about 0.5 eV below the lower confidence limit of the AE. Lastly,
we determine an AE of 15.3 + 0.2 eV for the formation of [Au,]*, m/z 394. Similar to [Aux(CH,)]*,
considering the formation of ethene (CH,CH,), two HCI, and two methyl radicals yield threshold
values of 15.56 and 15.39 eV at the respective theoretical levels, which is in good agreement with
the AE at the coupled cluster level and only 0.06 eV above the higher confidence limit at the DFT
level.
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Table 4-3. Appearance energies (AEs) of the parent ion and the most dominant fragments due
to the DI to [(CH3),AuCl]> and the respective threshold values calculated at the PBEQ/def2-TZVP

and DLPNO-CCSD(T)/TZVP levels of theory.

PBEO-TZvP | DLPNO-
m/z | Products AE (eV) CCSD(T)-TzvP
(ev) (eV)
524 | [AU;Cly(CH3)a]* 9.410.3 ‘ 9.23 9.92
[Au2Cl(CHs)2]* + 2(CH3) 13.51 14.06
494 | [AusCly(CHs),]* + CH3CH; 9.710.2 9.67 10.29
[AuaCly(CHs)2]* + CHaCH, + Hay 11.28 11.65
[AuaCly(CHs)]* + 3(CHs) 15.01 15.04
479 | [AuxCly(CHs)]* + (CHs) + CH3CH; 11.4%0.2 11.18 11.27
[Au2Cl(CHs)]* + CH2CH; + Ha + (CHs) 12.78 12.64
[AuaCl,]* + 4(CHs) 17.32 17.65
264 [AuCly]* + 2(CH3CHs) 10.1£0.2 9.65 10.12
[AuxCly]* + CH3CH;3 + 2(CHs) 13.48 13.89
[AuaCl,]* + CH,CH, + H + CH3CH 11.25 11.49
[Au,CI(CH2CH3)]* + 2CH3 + Cl + H 18.72 18.50
458 [AuCI(CH,CH;)]* + CH3CH3 + HCI 10.3+0.2 10.46 10.41
[Au,CI(CH,CH3)]* + (CHa) + CHsCI 10.64 10.60
[Au2CI(CH,CH3)]* + CH3CHs + Cl + H 14.88 14.73
[Au2CI(CH3)]* + Cl + 3(CH3) 17.42 17.29
a4 [Au,CI(CH3)]* + Cl + CH3CH; + (CH3) 13.0£0.2 13.58 13.52
[AuCI(CH3)]* + CI(CHs) + 2(CHs) 13.72 13.76
[Au,CI(CHs)]* + CI(CH3) + CH3CH3 9.88 9.99
[Au,CI]* + 4(CH3) + CI 19.11 18.84
429 [AuCI]* + HCl + 2(CH,) + CHCH, 12.240.2 12.54 12.33
[AuCI]* + (CHs) + CHsCl + CH3CH3 11.57 11.54
[Au,CI]* + 2 (CH3CH3) + CI 11.44 11.30
[Auz(CH,CH,)]* + 2(CHs) + 2Cl + 2H 22.20 21.84
422 | [Auy(CH,CH,)]* + 2CI(CHs) + H; 10.3 £0.3 10.53 10.46
[Au2(CH2CH,)]* + CH3CH3 + 2HCI 9.51 9.44
[Au(CH)AUH]" + 3(CHs) + 2Cl + H 24.57 24.14
408 | [Au(CH)AUH]* + CH,CH, + 2HCI + CH, 13.210.2 13.35 13.06
[Au(CH)AUH]* + CH3CHs + HCl + CI(CHs) 12.60 12.54
[Auz)* + 4(CHs) + 2CI 22.39 22.09
[Au,]* + 2(CHs) + 2(CHsCI) 15.3£0.2 14.99 15.05
394 | [Aua]* + CH,CH, + 2(CHs) + 2HCI 15.56 15.39
[Auz]* + 2(CHsCHs) + Cl, 11.99 12.14
[Au,]* + CH3CHs + 2(CHsCl) 11.15 11.28
[(CH3)Au(CH3)]* + 2(CH3) + 2Cl + Au 17.81 18.72
[(CH3)Au(CH3)]* + CH3CH;s + Cl, + Au 12.4%0.2 11.24 12.54
227 | [(CH3)Au(CHs)]* + AuCl + CH3CH3 + CI 12.46 12.20
[(CH3)AuU(CHs)]* + 2CI(CH3) + Au 10.41 11.68
[(CHs)Au(CHs)]* + CH,CH; + 2HCI + Au 10.98 12.01
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Considering the formation of chloromethane and two methyl groups for m/z 394, however, gives
threshold values of 14.99 and 15.05 eV at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of
theory, respectively. This is in both cases only slightly below the lower confidence of the AE. Other
alternative reactions were also considered for the formation of this fragment but were found to
have thresholds significantly outside the confidence limits of its AE (see table 4-3). The last methyl
loss progression constitutes the loss of one of the gold atoms, both chlorine and two, three and
four methyl ligands, appearing in the mass spectrum at m/z 227/225, 212 and 197, respectively.
From these, m/z 225 is attributed to additional loss of two hydrogens as compared to m/z 227,
and m/z 197 is attributed to Au*. The intensities of these ion signals are comparatively low and
the number of combinations of neutral fragments is large. We have nonetheless determined the
threshold values for m/z 227 and 225 (Table S7- Paper Il). For m/z 227 we find the AE to be 12.4 +
0.2 eV which agrees well with the threshold values of 12.24 and 12.54 eV calculated at the
respective levels of theory for the formation of ethane, Cl, and atomic gold as the neutral
counterpart. The agreement is, however, comparable when considering the formation of ethane,
AuCl and atomic chlorine, which leads to threshold values of 12.46 and 12.20 eV, respectively.

In addition to the reaction paths discussed here above and listed in Table 4-3, several other
alternatives were considered for all m/z ratios. A complete list of these can be found in Table S7-
Paper Il of the supporting material.

It is clear from the considerations here above that DI of [(CH3),AuCl]; is dominated by
rearrangement reactions with multiple bond ruptures and new bond formations. For the loss of
the methyl groups, without chlorine loss, the assignment of the neutral counterparts is fairly
straight forward and is dominated by ethane formation from the respective methyl groups. For
the additional loss of one or two chlorine, which is also in part associated with hydrogen loss, the
assignment of the neutral counterparts is more complex. It is, however clear, that the formation
of ethane and hydrochloric acid and/or chloromethane plays an important role in these
fragmentation processes.

In FEBID the effective damage yield**!3® for a specific precursor will be a convolution of the
energy distribution of the electrons involved, i.e., of the primary, secondary and inelastic
scattered electrons, and the energy dependence of the cross sections for the respective electron
induced processes. Thus, for more quantitative comparison of the current gas phase and UHV
FEBID experiments and the earlier HV experiments on this precursor, the energy dependence of
the relative cross sections is important. Figure 4.12 shows these for the most significant DI
processes, covering the energy range from below their thresholds to 50 eV. The intensities are
normalized to the signal intensity and the pressure of Ar* from Ar at 50 eV electron energy.
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Figure 4.12. Dissociative ionization ion yields for the most dominant fragments from Figure 4.10
over an incident electron energy that extends from below their threshold up to 50 eV. The ion
yields are normalized to the signal intensity and pressure of Ar* from Ar at 50 eV.

The relative peak intensities recorded in the mass spectrum, as well as the integral intensities
across the energy range shown in Figure 4.12, are listed in Table 4-4. The relative intensities are
normalized with respect to that of m/z [AuyCl]* which is set as 100. From these the average
chlorine and carbon losses are calculated by adding up the contributions from each fragment
weighted by their respective chlorine and carbon losses and dividing by the total intensity of all DI
fragments. The average carbon and chlorine loss calculated is given at the bottom of Table 4-4
along with the elemental compositions of the deposits formed in the current UHV experiments
and the earlier HV FEBID experiments. As can be seen, the average chlorine loss per DI incident is
0.96 and the average carbon loss is 3.42 per incident when calculated from the integrated
intensities of the ion yield curves. The difference between these values and those calculated from
the peak intensities in the mass spectra is insignificant and is attributed to the shapes of the ion
yield curves and the lower contributions of the higher threshold fragments to the integral
intensities. Notwithstanding, if the DI fragmentation as it is observed in the gas phase was the
only active mechanism in FEBID, and all fragments that do not contain gold would desorb, a
deposit with an elemental composition of 55 at.% Au, 29 at.% Cl, and 16 at.% C would be
expected. While the high gold concentration is consistent with that observed for both the UHV
and HV deposits, the carbon content is much lower than that reported in FEBID, and in both the
UHV and HV depositions. Furthermore, chlorine is nearly completely removed in the deposition
experiments, whereas in DI, on average, only half of the chlorine is dissociated. It is evident that
the deposit’s composition reported in FEBID cannot be explained by the unmodified DI processes,
as they are observed in the gas phase under single collision conditions. Thus, other elemental
processes must be at play or the deposit’s composition must be strongly influenced by surface
induced reactions or potentially by electron induced secondary reactions involving further
decomposition of fragments formed in the initial process.
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Table 4-4. Relative intensities of DI fragments from Au(CH3).Cl, calculated from the peak
intensities at 50 eV as they appear in the mass spectrum (Figure 4.12) and from the areas
under the respective ion yield curves shown in Figure 4.10. The intensities are normalized with
respect to the highest intensity fragment m/z [Au,Cl]*, that is set as 100. The hypothetical
deposit that would be formed if its formation would be governed by DI as observed in the gas
phase and the composition of the FEBID deposits from the current UHV and the previous HV
experiments are shown at the bottom of the table.

Relative DI Relative DI
Fragment m/z Yield Yield
(Integration) (intensity)
494 [AusCly(CHs),]* 7.20 9.2
479 [Au>Cly(CH3)T* 15.13 19.02
464 [AuxCl,]* 62.36 67.08
458 [Au2Cl(CaHs)T* 12.46 20.45
444 [Au2CI(CH3)]* 8.24 9.41
429 [Au,CI]* 100 100
422 [Auz(CaHa)T* 10.78 11.45
408 [Au2(CH2)T* 15.69 17.18
394 [Aus]* 7.62 11.04
247 [(CH3)AuCI]* 6.58 7.57
227 [(CHs),Aul* 19.97 17.8
212 [(CH3)Aul* 13.65 9.82
197 [Aul* 8.49 6.95
Chlorine loss 0.96 0.92
Carbon loss 3.42 3.39
Expect. comp. 55 at. % Au 29 at. % Cl 16at. % C
from DI
UHV-FEBID 45-61 at. % Au 1-2 at. % Cl 38-49at. % C 5-8at. %
composition Sn
HV-FEBID 29-41 at. % Au 2-6at. % Cl 53-68 at. % C
composition

Dissociative electron attachment

Figure 4.13(a) shows a negative ion mass spectrum of [(CH3),AuCl], recorded in the m/z range of
10-550. As DEA is generally active below about 10 eV and as it a resonant process, it proceeds
within well-defined energy ranges. Thus, to cover the relevant energy range, the mass spectrum

50



depicted in Figure 4.13(a) is the sum of multiple mass spectra acquired in the electron energy
range from around 0 to 10 eV at 1 eV intervals. In Figures 4.13(b) and (c), energy dependence of
the ion formation, i.e. the ion yield curves for the two most abundant fragments are shown.
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Figure 4.13. a) Cumulative negative ion mass spectrum composed of the sum of individual mass
spectra recorded at 1 eV intervals in the energy range from 0 to 8 eV covering the m/z range from
about 10 to 550. b) and c) Negative ion yield curves of the most significant fragments observed in
DEA to [(CH3),AuCl], in the energy range from about O to 10 eV. b) [Au,Cl»(CH3)s]", m/z 509 and c)
AuCly, m/z 267.

Figure 4.13 demonstrates that fragmentation caused by DEA to [(CH3).AuCl]; is less extensive than
that caused by DI. There are only two major pathways seen in the spectra: the loss of a single
methyl group producing [Au,Cl,(CHs)s], m/z 509, and the production of [AuCly], m/z 267. The
highest attachment cross sections occur near the 0 eV threshold in DEA, as the cross section for
the attachment process is inversely proportional to the square root of the electron energy®.
Hence, DEA reactions that are exothermic and occur at close to 0 eV electron energy are generally
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the most effective. This is also the case here, with the production of [Au,Cl>(CHs)s], the loss of a
single methyl group, being exothermic by 0.96 and 0.88 eV at the PBEO-TZVP and DLPNO-CCSD(T)-
TZVP levels of theory, respectively. Similarly, assuming the production of two neutral ethane
molecules and elemental gold, we find that the formation of [AuCl;]™ is exothermic by about 2 eV
at both levels of theory. We also determined the threshold for this product under neutral AuCHs,
ethane, and methane formation, as well as when Au(CHs), and one ethane molecule are formed.
At both levels of theory, we also find these pathways to be exothermic (Table S7-Paper Il of the
supplementary material shows all computed thresholds for the generation of negative ions). We
anticipate that the contributions of [AuxCl,(CHs)s]” and [AuCly] close to 0 eV in their ion yield
curves result from overlapping resonances associated with single electron occupation of the
lowest lying molecular orbitals, and that while the presumably faster loss of a single methyl group
dominates at threshold, [AuCl,]" is only produced via the high energy flank. In addition, [AuCl,] is
produced through a higher lying resonance(s) appearing through a contribution in the ion yield
curve that is centered around 4.3 eV. By using the same approach as for the DI products, we can
predict the elemental composition of a deposit that would develop if only the unmodified DEA
channels observed in the gas phase under single collision conditions would be active in FEBID. In
this way, the combined intensities from the ion yield curves in Figure 4.13 lead to a predicted
composition of around 32 at.% gold, 32 at.% chlorine, and 36 at.% carbon, assuming that only the
gold containing fragments remain on the surface. Hence, whereas both HV and UHV FEBID studies
show significant chlorine loss, no such loss is seen in DEA.

4.2.3 Conclusion

The compositions of [(CH3),AuCl], FEBID deposits generated under UHV and HV conditions are
qualitatively the same, i.e., high gold content, near quantitative elimination of the chlorine, and
primarily carbon residues. Nevertheless, the UHV experiments show the expected reduction in
residual carbon and, albeit not as pronounced, a more thorough elimination of chlorine. While the
overall image shown by deposits made under UHV and HV is similar, it is evident that UHV
deposits can lead to substantially higher gold content, and that the deposit's composition is
sensitive to both the deposition current and the cleanliness of the substrate. In the current gas
phase experiments, we have not taken into account neutral dissociation up on electron excitation;
however, it is evident that the electron induced fragmentation of [(CHs),AuCl]; is significantly
influenced in the FEBID experiments compared to single collision conditions in the gas phase.
Contrary to what one might assume based only on energy dissipation concerns, the FEBID
experiment actually shows more fragmentation than is observed in the gas phase. Instead of
direct dissociation without new bond formation, rearrangement reactions are the major
fragmentation pathway in DI. Condensed phase or substrate surface modifications are likely to
influence the potential energy surfaces along which such rearrangement processes proceed.
Electron-induced secondary reactions may also play a role, given the present electron dosage of
roughly 5x10'° e/cm? and the volume of the resultant deposits. Considering a molecular diameter
of 1 nm and a deposit height of 20 nm, there are approximately 3 x 10® molecules in a 4 x 4 um?
deposit. From the dose, it is estimated that this volume has been exposed to 8 x 10'2 electrons.
There are 1.5 x 107 molecules in a monolayer, and it has been hit by 4 x 10! electrons. In terms of
electrons, this equates to around 35,000 per molecule. The reactive area of this monolayer is 0.15
um?, assuming a general cross section of 1071® cm?, which is on the order of the DI cross section of
the FEBID precursor Co(C0O)3(NO)*%8, that of the DEA cross section for the same precursor®*3 and
the DEA cross sections for Pt(PF3)s'%. If the cross section remains constant, this corresponds

52



statistically to around 300 reactive occurrences per molecule. While the gas phase experiments
only include a single collision. Hence, secondary reactions of immobilized fragments, formed in
the primary processes, may play a significant role in FEBID.

Significant number of studies on potential organometallic FEBID precursors containing the higher
halogens, chlorine, bromine, and iodine have been conducted. These are mainly carbonyls include
RU(CO)4|247, (I’]3-C3H5)RU(CO)3X (X = C|, Br)123'”°'141, Pt(NH3)2C|2122’142, and Pt(CO)2Xz (X = Cl, Br)
Specifically the platinum precursors Pt(CO).X; (X = Cl, Br) have been studied with respect to their
low energy electron interaction in the gas phase®”!*, in thin layers under non-steady state
conditions'*, in comparative FEBID experiments under HV and UHV conditions,*?>%* and in post-
deposition purification studies*®!%’, For these compounds, rapid CO loss was observed in a thin
film surface exposure to 500 eV electron up to electron doses of about 10% e’/cm?. This led to
deposition of a Pt and Cl ratio of around 1:2. A sustained exposure up to levels of about 10% e
/cm?, which is on the order of magnitude employed here, resulted in the halogen being nearly
completely removed. The first stage showed good agreement with gas-phase observations under
single-collision conditions, and the second step showed that pure deposits could be achieved by
extended electron exposure of the deposit, i.e., electron induced secondary reactions. Differently,
a post deposition purification study on thicker Pt(CO).Cl» deposits using extended electron
exposure did not result in effective chlorine removal. In this study, however, atomic hydrogen was
shown*® to be an efficient halogen remover. This might be linked to reduced escape probability
of the halogen from the thicker deposit or potentially to the penetration depth of the primary
electrons and the secondary electron energy distribution within the deposit as compared to that
at the surface.

Intriguingly, a recent study comparing deposition with Pt(CO).Cl, in a scanning electron
microscope (SEM) under high vacuum (HV) and in an Auger spectrometer under ultrahigh vacuum
(UHV) revealed striking differences in the deposit's composition!?!. While the UHV deposits
contained primarily halogen contamination and comparatively low carbon content, the HV
deposits contained carbon as the main component, with the halogen content as low as 7.5-8 at.%.
It was hypothesized that this was because the halogen was being removed by reductive means in
interactions with the more abundant background water in the HV chamber.

In the current study, there are no indications that the higher background water under HV
conditions affects the composition of the deposits, despite the fact that HCl production appears
to be considerable in DI of [(CHs):AuCl]; and may be responsible for the etching effects seen.
Nevertheless, since the deposit growth rate is very slow, and therefore each monolayer is
exposed to a large number of electrons, electron-induced secondary processes are likely to play a
role. Non-steady-state experiments, like those described for Pt(CO).X; (X = Cl, Br) and a number of
other potential FEBID precursors?**, could be used to investigate this.

4.3 CF3AuCNC(CHs)s FEBID Precursor

In this study gas-phase dissociative ionization and dissociative electron attachment, supported by
quantum chemical calculations, are conducted to better understand the fundamental electron-
induced dissociation pathways of the potential FEBID precursor, CF3AUCNC(CHs)s.

This precursor is chosen for the current study as it was purposely synthesized as a candidate for
gold deposition in FEBID and its ligand structure was designed to provide sufficient vapor pressure
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and stability at ambient conditions while fragmenting efficiently under electron exposure3>3¢. In

this context this compound has recently been tested in electron beam induced deposition in an
UHV Auger spectrometer with 3 keV electron energy, resulting in 14 at.% gold content of the
deposits. The direct injection probe electron impact (DIP-El) and negative chemical ionization
(DIP-NCI) mass spectrometry were also performed. Specifically, DIP-NCI is conducted under
multiple collision conditions making comparison with the current single collision conditions
interesting in connection with relaxation mechanisms provided when precursor molecules are
physisorbed on the substrate’s surface in the deposition experiment.

The current research was conducted in collaboration with the research group of Prof. Lisa
McElwee-White at the University of Florida, which synthesized and delivered the compound and
contributed the DIP-EI- and DIP-NCIMS. The quantum chemical computations and the crossed
beam DI and DEA studies were performed at the University of Iceland and constitute an integral
part of the current thesis.

The results of this study have been submitted for publication in a peer reviewed Journal:
Dissociative electron attachment and dissociative ionization of CFsAuCNC(CH)s a potential FEBID
precursors for gold deposition, by Ali Kamali, Will G. Carden, Jodie V. Johnson, Lisa McElwee-
White, O. Ingdlfsson”

Submitted

4.3.1Methods

The precursor was synthesized in the group of Prof. Lisa McElwee-White at the University of
Florida as is described in detail in reference®. It consists of white granulates that are stable at
room temperature (298 K at atmosphere).

The DEA and DI experiments were carried out with the crossed beam apparatus at the University
of Iceland. To achieve sufficient vapor pressure the gas injection system was heated to 353 K
during experiments to maintain a steady working pressure of 2-4 x 107 mbar during the
experiments. For comparison, mass spectra were also recorded at room temperature and at 333
K. Positive ion mass spectra were recorded at 70 eV impact energy and negative ion mass spectra
were recorded in the energy range from about 0 eV to 10 eV with 1 eV intervals. As in previous
experiments the zero point of the energy scale was calibrated with the SF¢™ signal from SFs at 0 eV
for the negative ion experiments and with the first ionization energy of Ar for the positive ion
experiment®. The electron energy distribution had a full width at half maximum (FWHM) of 190
meV during all experiments. As previously, the determination of appearance energies for
positively charged fragments involved fitting a Wannier-type threshold function® to the onset
region of the corresponding ion yield curves.

The computational chemistry software ORCA8, version 4.1, was used for all quantum chemical
calculations using the hybrid DFT functional PBEO and the triple-zeta polarization basis set def2-
TZVP including the D3BJ dispersion correction by Grimme et al.}*® for all geometry optimizations.
The optimizations were performed with tight SCF settings and for closed-shell and open-shell
systems, the unrestricted Kohn-Sham (UKS) and restricted Kohn-Sham (RKS) formalisms were
used, respectively. Harmonic vibrational frequencies were confirmed to be positive for all
structures and used to calculate zero-point energies and thermal corrections at 353 K. The PBEO
functional was chosen with reference to Kepp et al.!® and Kang et al.?, which found it to
perform better than other functionals they tested on binding energies and structure calculations
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of gold complexes. Single point energies were also calculated for the PBEO-TZVP geometries at the
coupled cluster DLPNO-CCSD(T) level of theory using the triple-zeta basis set def2-TZVP and the
valence triple-zeta auxiliary basis set TZVP/c. The normal PNO setting were used to carry out the
calculations. Threshold energies were determined by subtracting the energy of the generated
fragments from the energy of the parent molecule with the Zero-point energies and thermal
corrections at 353 Kincluded.

4.3.2 Results and Discussion

Positive mass spectra of CFsAUCNC(CH3s)s, recorded at 70 eV impact energy in the crossed beam
experiment under single collision conditions, are shown in Figures 4.14 and 4.15. For clarity and
ease of discussion, the low mass range m/z 10-200 and high mass range m/z 200-360 are shown in
Figure 4.14 and Figure 4.15, respectively. In both cases these spectra are recorded with the
capillary inlet system at 353 K (top panel (a)), 333 K (mid panel (b)), and room temperature
(bottom panel (c)). Figure 4.16 displays a direct injection probe (DIP) electron impact mass
spectrum of CF3AuCNC(CHs)s for the same m/z ranges (a) m/z 10-200 and (b) m/z 200-360.
CF3AuCNC(CH3);3 shows a rich fragmentation in dissociative ionization under single collision
conditions, whereby the main pathways lead to the observation of m/z 39, 41, 57, 69, which are
attributed to the formation of [H,CCCH]*, [H,CCHCHs]*, [C(CH3)s]* and [CFs]*, respectively, as is
discussed here below. In the high m/z range shown in Figure 4.15, the main fragmentation
channels lead to the formation of m/z 197, 224, 274, 280, and 349 which are assigned to [Aul*,
[AUCNH]*, [CF,AUCNH]*, [AUCNC(CHs)s]*, and [CFsAuCNC(CHs)s]*, respectively. Noticeably, these
high mass fragments appear in the crossed beam experiment with significantly lower intensity
than the low mass fragments, while this is not the case in the DIP El mass spectrum (Figure 4.16).
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Figure 4.14. Positiveion mass spectrum of CF:AuCNC(CHs); recorded at 70 eV in the m/z range
from about 10-200 with the gas inlet system at (a) 353 K, (b) 333 k, and (c) room temperature. The
results show that increasing the temperature resulted in the decrease in intensities of impurities
and increase in intensities of DI fragments.

It is clear from Figure 4.14 that the mass spectra recorded at room temperature is dominated by
contribution from water and hydrocarbon fragments from the background gas and inlet system
that most likely originate from pump oil contaminations. Increasing the temperature to 333 K, the
relative intensities of the contributions from impurities decreased, while the relative intensities of
fragments we attribute to DI of CFsAuCNC(CHs); increases and at 353 K these dominate the
spectrum. This is consisted with the evolvement of the ion intensities in the high mass range,
where significant contributions from DI of CFsAUCNC(CH3)s are only present at 353 K. Comparison
between the current crossed beam mass spectra and the DIP EI MS most noticeably shows a
significantly higher relative intensities in the low mass range in the former, as well as differences
in the relative intensities.
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Figure 4.15. Positive mass spectrum of high m/z fragmentations due to DI to CF3AuCNC(CH;s)s
precursor at 70 eV recorded at (a) 353 K, (b) 333 k, and (c) 298 k. The results show that increasing
the temperature resulted in the decrease in intensities of impurities and increase in intensities of
DI fragments.

It is clear that at 333K the signal intensities are mainly because of contamination from the
background gas in the crossed beam chamber as well as such evaporated from the inlet system
during heating. However, the most abundant ions in the low m/z range at 353 K, i.e., m/z 39, 41,
57, and 69, are certainly derived from the precursor. Potentially, the significantly higher
contributions in the low mass range in the crossed beam experiment compared to the DIP EI MS
might be from partial decomposition of the compound at the elevated temperatures. We,
however, consider that unlikely. Firstly, the decomposition temperature of this compound at
ambient conditions has been determined to be 399 K3°, secondly, there are no indicators of
decomposition in the negative ion mass spectrum (Figure 4.18). Furthermore, as is discussed here
below the appearance energies for these low m/z ratios correlate well with the thermochemical
thresholds for their formation through DI of CF3AuCNC(CHs)s. Rather than thermal decomposition
in the crossed beam experiment, we anticipate that the local pressure in the ionization zone of
the DIP El mass spectrometer is above the single collision condition regime, hence, that collisional
stabilization influences the fragmentation channels in the DIP El experiment in favor of less
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extensive fragmentation. This is especially interesting as such conditions are closer to those in the
deposition process in FEBID, where the surface can be expected to provide an effective heat sink.
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Figure 4.16. Direct injection probe (DIP) electron impact mass of CFsAuCNC(CHs)s for the m/z range
from (a) 25 to 200, and (b)190 to 360.

Figure 4.17 shows the onset area of the ion yield curves for the m/z ratios 39, 41, 57 and 69. Also
shown are the respective Wannier-type fits as well as the AEs and the respective standard
deviations derived from 3 different measurements in each case. The structure of the respective
ions, optimized at the PBEO-def2-TZVP level of theory, is shown in each panel.
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Figure 4.17. Positive ion yield curves as well as Wannier-type threshold fits and appearance
energies for the most dominant cations observed in Figure 4.14(a) The respective cationic
structures optimized at the XY level of theory are shownn in each panel..

Table 4-5 compares the appearance energies (AEs) to the corresponding threshold energy values
adjusted for the thermal energy at 353 K, calculated at the PBEO-def2-TZVP and DLPNO-
CCSD(T)/def2-TZVP levels of theory. Also shown is the DEA threshold for the formation of
[CFsAUCN], that is discussed later in this chapter. Specifically, for m/z 39 and 41 the calculated
values are shown for a number of possible reactions leading to these m/z ratios and the reaction
paths that are best aligned to the AEs are highlighted in bold. In general, the DLPNO-
CCSD(T)/def2-TZVP approach should provide more accurate energy values and where the results
differ between the two approaches, we rather compare to values derived at the coupled cluster
level of theory.
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Table 4-5. Appearance energy values of the most significant ions in the DI and DEA mass spectra of
CFsAuCNC(CHs); as well as the calculated threshold energies at the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory for potential reaction pathways leading to the formation of these
fragment .

CF3AUCNC(CHs)s

DLPNO-
PBEO-def2-TZVP
m/z Products AE (eV) 0 ((:1:\/) CCSD(T)-def2-
TZVP (eV)
[CNCH]* + CFsAu + C3Hg 15.65 15.48
39 [H2CCCH]* + CF3AuCN + CH4 + H, 15.0+0.3 15.32 14.87
[HCCHCH]* + CF3AUCN + CH4 + H, 1391 13.68
[CNCH3]* + CF3Au + CsHg 17.33 17.23
[CNCHs3]* + CF3AuCsHe 14.67 14.47
[HCNCH,]* + CF3Au + CsHe 15.18 15.27
41 12.1+£0.3
[HCNCH2]* + CF3AuCsHs 12.35 12.81
[H,CCCHs]* + CH4 + CF3AuCN 12.85 12.82
[H2CCHCH,]* + CH4 + CFsAuCN 12.65 12.45
[C(CHs)s]* + CFsAUCN 10.61 10.82
57 10.3+£0.2
[HCCH3(CHs),]* + CFsAuCN 14.54 14.85
69 [CFs]* + AUCNC(CHs)3 12.3+£0.3 12.62 12.67
292  [CFsAuCNJ + C(CHs)s 0-0.2 -1.12 -1.36

For m/z 39, we find an AE of 15.0 + 0.3 eV, which agrees with the threshold values of 15.32 and
14.87 eV calculated at the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP levels of theory,
respectively, for the formation of the [H,CCCH]* cation and CFsAuCN, CHs and H, as neutral
fragments. Considering the formation of [HCCHCH]* rather than [H,CCCH]* lowers these threshold
values to 13.91 and 13.68 eV, respectively, which is in both cases more than 1 eV below the
experimental AE. Considering the formation of [CNCH]* and the neutrals CFsAu and CsHs, on the
other hand, results in threshold values of 15.65 and 15.48 eV at the PBEO-def2-TZVP and DLPNO-
CCSD(T)/def2-TZVP levels of theory, respectively. These are in both cases about 0.5 eV above the
experimental value. For m/z 41 we determine an AE of 12.1 + 0.3 eV, which is in best agreement
with the threshold values for the formation of [H,CCHCH,]* and the neutral counterparts CH4 and
CF3AuCN calculated at the coupled cluster level of theory. The threshold for this reaction is 12.65
eV when calculated with PBEO-def2-TZVP, which is 0.2 eV above the higher confidence limit of the
AE, but at the coupled cluster level of theory the threshold is 12.45 eV, which is only 0.05 eV
above the upper limit for the experimental AE. Considering the [H,CCCHs]* isomer as the positive
fragment raises the threshold values to 12.85 and 12.82, respectively. For m/z 41 we also
considered a number of isomers of the sum formula C;H3N as the positively charged fragment as
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is shown in Table. 4-5. We found these to be generally well above the experimental AE with the
exception of the reaction leading to the formation of [HCNCH,]* and CF3AuC(CHs), as the neutral
counterpart. For this reaction we derive a threshold of 12.35 at the DFT level of theory, which
agrees with the experimental value, however, at the coupled cluster level the threshold this value
is found to be 12.81, i.e., about 0.5 eV above the confidence limits for the AE. For the formation of
the m/z ratios 57 and 69, we only considered the direct bond cleavage and formation of [C(CH3)s]*
and [CFs]*, respectively. For this reaction channel for m/z 57 the calculated threshold values of
10.61 and 10.82 eV are derived at the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP levels of
theory as compared with the experimentally determined AE value of 10.3 £ 0.2 eV. Hence, 0.1 and
0.3 eV above the confidence limit, respectively. In addition, we analyzed the production of
[HC(CH3)(CH3)2]* by hydrogen transfer from one of the methyl groups to the central carbon, and
we found that the threshold for this reaction is more than 4 eV above the observed AE, at both
levels of theory. For m/z 69, i.e., the formation of [CF3]* and AUCNC(CHs)s threshold energies of
12.62 and 12.67 eV are calculated at the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP levels of
theory, respectively. These values are only marginally higher than the upper confidence limit of
the AE, 12.3 +0.3 eV.

In most cases, the computed threshold values correspond well with the experimental AEs, but
they tend to be slightly higher than the AEs, especially at the DFT level of theory. This is probably
due in part to the fact that the thermal energy correction is based on the average rather than the
energy distribution at 353K. The high energy tail of the distribution, may thus shifted the AEs to
lower energies relative to the actual thermally corrected threshold.

In the crossed beam experiment, the primary gold-containing fragments are seen at m/z 197, 224,
274 and 280, respectively, and correspond to the positive ions [Au]*, [AUCNH]*, [CF,AuCNH], and
[AUCNC(CHs)s]*. At m/z 247, 253, and 265, smaller contributions are seen, and they are attributed
to [AUCF;]*, [AUCN(CHs),]*, and [AUCNC(CHs),]* based on their respective elemental compositions.
At m/z 349, the parent cation [CF3AuCNC(CHs)s]* is also shown to contribute though with very low
intensity. Qualitatively, this is consistent with the m/z ratios in the DIP El spectra displayed in
Figure 4.16; however, the relative intensities in these experiments are noticeably different.

For comparison of the current crossed beam DI data and the DIP MS and to put these in relation
to the elemental composition found in the deposition experiments with this precursor®. Table 4-6
compares the relative intensities of the fragments formed and the average carbon, fluorine and
nitrogen loss per incident in these experiments. At the bottom of the table these are translated to
atomic compositions that would form if these processes would determine the composition of the
deposit. The average element loss is calculated by weighing the contribution of all gold containing
fragments with the number of carbons, fluorine or nitrogen lost, and dividing that by the sum of
the intensity of all fragments.
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Table 4-6. Relative intensities of DI fragments from CFsAuCNC(CHs)s calculated from the peak
intensities at 70 eV as they appear in the mass spectra (Figures 4.14, 4.15 and 4.16). The
intensities are normalized to the highest intensity fragment set at 100. For the crossed beam
experiment this is m/z 41, [H,CCHCH,]* and for the DIP EI MS this is m/z 280, [AuCNC(CHs)s]*. For
better comparison the relative intensities for the gold containing observed in the crossed beam
experiment are also shown normalized with respect to m/z 224 (last column). At the bottom of the
table the composition of a hypothetical deposit that would be formed if governed by DI as

observed in these gas phase experiments.

Relative Intensity Relative Au-Fragments
m/z Fragment Crossed beam Intensity Crossed beam
(m/z 224 =100) DIP EI (m/z 224 =100)
349 [CFsAUCNC(CHs)s]* 2 40 15
330 [CF,AuCNC(CH3)s]* 0 9 0
280 [AuUCNC(CHs)s]* 2 100 17
274 [CF,AuCNH]* 11 64 92
265 [AuUCNC(CHs),]* 0 14 0
247 [CF.AuU]* 8 17
224 [AuCNH]* 12 98 100
197 [Au]* 10 12 83
69 [CFs]* 48 8 -
57 [C(CH3)s]* 88 83 -
41 [H,CCHCH,]* 100 40 -
40 [H2CCCH,J* 9 0 i
39 [HoCCCH]* 34 18 }
15 [CH3]* 5 ] -
Avrg. C loss per incident 3.15 3.30
Avrg. N loss per incident 0.03 0.04
Avrg. F loss per incident 0.71 1.71
Expected composition from DI 14 at.% Au 32at%F 14at.% N
Expected composition from DIP 17 at.% Au 22at%F 16at.% N
14 at% Au Oat% F 6at% N

EBID composition®®

For the fragments at m/z 39, 41, 57 and 75 the gold containing neutral fragment assigned in table
4-6 is the reference fragment and the hypothetical deposition is formed under the assumption
that all fragments that do not contain gold desorb. Also, in the final column, the relative
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intensities of the fragments observed in the crossed beam measurements are shown normalized
to the most intense gold containing fragment, m/z 224. Notably, the relative intensity of [Au]’,
m/z 197 is much higher in the crossed beam experiment compared to the DIP EI MS for the gold-
containing fragments. However, in contrast to the mass spectra recorded under single collision
conditions, the relative intensity of the parent cation is a significant contributor in the DIP EI MS.
In the DIP EI MS experiment, we believe this is due to the impact of collisional stabilization. The
absence of m/z 330, [CF,AUCNC(CHs)s]*, and the relatively lower intensity of m/z 280 in the
crossed beam experiment under single collision conditions, as compared to DIP El MS, can be
explained by the fact that both of these fragments might undergo further decay to form m/z 274,
[CF,AuCNH]*, m/z 247, [CF,Au]*, m/z 224, [AUCNH]* or m/z 197, [Au]*.

From Table 4-6 it can be seen that the average F, N and C loss per incident in DI of
CF3AuCNC(CHs)s under single collision conditions is 0.71, 0,03, and 3.15, respectively, while these
numbers are 1.71, 0.04, and 3.30 in the DIP El spectra. Consequently, in a hypothetical scenario
where only the DI mechanism, as they occur under single collision conditions, are active for the
deposition of this precursor, the resulting deposit would have a composition of 14 at.% Au, 40
at.% C, 32 at.% F, and 14 at.% N. In the DIP experiments, where we expect collisional stabilization
to play a role, these would be 17 at.% Au, 45 at.% C, 22 at.% F, and 16 at.% N, respectively.

Negative ion mass spectra of CF3AuCNC(CHs); recorded at 0 eV incident energy in the m/z range
from 10 to 360 are shown in Figure 4.18. These are recorded with the capillary inlet system at 353
K (a), 333 K (b) and room temperature (c), respectively. For comparison, a direct injection probe
chemical ionization negative ion mass spectrum, covering the same mass range, is shown in Figure
4.19. In the crossed beam experiment the only significant m/z ratios observed are at 292 and 335,
from which m/z 335 is attributed to a synthetic impurity, as has been confirmed by DIPNCI MS of
different batches. From the relative intensities at 333 and 353 K in the crossed beam experiment
it can be assumed that this impurity has higher vapor pressure than the target compound, but a
positive assignment is not possible. Notwithstanding, the absolute dominating negative ion
fragment in both the crossed beam experiment and the DIP NCI is m/z 292. In fact this is the only
negative ion observed upon electron attachment to CFsAuCNC(CHs); in both experiments and is
assigned to the loss of the t-butyl group and the formation of [CF;AuCN]™. Applying the same
considerations here as for the DI fragmentation channels it can be concluded that DEA to
CF3AuCNC(CHs); leads to the loss of four carbon, but no fluorine and no nitrogen. Thus assuming
DEA as it is observed in the gas phase to be the only process leading to the deposit formation in
FEBID with CF3AuCNC(CHs)s, would result in a Au:C:F:N composition of 1:2:3:1, which translates to
about 14 at.% Au, 29 at.% C, 43 at.% F, and 14 at.% N, respectively. Deposits formed under FEBID
conditions, on the other hand, were shown to include 14 at.% Au, 80 at.% C, 0 at.% F, and 6
at.% N, using EDX analysis.?®

In comparison of the DI data provided here with the deposits produced in the UHV Auger
spectrometer under exposure to a 3 keV electron beam?®, it is most noticeable that less than 1
fluorine is on average dissociated per incident in the crossed beam DI experiments and 1.7 in the
DIP El, while as good as quantitative removal of the fluorine is observed in the deposition
experiment. Furthermore, the main contribution to the fluorine loss in DI and DIP El is through the
dissociation of the CF; ligands from the central gold;

CF3AuCNC(CH3)s + e~ — [CF3]* + [AuCNC (CH3)3] + 2e~ (4.2)

63



and while this channel is associated with concomitant carbon loss, as good as no carbon removal
is observed in the deposition experiment. In fact, more than three carbon atoms are dissociated
from the precursor on average per DI incident, while no carbon is removed in the deposition
experiment. Furthermore, in DEA no fluorine loss is observed. Though the elemental loss in the
gas phase experiments differs significantly from what is reflected in the composition of the
deposit, these observations are in line with the interpretation of the deposition experiments.
There it was proposed that the fragments formed in the initial dissociation of this precursor are
not desorbed, but rather decompose at the surface through further irradiation under fluorine loss
forming a carbonaceous deposit retaining the stochiometric Au:C:N ratio of the precursor®.

With a dose of 1.15 x 10 e/um? in the deposition experiment, electron-induced secondary
reactions are highly probable. A monolayer of 10° molecules covers 1 um? if assuming dense
packing and a surface area of 1 nm? per molecule. According to the Auger measurements, the
thickness of the deposit was greater than 100 nm and assuming 200 nm, then each molecule has
been subjected to more than 5 x 10° electrons. The reactive area of this 1 pm?is around 0.01 pm?,
when assuming cross section of 10 cm?, which is on the order of magnitude for other FEBID
precursors3®139150  That means that each molecule may experience around 5,000 reactive
incidents. This assumes that the cross section at the surface is the same as in the gas phase and
that it stays the same for the secondary and tertiary processes. This does not hold and the cross
sections for the secondary and tertiary processes may be orders of magnitude less than those for
the initial process. Nonetheless, it is clear that secondary electron-induced processes may play a
significant, if not dominating, role in determining the final composition of the deposit in FEBID.
This has been discussed in relation to other FEBID precursors®®*!, and is apparent in a variety of
non-steady state studies in which thin precursor layers are subjected to 500 eV electrons and the
elemental composition change is observed in dependency on the electron dosage. Precursors
such as Ru(CO)al,¥, cis-Pt(CO),Cl,***, and (n3*-CsHs)Ru(CO)3Br'>? are good examples where initial
carbonyl loss is observed at surfaces in good agreement with gas phase experiments while
prolonged electron exposure causes secondary fragmentation, leading in part to the desorption of
the halogens and in part to breakdown of carbon-containing ligands and the incorporation of
carbon into the deposit.
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Figure 4.18. Negative ion mass spectra of of CFsAuCNC(CHs)s recorded at 0 eV incident electron
energy and at (a) 353 K, (b) 333 k, and (c) 298 k. The results show that increasing the temperature
resulted in the decrease in intensities of impurities and increase in intensities of the DEA from the
target molecule.

Figure 4.20(a) displays a [CFsAuCN]  ion yield curve from 0 to 10 eV, with an expanded inset
comparing the normalized [CF;AuCN]" ion yield curve to that of SFs~ from SFs, utilized for the
corresponding energy calibration. The contour plots of the HOMO (SOMO) of the ground state
anion and the LUMO of the neutral molecule are compared in Figure 4.20(b). Chemcraft®*® is used
to create the contour plots, with a contour value of 0.05, using the equilibrium geometries
optimized at the PBEO-def2-TZVP level of theory. The [CFsAuCN]™ signal is wider (FWHM of 300
meV) and somewhat blue shifted (0.05 eV) compared to the SF¢ ion yield (FWHM190 meV). As
discussed above, the prerequisite for the formation of anionic fragments at or close to the 0 eV
threshold is that the respective process is exothermic. This is consistent with the calculated
threshold values of -1.12 and -1.36 eV at the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP
levels of theory, respectively, for the direct dissociation process leading to the formation of
[CFsAUCN]™ through direct loss of the t-butyl group (see Table 4-5). The observation of such high
intensity DEA reactions is not uncommon under single collision conditions, where the only
relaxation channels are re-emission of the electron and dissociation. Especially in compounds
containing the high higher halogens where the electron affinity of the neutral of the negative ion
fragment formed may exceed the bond dissociation energy needed to cleave it from the parent
compound. The most prominent example of this is probably the formation of CI” from CCl,***. The
DIP NCI experiments, however, are conducted in the presence of methane as a moderation gas at
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about 0.1 torr. As a result, the mean free path in these studies is on the order of 50 nm, which
corresponds to a collisional frequency of around 5 x 10% s at 333 K.
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Figure 4.19. Direct injection probe chemical ionization negative ion mass spectrum (DIP-NCI) of
CF3AuCNC(CH3)s recorded in the m/z range from 50 to 360.

Thus, effective collisional stabilization should be provided. Also, at the PBEO-def2-TZVP level of
theory we find the adiabatic electron affinity (EA) of CFsAUCNC(CHs)s to be 0.63 eV, which means
that the ground state is stable. Inspecting the contour plots, however, shows that single electron
occupancy of the neutral HOMO leads to substantial coupling of this electronic state with the
N-C(CHs); coordinate when compared to the unoccupied LUMO of the anion (Figure 4.20(b)). In
the linear ground state, the neutral HOMO is anti-bonding along the AuC-N coordinate with a nt*
character. However, when occupied by a single electron, this orbital significantly bends the
Au-C-N coordinate, stabilizing the molecular anion and reducing the corresponding dihedral
angle from 180° to 150°. Hence, while the dissociation, leading to the formation of [CFsAuCN]",
proceeds directly along the N-C(CHs)s bond, the geometrical relaxation of the initially formed TNI
to its ground state proceeds along a deformation coordinate. Strong orbital mixing is also
observed along the dissociation coordinate, resulting in loss of the anti-bonding n* AuC-N
character of the LUMO of the neutral and a relaxed anionic geometry with strong admixture of a
o* character of the N-C(CHs); bond and an antibonding node at the C atom. We conclude that the
vertical transition forming the TNI leads to strong orbital mixing through the bending motion of
N-C(CHs); and that, the dissociation along the repulsive 0* N-C(CHs)s coordinate thus provided
occurs on a timescale significantly shorter than collisional stabilization in the DIP NCI experiments.
This dynamic problem is intriguing from a purely physical and chemical standpoint, and it
demands more investigation at both the experimental and theoretical levels. These dynamics may
provide an explanation for the lack of carbon loss from DEA in the deposition studies, whereby
the surface provides direct energy dissipated and may dampen the stretch motion, which in turn
provides time for reemission of the electron or relaxation to the anionic ground.
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Figure 4.20. (a) Dissociative electron attachment ion yield curve of the [CF;AuCN]™ fragment from
CF3AuCNC(CH3)s recorded in the incident electron energy range from about 0 to 10 eV under single
collision conditions. The insert shows a magnification of the energy range from about 0 to 1.5 eV
along with the respective [SFs]” calibration curve. (b) Chemcraft-generated iso-surfaces for the
PBEOQ-def2-TZVP-optimized relaxed geometries of the LUMO of the ground state neutral and the
HOMO (SOMO) of the ground-state anion of CFsAuCNC(CH3)s .

4.3.3 Conclusion

Low energy electron induced fragmentation of CFsAuCNC(CHs); has been explored in the context
of developing molecules favorable to synthesis of gold nanostructures using focused electron
beam induced deposition. Both single-collision and collisional-stabilized events for dissociative
electron attachment and dissociative ionization were investigated. Dissociative ionization was
shown to be more extensive under single collision conditions compared to DIP EI MS, where
collisional stabilization was provided, and to be dominated by charged ligand fragments rather
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than charged gold containing fragments, as observed in DIP EI MS. Interestingly, the spectra of
electron attachments are the same in both cases, and the only detected channel is dissociation to
form [CF3AuCN]". This is somewhat surprising as we find parent anion to have positive electron
affinity and would thus observe collisional stabilization and its detection are more likely in the
presence of intermolecular stabilization to lead to observation of the parent anion. When
comparing the LUMO of the neutral parent molecule to the HOMO of the relaxed anion, the o*
antibonding character along the respective dissociation coordinate of the TNI suggests a strong
n*-0* coupling in the attachment process and we expect dissociative relaxation along this
coordinate to be significantly faster than the collisional stabilization provided. There are
significant differences between the gas-phase results and the composition of deposits from this
precursor formed by electron-induced deposition in an ultra-high-vacuum Auger spectrometer.
The deposition studies show that the deposit retains the parent molecule's carbon and nitrogen
stoichiometric content is retained while the fluorine is almost completely eliminated. In contrast,
significant carbon loss is observed in the gas phase studies but only a partial removal of fluorine.
Furthermore, dissociation of the CFs ligand is responsible for the majority of the fluorine loss in
gas phase studies, whereas fluorine loss is sequential in the deposition experiments. In line with
the deposition experiment, we conclude that this is due to the first electron/molecule interaction
leading to immobilization of the partly fragmented molecule on the surface, without ligand
desorption. Here, molecular surface interactions and effective energy dissipation work together.
With continued exposure to electron irradiation, further fragmentation leads to sequential flour
loss and its desorption through electron-induced secondary and tertiary reactions.

We believe that such electron induced secondary and tertiary reactions play an important role in
determining deposits compositions in FEBID in general and that these must be considered when
approaching a rational design of FEBID precursors and the respective deposition procedures used.
Specifically, the immobilized fragments from in the first electron induced dissociation processes
must be taken into account and preferably engineered in such a way that they can undergo
further electron induced fragmentation and desorption in the corresponding, secondary and
tertiary electron induced reactions.
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5 Summary and Outlook

Gas phase studies analyzing the interaction of low-energy electrons with organometallic
molecules can potentially predict the suitability of certain molecules for use in focused electron
beam induced deposition. The two fragmentation processes, termed dissociative electron
attachment and dissociative ionization, which are caused by interactions between low-energy
electrons and precursor molecules and are important in the FEBID process, have been
investigated in this thesis. The single bond ruptures are more common in dissociative electron
attachment at incoming electron energies near 0 eV, while multiple bond ruptures are more
common in dissociative ionization at higher energies. Deposition in FEBID might be triggered by
reactive products from any of these reaction pathways. Molecules that undergo initial deposition
stages regulated by DEA may result in deposits containing higher levels of ligand contamination
due to the limited number of bond ruptures associated with this process. Nevertheless, tailoring
new FEBID precursors in order to cover the intramolecular reactive pathways can facilitate
molecular decomposition at low incoming electron energy. More research into optimizing
precursors is crucial for advancing FEBID as a nanofabrication technology.

In this thesis, we examined the potential of (CH3)AuP(CHs); as a gold deposition precursor for
FEBID in UHV conditions. Gas-phase DI experiments and quantum chemical calculations were
conducted to assist in comprehending the underlying electron-induced reactions. The potential
precursor was found to have sufficient volatility and stability for use in FEBID, and under the UHV
conditions, a deposit containing 31-34 at.% Au was achieved with a 1:2 Au:C composition. The
phosphor was found to be effectively removed in the UHV FEBID experiments, but a small amount
of AuP(CHs);" was formed in the gas phase. Comparisons with a previous HV FEBID study
highlighted the differences in deposit compositions and the need for systematic comparisons of
UHV and HV deposition experiments. Utilizing a variety of techniques such as UHV-FEBID, gas-
phase DI experiments, and quantum chemical calculations, has proven to be an effective strategy
for obtaining a comprehensive understanding of electron-induced precursor dissociation
mechanisms and the subsequent deposition process.

For the second precursor, we investigated the performance of the [(CHs3),AuCl]; precursor in UHV
FEBID and HV gas phase experiments. The composition of deposits generated under UHV and HV
conditions were qualitatively similar, with high gold content (about 45-61 at. %) and primarily
carbon residues (38-49 at.%). In UHV study, it was shown that the deposit's composition was
sensitive to both the deposition current and substrate cleanliness. The DI and DEA experiments
yielded different trends in precursor dissociation, with more carbon dissociation and less chlorine
dissociation, respectively. Lastly, the study found that higher background water under HV
conditions did not affect the deposit's composition, despite the considerable HCI production
observed during DI of [(CH3),AuCl],, and that secondary reactions of immobilized fragments as
well as neutral dissociation mechanism may play a significant role in FEBID deposition of this
precursor.

For the last study, we presented the results of DI and DEA experiments on CFsAuCNC(CHs)s
precursor under single collision conditions and conditions where collisional stabilization is
provided and we compared these to. Deposition experiments conducted in an UHV Auger
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spectrometer. While collisional stabilization is reflected in less extensive dissociation in the DI
experiments these do not influence the negative ion formation, where only one and the same
DEA channel is observed under single collision conditions and when collisional stabilization is
provided. We attribute this to strong coupling of electronic states in the attachment process and
fast dissociation dynamics. Comparison with the composition of the deposits formed under FEBID
conditions in the Auger spectrometer does not show direct correlation to the dissociation
processes observed in the gas phase and we attribute this in part to more efficient relaxation
processes at the surface, but mainly to electron induced secondary and tertiary reactions at the
surface, where multiple electron induced fragmentation processes lead to the final composition
of the deposit, rather than a single electron molecule collision as it is the case in the gas phase.

In conclusion, the findings of this thesis indicate that the two precursors, [(CH3),AuCl], and
(CHs)AuP(CHs)s, have a high potential for use in FEBID technique. However, additional research on
the role of the neutral dissociation process in inducing dissociation into their molecules, as well as
the design and implementation of post-purification methods for deposition of these precursors
are vital. Furthermore, this study highlights the involvement of electron-driven secondary and
tertiary processes, which must be considered in the rational design of FEBID precursors, and for
the deposition procedures used. Ideally, the first electron-induced dissociation processes must be
engineered in such a way that the immobilized fragments formed can undergo further electron-
induced fragmentation, and desorption of ligand material, eventually, as desired, leading to high
metal content deposits.
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Abstract: Focused-electron-beam-induced deposition (FEBID) is a powerful nanopatterning tech-
nique where electrons trigger the local dissociation of precursor molecules, leaving a deposit of
non-volatile dissociation products. The fabrication of high-purity gold deposits via FEBID has
significant potential to expand the scope of this method. For this, gold precursors that are stable
under ambient conditions but fragment selectively under electron exposure are essential. Here, we
investigated the potential gold precursor (CH3z)AuP(CH3)3 using FEBID under ultra-high vacuum
(UHV) and spectroscopic characterization of the corresponding metal-containing deposits. For a
detailed insight into electron-induced fragmentation, the deposit’s composition was compared with
the fragmentation pathways of this compound through dissociative ionization (DI) under single-
collision conditions using quantum chemical calculations to aid the interpretation of these data.
Further comparison was made with a previous high-vacuum (HV) FEBID study of this precursor.
The average loss of about 2 carbon and 0.8 phosphor per incident was found in DI, which agreed
well with the carbon content of the UHV FEBID deposits. However, the UHV deposits were found
to be as good as free of phosphor, indicating that the trimethyl phosphate is a good leaving group.
Differently, the HV FEBID experiments showed significant phosphor content in the deposits.

Keywords: focused-electron-beam-induced deposition (FEBID); dissociative ionization; ultra-high
vacuum; gold deposits; Auger electron spectroscopy (AES); HV gas-phase study; quantum chemical
calculation; low-energy electrons; electron-induced mechanism

1. Introduction

The need for ever-smaller and precisely manufactured nanostructures in fields such
as plasmonics [1], the semiconductor industry [2,3], and in nanoelectronics [4] is one of
the drivers in the current development of new and emerging nanofabrication techniques.
Focused-electron-beam-induced deposition (FEBID) has high potential in this regard since
it is capable of creating nanostructures with precise shapes and position control on basically
any substrate. In FEBID, a highly focused electron beam of a scanning electron microscope,
in ultra-high vacuum (UHV) or high vacuum (HV), is utilized to induce the fragmentation
of adsorbed precursor molecules. The desired structures are built up from non-volatile
fragments, while the volatile ones are pumped away [5-7].

Controlled localized electron exposure enables the lithographic patterning of practi-
cally any shape through direct-write, maskless, and resist-free material deposition. Fur-
thermore, such deposition may be realized on both planar (e.g., Si, SiO;) and non-planar
substrates (e.g., cantilevers) [7]. FEBID is not only of interest in fundamental research
but also in industrial applications [8]. The ability to repair UV and EUV lithography
masks [8-10], the generation of magnetic nanostructures for magnetic logic circuits [11],
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and tip fabrication on cantilevers for scanning probe microscopy [7,12-14] are examples of
industrially relevant applications.

One major challenge in FEBID is that deposits created from organometallic precursors
are rarely exclusively composed of the targeted metal (i.e., 100 at.% metal purity). This
limits the range of applications for nanostructures created via FEBID [1,15,16]. The purity
of the deposition depends strongly on the utilized precursor and the writing parameters
such as primary beam energy/current, beam diameter, and replenishment time [17]. It
has been shown that it is possible to obtain almost pure iron [18] structures from Fe(CO)s5
(>95 at.%) or tungsten [19] from WF¢ (>97 at.%). For gold, however, which has gained
high interest, especially in the field of plasmonics [1,20,21], it has been challenging to find
a suitable precursor [22-25]. The most successful gold-based precursors reported in the
literature are CIAuCO and CIAuPF; [26,27]. In these studies, it is reported that using these
two Au-based precursors, it is possible to obtain pure gold structures on standard SiO,
substrates by varying the writing parameters (i.e., primary beam energy, beam current, or
dwell time). However, these precursors are difficult to handle due to their pronounced air
and water sensitivity and thermal instability. The most investigated precursors for FEBID
of gold in the literature are dimethyl gold acetylacetonate [(Me);Au(acac)] [28] and its
fluorinated derivatives, dimethyl gold trifluoracetylacetonate [(Me), Au(tfac)] [29,30] and
dimethyl gold hexafluoroacetylacetonate [(Me), Au(hfac)] [31]. The corresponding deposits
consist of gold cores embedded in a carbonaceous matrix [32]. The co-injection of water as
an oxidative enhancer, on the other hand, has been shown to lead to pure gold structures
from (Me),Au(tfac) as a precursor [33]. Nonetheless, it would be more convenient to have
stable, high-vapor pressure precursors, yielding high-purity deposits in one step, rendering
the use of additional purification methods unnecessary.

The electron-induced decomposition mechanisms of FEBID-relevant precursor molecules
have been investigated in combined gas-phase and surface science studies [17,34-36]. The
corresponding results suggest that deposition is mainly initiated by reactions between
precursor molecules and low-energy electrons [35,36]. In FEBID, these low-energy electrons
are secondary electrons resulting from the interaction of the primary electron beam with the
substrate. In general, the electron-induced dissociation of precursor molecules can proceed
through four different processes [37]: dissociative electron attachment (DEA), dissociative
ionization (DI), neutral dissociation (ND), and dipolar dissociation (DD).

In dissociative ionization [37,38], the focus of the gas-phase section of the current
study, electrons with energies equal to or larger than the ionization energy impinge on
the parent molecules, leading to their ionization. As a result, the parent ion may undergo
dissociation, yielding positively charged and neutral fragments. The DI process can be
represented by Equation (1):

AB+e” — AB™ +2¢7 = AT + B +2¢” (1)

where “*” denotes that the fragments may be in vibrationally and/or electronically excited
states. The DI process is a direct, non-resonant scattering process with an interaction time
in the order of ~107'6 s and starts at or above the ionization energy of a parent molecule
(~6-8 €V). The thermochemical threshold for the formation of cations in dissociative
ionization can have effects on the extent of fragmentation and, in the simplified case of a
diatomic molecule, it can be formulated as:

Ey(AT) = BDE(AB) + IE(A) )

where BDE(AB) is the bond dissociation energy of AB, and IE(A) is the ionization energy
of the fragment A. For more complex fragmentation processes of polyatomic molecules,
where multiple bonds may be broken and new bonds may be formed, the threshold energy
Eyy, for the formation of a given fragment is:

Ey = ZBDEbruken - ZBDEformed + IE(fmgment) 3
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Here, BDEpoken and BDE o4 are the bond dissociation energies of the bonds broken
and the bonds formed in the process, respectively, and IE(f,qpeny) is the ionization energy
of the neutral parent fragment of the cationic fragment observed.

In general, the total dissociation cross-section for a given DI process shows a smooth
increase with increasing electron energy and a maximum at around 50-100 eV. At higher
energies, the interaction time of the electron with the molecule decreases, and consequently,
the total DI cross-section decreases [37]. It has been demonstrated that DI is effective for
many FEBID precursors (see, e.g., [39-41]) and may thus play a significant role in the
deposition process.

The current study investigated the production of Au structures with relatively high
metallic content from (CH3)AuP(CHs)s as a precursor using an SEM setup in UHV. This
was carried out in combination with a corresponding gas-phase DI study with the same
precursor, yielding important insights into fundamental aspects of the FEBID process. A
previous FEBID study on this precursor under HV conditions led to promising results with
19-25 at.% Au from (CHz)AuP(CHj3);3 [25]. The use of an ultra-high vacuum (UHV) setup
is suitable to reduce unwanted deposits from residual gases and thus reduce contamination
effects in the FEBID structures. Therefore, the UHV approach was expected to enable
better controlled deposition. This has been demonstrated previously for the precursors
Fe(CO)5 and Co(CO);NO. Under UHYV, these precursors yielded metallic contents higher
than 90 at.% and 80 at.%, respectively [18,42]. These values were compared to HV studies
which yielded up to 70-85 at.% Fe [7,43] and 40-50 at.% Co [44—46] from these precursors,
respectively. Therefore, we aimed to test and perform FEBID with this gold precursor,
using a UHV-SEM setup with the combination of mass spectrometry (MS) and local Auger
electron spectroscopy (AES). To provide a deeper understanding of the underlying electron-
induced reaction pathway(s) in the deposition, DI of (CH3)AuP(CH3); was also studied
in the gas phase under single-collision conditions. Quantum chemical calculations of the
threshold energies for selected ion fragments observed in DI were also presented and
compared to the respective experimental appearance energies to identify the most probable
fragmentation pathways.

2. Materials and Methods

Precursor synthesis. Methylgold(I) trimethylphosphine ((CH3)AuP(CHj3)3) was syn-
thesized by following the steps as described in the literature [47]. The synthesis was
performed under nitrogen atmosphere, using pre-dried solvents and standard Schlenk
techniques. The starting material was H[AuCly]-3H,O, which was obtained in the form
of orange crystals by dissolving gold metal in aqua regia, evaporating all liquids, adding
concentrated HCl, and evaporating all liquids again. The quality of the compound was
checked and confirmed via 'H and 3!P NMR spectroscopy and via elemental analysis (C,
H, and N values showed a maximum deviation of 0.5%).

Precursor handling. The (CH3)AuP(CH3); precursor was kept at 253 K in a refrigerator
inside a glove box (O, < 0.1 ppm) and later filled into a stainless-steel precursor storage
holder at room temperature under nitrogen atmosphere in the glove box. The precursor
holder had a small glass window to enable the precursor quality to be checked visually.
The filled storage holder was wrapped in aluminum foil to avoid photodecomposition
during the experiments and attached to the analysis chamber.

Deposition. FEBID structures were fabricated in a modified commercial UHV system
(Scienta Omicron GmbH, Taunusstein, Germany) with a base pressure of p <2 x 1010 mbar.
For the mass spectrometry (MS) of the (CH3)AuP(CH3)3 precursor in the gas phase, a
quadrupole mass spectrometer (Prisma QMS 200 M, Pfeiffer Vacuum GmbH, ABlar, Ger-
many ) that was mounted to the UHV chamber was used, and the precursor was sublimed
into the chamber at room temperature (298 K). The system included a UHV-compatible
scanning electron microscopy (SEM) column (Leo Gemini, nominal resolution better than
3 nm); the latter was also used for FEBID. In addition, a hemispherical electron energy
analyzer (EA125, Scienta Omicron GmbH, Taunusstein, Germany) enabled local Auger
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electron spectroscopy (AES). The electron beam settings during FEBID were a primary
electron beam energy of 5 keV and a beam current of 3 nA. The lithographic processes
were controlled through custom-developed software based on LabVIEW 8.6 (National
Instruments, Austin, TX, USA) and a high-speed DAC PCle-card (M2i.6021-exp, Spectrum
Elektrotechnik GmbH, Miinchen, Germany) [48]. The lithographic processes were per-
formed with a step size of 6.2 nm and a sweep number of 100. SEM images were acquired
at a beam energy of 15 keV and a current of 400 pA with SmartSEM (Zeiss, Oberkochen,
Germany). Minor contrast and brightness adjustments were applied. A commercially
available SiO; (230 nm)/Si (111) substrate was used as delivered to create FEBID structures.

The precursor gas was allowed to effuse into the system through a nozzle in close
proximity to the sample surface. Based on simulations using GIS Simulator (version 1.5) [49],
the local pressure increase at the sample surface was estimated to be a factor of 30, and the
chamber pressure was kept at 1.3 x 1077 mbar, which corresponded to a local pressure of
~4.0 x 107® mbear at the substrate’s surface.

Gas-Phase Study. The DI experiments were carried out with a crossed electron/molecular
beam apparatus that has been described in detail elsewhere [50], and only a brief descrip-
tion is given here. Electrons were emitted from a tungsten filament and guided with
a stack of electrical lenses through a trochoidal electron monochromator to generate a
quasi-monoenergetic electron beam. The full width at half maximum (FWHM) of the
electron energy spread was about 140 meV during the experiments. The temperature of
the monochromator was kept at 393 K with two halogen lamps to avoid the condensation
of precursor molecules or background contaminations on its electronic lens components.
In the interaction section of the instrument, the electron beam crossed a molecular beam
of (CH3)AuP(CHs)s, generated by sublimation at room temperature (298 K) through an
effusion stainless-steel capillary inlet. The background pressure in the chamber was in the
order of 2-3 x 10~8 mbar, and the working pressure was in the range of 7-9 x 10~7 mbar.
Ionic fragments formed, as a result of the collision of the electrons with the precursor
molecules, were extracted into a quadrupole mass spectrometer (EPIC 1000, Hiden Analyti-
cal Warrington, UK) and analyzed and detected with a channelton electron multiplier. Mass
spectra were recorded at fixed electron energy by scanning through the relevant /z range,
and ion yield curves were recorded at fixed m/z by scanning through the relevant electron
energy range. The positive ion yields were normalized relative to the cross-section of the
formation of Ar* from Ar at 50 eV recorded after all fragment ion measurements [51]. The
appearance energies for positive ion fragments were evaluated by fitting a Wannier-type
model function to the onset region of the respective ion yields, as has been described in
detail [52], and the energy scale was calibrated with reference to the first ionization energy
of Ar [51].

Quantum chemical calculations. The current calculations were carried out with the
ab initio quantum chemistry program package ORCA, version 4.1 [53]. Geometry opti-
mizations were carried out at the density functional level of theory (DFT) using the meta-
generalized gradient approximation (meta-GGA) TPSS functional and the valence triple-
zeta polarization basis set def2-TZVP. The D3(B]) dispersion correction by Grimme et al.
was included in the calculations [54]. For closed-shell systems, the restricted Kohn-Sham
(RKS) formalism was used, and the unrestricted Kohn—-Sham (UKS) formalism was used for
open-shell systems. The geometry optimizations were conducted with tight SCF settings,
and the single-point energies, at the TPSS/def2-TZVP level of theory, were calculations
with normal SCF settings. The TPSS/def2-TZVP approach was chosen based on studies
conducted by Kepp [55] and Goel et al. [56], where they found the TPSS/def2-TZVP level
of theory to give more reliable bond energies and structures of gold clusters compared
to other functionals such as B3LYP, M06, and PBEQ. Positive values of harmonic vibra-
tional frequencies were confirmed at the same level of theory and were used to derive
zero-point energies and thermal energy corrections at 298 K for the neutral parent molecule
and all fragments. Additionally, single-point energies of the optimized geometries were
calculated at the coupled cluster level of theory. The coupled cluster calculations were



Nanomaterials 2022, 12, 2727

50f20

performed using domain-based local pair natural orbitals with single, double, and pertur-
bative triple excitations, DLPNO-CCSD(T) [57-59]. These calculations were carried out
with normal PNO settings and the valence quadruple-zeta basis set QZVPP, with two sets
of polarization functions.

The threshold energy for each fragment was calculated from the single-point energies
of the relaxed structures, both at the DFT and DLPNO-CCSD(T) level of theory. This
was conducted by subtracting the total energy of all fragments formed in the respective
processes from the total energy of the parent molecule. The respective ZPVEs and thermal
energy corrections were included in all cases.

3. Results and Discussion
3.1. UHV-FEBID Study
3.1.1. Promotion of the Intact Precursor into the Gas Phase and Its Stability

To characterize the precursor prior to the FEBID experiment, (CH3)AuP(CHjz); was
dosed into the UHV chamber via the gas-injection system (GIS) and monitored with a
mass spectrometer. Figure 1 depicts a positive ion mass spectrum recorded under FEBID
conditions, i.e., at a chamber background pressure of 1.3 x 10~7 mbar. Below m/z 40, the
mass spectrum exhibited contributions of CH,, and C,H,, with an admix of nitrogen- and
oxygen-containing fragments. The significant contribution at and around /z 28 may in
part have been derived from ethane as a decomposition product, and for comparison, the
relative intensities from the NIST DI spectra of ethane are shown as green triangles in
Figure 1. The relative intensities around m/z 28 agreed well with the respective DI products
from ethane, considering that m/z 28 may have drawn additional intensity from nitrogen
originating from the precursor filling process (see the Experimental Section).
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Figure 1. Mass spectrum of (CH3)AuP(CHj3)s3, recorded at room temperature and a precursor pressure
of 1.3 x 10~7 mbar (black line). The reference spectrum for trimethylphosphine (P(CH3)3) from the
NIST database is shown as red squares, and that for ethane as green triangles. A 60x magnified region
from m/z 85 to 200 is shown in the inset within the blue dashed lines. The observed precursor-related
fragments, along with their m/z, are listed at the right-side of the graph.

This was consistent with the proposed ethane formation in the thermal decomposition
of (CH3)AuP(CHj3)3 [60] and upon its decomposition on active surfaces. However, as the
CH,,* intensities around m/z 15 were considerably higher than what was to be expected
from DI of ethane, we considered these contributions to stem mainly from direct CH,,*
loss from the precursor. Furthermore, both the contributions around m/z 28 and m/z 15
most likely contained admixtures of residual gases. In good agreement with the NIST
electron impact mass spectra of trimethylphosphine [61] (Figure 1, red-colored squares),
clear contributions from the trimethylphosphine group were present in the mass spectrum.
These were at m/z 45 (PCHy*), m/z 57, 59, and 61 (reflecting P(CHj3), along with the loss of
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one and two hydrogens) as well as at m/z 75 and 76 (reflecting P(CHj3)3 along with the loss
of one hydrogen). Additionally, Au* (11/z 197) was clearly observable in the mass spectrum,
indicating the promotion of the intact precursor into the gas phase at room temperature.
This was confirmed in the gas-phase experiments discussed in the DI section. With reference
to m/z 61, the DI peak ratios for the m/z ratios of 61, 75, 76, and 197 (Au*) reported in
the literature [47] were 100:33:74:1. The corresponding relative intensity reported for the
parent ion ([(CH3)AuP(CH3)3]*, m/z 288) and the parent after the loss of one methyl group
([AuP(CHj3)3]*, m/z 273) were found to be about 30 and 200, respectively. This was a clear
sign of a significant presence of the intact precursor in the gas phase in this experiment.
Similarly, from the peak heights of the mass spectrum shown in Figure 1, we derived the
relative intensity ratios 100:20:39:0.4 for these fragments (m/z 61:75:76:197). The literature
data cited here were recorded with a sector field mass spectrometer, while the current mass
spectra from the UHV chamber were recorded with a quadrupole with the higher m/z limit
200; notably, the transmission properties of these instruments were very different. Further,
Au”*, m/z 197, was at the m/z limit of this quadrupole, where the transmission efficiency
was comparatively low and the parent cation, [(CH3)AuP(CHs)3]*, m/z 288 was outside
its m/z range. Considering this, the relative intensities of the n1/z ratios observed were in
good agreement. The relatively high contribution of the parent ion and the parent ion after
the loss of one methyl group in the sector field experiments [47] confirmed the delivery of
the intact precursor molecule into the gas phase in this experiment. From the comparison
of the intensity ratios, we anticipated that that was also the case in the current experiment.
This was further supported by the deposition and gas-phase DI experiments discussed
below. With respect to volatility and stability, (CHz)AuP(CH3)3 at room temperature was
found to be sulfficiently volatile to sublime and establish a chamber background pressure of
1.3 x 1077 mbar (equivalent to ~4.0 x 10~ mbar at the surface; see Experimental Section).
Compared to earlier FEBID studies with this setup [18,42], using other precursors, this
chamber pressure was low (1.3 x 10~7 mbar, this study, vs. 3.0 X 10~7 mbar, earlier FEBID
studies). However, as is discussed in the deposition section, it was found to be sufficient
to create the respective deposits. No change in color or in other aspects of appearance of
the precursor was visible in the container of the GIS after one week of operation at room
temperature, though the gold content of the deposits was found to drop already after three
days (Figure Sla,e). The gold content of the deposits could be re-established by increasing
the sublimation temperature to 313 K while maintaining the same chamber pressure of
1.3 x 1077 mbar. However, a further increase in the sublimation temperature to 323 K
resulted in a significant drop in the gold content of the deposits, and degradation was
visible upon inspection after these experiments. Moreover, directly after the heating process,
the precursor color was changed from shiny-white to pink/black, which we attributed to
the thermal decomposition of the precursor (Figure S1b,c). The autocatalytic decomposition
of (CH3)AuP(CHj3)3 on active metal surfaces such as copper has been reported to take place
already at room temperature [60] and may have played a role in the current setup, where
copper sealings were used in the GIS. In fact, the contact surface of these copper sealings
was found to be clearly discolored and darkened when the degradation of the precursor
was observed (Figure S1d). It is thus clear that this precursor is sufficiently volatile for
FEBID, but the temperature window is narrow, and potentially, the material composition
of the gas inlet system plays a role in the decomposition process. Further ex situ stability
testing and vacuum thermogravimetry would be valuable in establishing these parameters.

3.1.2. FEBID

In the first step, focused-electron-beam-induced deposition experiments were per-
formed on a commercially available SiO, (230 nm)/Si (111) substrate kept at room tempera-
ture. Banaszak et al. [62] reported that a thin (40 A) silicon oxide surface on Si (111) leads to
the spontaneous deposition of gold on surface defect sites at 298 K with (CHz)AuP(CHj3)3
as a precursor in chemical vapor deposition (CVD) experiments in UHV. In the same
study, however, the authors demonstrated that a thicker silicon dioxide film of 5000 Ais



Nanomaterials 2022, 12, 2727

7 of 20

not reactive towards the decomposition of (CH3)AuP(CH3)3 at room temperature. It can
thus be concluded that a silicon surface with a too-thin silicon oxide layer can be reactive
towards the (CH3)AuP(CH3); precursor, while thicker layers are inert. Accordingly, the
wafer used in the study at hand was selected with a 230 nm silicon oxide layer, which we
expected to be inert with respect to the surface-promoted decomposition of the precursor
at room temperature. Aligned with the pre-testing, the (CH3)AuP(CHj3); precursor was
sublimed into the chamber from the sample container at room temperature. The corre-
sponding precursor dosage was adjusted for deposition such that a chamber pressure of
1.3 x 10~7 mbar was set (local pressure at the sample: ~4.0 x 107® mbar; see Experimen-
tal Section). The chamber pressure was about half the pressure compared to previous
FEBID studies performed in the same UHV setup [18,42,63,64]. The relatively low pressure
was due to the low volatility of the precursor compared to the well-studied Fe(CO)s and
Co(CO)3NO precursors [18,42], and correspondingly, a lower deposition rate was expected.
It is worth mentioning that due to the thermal instability of the compound, discussed in
the previous section, no external heating was applied to the precursor container to increase
the vapor pressure. To compensate for the low precursor pressure, a relatively low SEM
acceleration voltage of 5 keV was selected to increase the secondary electron yield for the
deposition of (CH3)AuP(CH3);. Using this acceleration voltage, 4 x 4 um? squares were
written using a comparably high beam current of 3 nA. The fabricated FEBID structures
were examined with SEM and AES. Figure 2a,b depict SEM images of the FEBID deposits
fabricated with electron area exposures of 4.68 and 7.80 C/cm?, respectively. Auger spectra
were acquired with an acceleration voltage of 15 kV and a beam current of 3 nA. The
centers of these rectangles, where the AES spectra were recorded, are marked by green-
and blue-colored stars in the corresponding SEM images (Figure 2a and 2b, respectively),
and the AES spectra acquired of the bare substrate and the deposited structures are shown
in Figure 2c. From the pristine SiO, surface as a reference (black spectrum), only two
main AES elements are visible, oxygen and carbon. The low-intensity peak at 272 eV was
attributed to Cky 1, Auger transitions of carbon [65], and the dominating peaks at 468, 483,
and 503 eV were assigned to Ok, Auger transitions of SiO, [66]. After deposition with a
4.68 C/cm? electron dose, the Ok Auger transitions of SiO, vanished, and AES signals
appeared at kinetic energies of 69, 120, and 265 eV. These were assigned to Aunoo, PLvm,
and Ckp 1, Auger transitions [66], respectively (Figure 2c, green and blue spectra).

(c) c O

KLL

Normalized intensity (a.u.)

—— FEBID 4.68 C/cm®
—— FEBID 7.80 C/cm®
—_— IS|O2 (230 nlm)/Sl(lll)

T T T
100 200 300 400 500 600
Kinetic energy (eV)

Figure 2. (a) SEM image of a 4 x 4 um? FEBID structure deposited on SiO, from (CH3)AuP(CH3)3
with an electron dose of 4.68 C/cm? and (b) with an electron dose of 7.80 C/cm?. In both cases, the
electron beam parameters are 5 keV and 3 nA, and (c) AES of the SiO; substrate prior to deposition
(black line) and AES from FEBID structures (green and blue lines). The colored stars in (a,b) indicate
the position where the spectra were acquired.
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The elemental compositions of the FEBID structures were calculated according to the
relative sensitivity factors (S) of characteristic AES peaks for each element. To obtain the
elemental composition from AES, the following equation was used:

Iy I
C=ga/ Z(st) @

where C is the atomic concentration, I is the integrated spectral intensity, d is a scaling factor,
and S is the relative sensitivity factor [66]. The subscript x denotes all values corresponding
to the investigated peak, whereas the subscript i “counts” through every peak in the
spectrum. In the work at hand, peak areas were only compared within one spectrum. As a
result, the scaling factor d, which was introduced to compensate for errors caused by the
different intensity in two different Auger spectra, stayed constant for every peak and could
be neglected. The integrated spectral peaks after linear baseline correction of the spectra
were used for quantitative evaluation. The atomic concentrations for the FEBID structures
shown in Figure 2 were calculated using Equation (4) and the relative sensitivity factors
(S) [67]; 0.21 for Aunoo at 69 eV, 0.30 for Ppan at 120 eV, and 0.08 for Cky . at 272 eV. These
were found to be 31 at.% Au, 67 at.% C, and 2 at.% P (green spectrum), and 34 at.% Au,
65 at.% C and 1 at.% P (blue spectrum).

In previous FEBID studies of the same precursor, CH3 AuP(CHj3)3, in HV [22,25], the
deposit’s composition was determined via EDX spectroscopy and found to be 19-25 at.%
Au, 54-62 at.% C, 12-16 at.% P, and 2—7 at.% O. The underlying reaction path determining
this composition was suggested to be the removal of one single methyl ligand. Clearly,
more significant gold content was observed in the UHV deposits compared to those made
in HV. However, in the structures deposited from the CH3 AuP(CHj3)3; compound in UHYV,
unexpectedly, more significant carbon content and significantly lower phosphorus content
were also observed. However, we note that caution should be taken when comparing
the composition of the deposits in the HV study and the current UHV, as EDX is much
less surface-sensitive than the here-applied AES. With this information, one might also
speculate that the distribution of carbon in the UHV-FEBID structure is not even within the
deposit but is enhanced in the surface region.

From the results of this study, however, the very low phosphorus content indicated
the efficient removal of the trimethylphosphine ligand during the deposition, while the
predominant removal of a single methyl group was more consistent with the HV-FEBID
results. In fact, judging from the close to 1:2 Au:C composition of the current deposits, a
dimethylphosphine group was dissociated from the precursor and pumped away from the
chamber. This may have proceeded through the further decomposition and co-deposition
of carbon from dissociating trimethylphosphine ligands or in a concerted electron-induced
rearrangement reaction such as:

(CH3)AuP(CH3), & Au(CHj3), + P(CHa), 1 (5)

where Au(CH3); is the deposited species, and P(CH3); is the volatile part that is pumped
away (note that the charge location is not considered here).

In FEBID, the deposit’s composition results from the interaction of the precursor
molecules with the primary electrons, back scattered electrons, and secondary
electrons [7,34,68,69]. Hence, in FEBID experiments, the precursor molecules are subject to
interaction with a broad energy range of electrons, from close to 0 eV up to the energy of
the primary electrons. Thus, little information on individual fragmentation pathways can
be gained from these experiments alone. To further explore these findings, we conducted a
comprehensive gas-phase study in which we determined the average carbon and phosphor
loss per DI incident and compared these with the current deposit compositions and those in
the earlier HV FEBID study by Dorp et al. [25]. In addition, we determined the appearance
energies for the dominating fragments and compared these with threshold calculations to
identify the most probable processes behind individual fragment formation.
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3.2. HV Gas-Phase Study
Dissociative Ionization in the Gas Phase

Figure 3 shows a positive ion, electron impact mass spectrum of (CHz)AuP(CHjz); in
the m/z range from about 10 to 300. The spectrum was recorded ata 7 x 10~7 mbar target
gas pressure and 50 eV incident electron energy. The mass spectrum was characterized by
two progressions. The first was that of the decomposition of the trimethylphosphine ligand,
with the most significant contributions at the m/z ratios of 45 (PCH,*), 59 P(CH;3)CH,™,
61 P(CH3),*, 75 (P(CH3),CH,"), and 76 (HP(CHj3);CH,*). The second progression was
that of CHjz loss from the parent molecule, reflected in the m/z ratios of 273, 258, 243,
and 228. These were assigned to the loss of methyl ligand(s) resulting in the formation of
[AuP(CHj3)3]*, [AuP(CHjz),]*, [AuP(CH3)]", and [AuP]*. Hence, the two main DI reaction
pathways were methyl ligand(s) loss with charge retention on the gold holding fragment,
dominated by the loss of a single methyl ligand (71/z 273), and the dissociation of the
charge retaining trimethylphosphine ligand from the gold and its further fragmentation
through methyl and hydrogen loss.

_ DI at 50 eV
[[P(CH,), - n(CH,)I'] S

2 0x10° - 1 [M - n{CHJ)T"
h 4 1
—~ 1.5x10°+ 0
=3
8 [CH.]'
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Figure 3. Positive ion mass spectrum of dissociative ionization to (CH3)AuP(CH3)3 precursor at
50 eV incident electron energy.

As discussed in the study by Marashdeh et al. [22], the (CH3)AuP(CH3)3 precursor is
a good candidate for FEBID and CVD due to its comparably good stability at room temper-
ature and volatility under high vacuum. These characteristics stem from the asymmetric
crystal structure of (CH3)AuP(CH3)3, which consists of six molecules in a unit cell, in which
four molecules have strong aurophilic interactions, while the remaining two molecules
are monomeric [22]. Consequently, some of the loosely bound molecules desorb from
the crystal under high vacuum. The crystal structure degrades in this process and the
now “freed” molecules can go into the gas phase [22,25]. This was reflected in the current
gas-phase experiments, in which the intact precursor molecules were readily transported
to the chamber at room temperature, as was clear from the significant contribution of the
molecular ion after the loss of one methyl group (m/z 273).

Figure 4 shows the onset region of the ion yield curves of the most pronounced cations
observed in DI of (CH3)AuP(CHj3)3. The onset region is shown for the ion yield curves of
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the intact cation at m/z 288 and the loss of one methyl group at m/z 273 (JAuP(CH3)s]*)
as well as the P(CH3)3 rooted fragments: m/z 76 ([P(CH3)3]%), 75 ([P(CHj3)2(CH)I*),
61 ([HP(CHj3)(CHy)]"), 59 ([P(CHy)2]*), and 45 ([PCH,]*). The optimized ionic structures
are also shown in the respective graphs. Further, the appearance energies (AEs) and their
confidence limits are shown in the individual graphs, along with the respective Wannier-
type fits used to determine these energies. The AEs are determined from the average
of 3-4 independent measurements and the confidence limits reported are the standard
deviations of the mean, rounded to the next 100 meV. In Table 1, the appearance energies
are compared to the thermally corrected threshold energies for the respective processes
calculated at the TPSS/def2-TZVP and DLPNO-CCSD(T)/QZVPP levels of theory.

For the appearance energy of the molecular cation, i.e., the ionization energy of
(CH3)AuP(CH3)3, we determined an experimental value of 7.5 £ 0.2 eV, in good agreement
with the threshold values of 7.45 and 7.58 eV, calculated at the TPSS/def2-TZVP and
DLPNO-CCSD(T)/QZVPP levels of theory, respectively. Considering the relative intensities
in the mass spectrum in the m/z range of 197 to 288, it was clear that the loss of a single
methyl group was the dominating fragmentation pathway leading to the observation of
positively charged gold-containing fragments.

Table 1. Experimental AEs in DI of (CH3)AuP(CHj3)3 compared to the threshold values calculated at
the TPSS/def2-TZVP and DLPNO-CCSD(T)/QZVPP levels of theory. The best agreements between
experiment and theory and the respective reaction paths are signified in bold.

mlz Product TPSS-TZVP DLPNO-CCSD-QZVPP AE (eV)
288 [(CH3)AuP(CH3)31* 7.45 7.58 7.5+ 0.2
AuP(CH3)3]* H . .
273 [AuP(CH3)3]* + (CH3) 8.59 8.38 81+ 02
[(CH3)AuP(CHj3),]* + (CHj) 10.20 10.44
[P(CH3)3]+ + (CH3)Au 9.38 9.17
76 [HP(CH3),(CHy)]* + (CHz)Au 9.73 9.61 8.6 + 0.2
[P(CHs)3]* + (CH3) + Au 12.04 11.54
[P(CH3)>(CH,)I* + (CH3)AuH 10.64 10.68
75 [P(CH3)2(CH,)]* + (CHz)Au + H 1212 11.86 10.5 £ 0.2
[HP(CH3)(CH,),]* + (CH3)AuH 12.62 12.90
[HP(CH3)(CH)1* + (CH3)2Au 11.16 11.20
61 [HP(CH;)(CH,)]* + CoHg + Au 11.22 10.43 11.1 £ 0.2
[P(CHs),]* + (CH3)Au 11.64 11.62
[P(CH2)2]+ + (CH3)2A11 + Hz 13.46 13.45
P(CHy),]* H;)AuH H 13.1 12.
59 [P(CH,),]* + (CH3)AuH + CHy 3.18 93 134 + 03
[P(CH,)o]* + HyAu + CoHg 13.56 13.07
[HP(CH,)CH]* + (CHj),Au + Hy 15.22 15.61
[PCH,]* + (CH3)AuH + 2(CHs) 17.50 17.04
[PCH2]+ + (CH3)A“H + C2H5 13.84 13.20
[PCH,]* + Au(CHj;) + CoHg + H 15.32 14.38
+
45 [PCH,]* + (CH3)Au(CH3) + CHy 13.50 13.06 13.6 + 0.4
[PCH,]* + Au + (CH3) + C,Hg + H 17.98 16.76
[HPCH]* + (CHz)AuH + C,Hj 16.19 15.97
[PCH,]* + AuH + (CH3) + C,H, 14.85 13.75

[HPCH]* + AuH + (CHj3) + C,Hg 17.19 16.52
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Figure 4. Representative fits to the onset region of the DI ion yield curves for the parent cation and
the most dominant positively charged fragments from the (CH3)Au(CH3)3 precursor. The respective
Wannier-type fits, appearance energies, and their confidence limits for each ion yield curve are shown,
and the respective chemical structure of the intact parent molecule is shown in the right corner.
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In principle, this methyl group could be cleaved directly from the gold by rupture of
the Au-CHj3 bond or from the trimethylphosphine ligand, i.e., rupture of one of the P-CHj3
bonds. We found the experimentally determined AE for this fragment to be 8.1 0.2 eV,
in relatively good agreement with the threshold values of 8.59 (TPSS/def2-TZVP) and
8.38 eV (DLPNO-CCSD(T)/QZVPP), for the loss of the methyl group from the gold, i.e., the
formation of AuP(CHj3)3*. On the other hand, the calculated threshold values for methyl
loss from the trimethylphosphine group were 10.20 and 10.44 eV at the same levels of
theory, respectively.

For the dominating trimethylphosphine fragments m/z 76 and 61, we considered a
direct cleavage of the (CHz)Au-P(CH3); bond, leaving the neutral (CH3)Au moiety with
charge retention on the phosphor-containing fragment. For m/z 75, 59, and 45, which
constituted additional hydrogen loss from P(CHj3)3*, P(CHj3),*, and PCHj3™, respectively,
further neutral fragments were considered.

For the direct dissociation and ionization of P(CH3)s, m/z 76, we calculated threshold
values of 9.38 and 9.17 eV (TPSS/def-TZVP and DLPNO-CCSD(T)/QZVPP, respectively).
These were higher than our experimentally determined AE of 8.6 & 0.2 eV. Considering
hydrogen transfer to the phosphor and the formation of [HP(CH3),CH,]*, as suggested by
Bodi et al. [70] for the formation of m/z 61 ((HP(CH;3)CHy]*) in DI of trimethylphosphine,
raised the respective threshold values to 9.73 and 9.61 eV, respectively. Considering the
formation of the methyl radical and Au, rather than AuCHj as the neutral counterpart to
this fragment, increased the respective thresholds further by about 2 eV. For additional hy-
drogen loss from this fragment, i.e., the m/z ratio 75, we determined an AE of 10.5 £ 0.2 eV
in good agreement with the calculated values of 10.64 and 10.68 eV when considering the
formation of HAuCHj3 as the neutral counterpart. Considering the formation of AuCHj and
the hydrogen radical or the formation of [HP(CH;),CH3]* through hydrogen migration
within the cation led to threshold values that were significantly higher (about 1 to 2 eV).

As an alternative to direct methyl loss for the formation of the m/z ratio 61 in DI
of trimethylphosphine, Bodi et al. [70] considered the formation of [HP(CH3)(CHjy)]*
through hydrogen migration from one of the methyl groups to the phosphor. At both the
G3 and CBS-QB3 levels of theory, they showed a stabilization of about 0.43 eV through
this process. Further supported by their kinetic analyses and reaction path calculations,
they inferred that this was the dominating channel in the loss of one methyl group from
P(CHj3)3 upon DI. This is in good agreement with our calculations, in which we found
a stabilization of 0.48 and 0.42 eV, through hydrogen migration, at the TPSS/def2-TZVP
and DLPNO-CCSD(T)/QZVPP levels of theory, respectively. The experimental AE for
m/z 61 was 11.1 £ 0.2 eV, and considering (CH3);Au as the neutral counterpart; this
was in agreement with the threshold energies of 11.16 and 11.20 eV calculated for the
[HP(CHj3)(CHj)]* formation at the TPSS/def2-TZVP and DLPNO-CCSD(T)/QZVPP levels
of theory, respectively. For direct methyl loss, i.e., the formation of [P(CHj3),]* without
hydrogen migration to the phosphor, we found the respective threshold values to be
11.64 and 11.62, which was in both cases about 0.2 eV above the confidence limits for the
AE of m/z 61. Additionally, we considered the formation of ethane (C;Hg) and Au as
neutral counterparts in this process. This led to threshold values of 11.22 and 10.43 eV
at the TPSS/def2-TZVP and DLPNO-CCSD(T)/QZVPP levels of theory, respectively. We
attribute this difference between the two approaches to the DFT meta-GGA TPSS functional
overestimating the atomic energy of Au, and as the CCSD threshold was considerably
lower than the experimental AE, we considered (CHj3),Au to be the neutral counterpart
to m/z 61 instead. The m/z ratio 59 constituted an additional loss of two hydrogens
from m/z 61 and may have been associated with the neutral counterparts (CH3),Au + Hy,
(CH3)AuH + CHy or HyAu + C;Hy and the positive fragment P(CH;),*. The threshold
values for these processes at the DLPNO-CCSD(T)/QZVPP level of theory were 13.45 eV
for H; formation, 12.93 eV for CHy formation, and 13.07 eV for C;Hg formation. While the
CH4 and C;Hg formation paths were both slightly below the experimental 13.4 & 0.3 eV
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AE, there was good agreement with the formation of H; + (CH3),Au as the counterparts to
the P(CH;),* cation.

Finally, the m/z ratio 45, i.e., PCH,*, was observed with appreciable intensity. There
was a significant number of neutral fragment combinations that could be associated with
the formation of this fragment. The preferred assignment through comparison with the
calculated thresholds was thus not straightforward. The situation was further complicated
as m/z 45 also showed a quasi-linear rise in the threshold already from about 10 eV. We
expected this contribution to stem from the background gas from which m/z 45 is a common
DI contribution, and we accounted for this by replacing the baseline (d) in the Wannier-
type function with a linear function a + bx. This approach was previously practiced
by Fiegele et al. [52] in their determinations of DI thresholds of carbon tetrafluoride,
trifluoromethane, methane, and propane. Using this approach, we derived an AE of
13.6 £ 0.4 eV for the formation of this fragment. Within the confidence limits, this agreed
with the threshold values for the formation of the neutral counterparts (CH3)AuH + C;Hg
and (CH3)Au(CH3) + CHy, which were 13.84 and 13.50 eV, respectively, at the TPSS/def2-
TZVP level of theory. The threshold values calculated for other possible reactions were
all found to be above the confidence limit, as can be seen in Table 1. Similar to the MS
recorded in the UHV-FEBID chamber, we also observed appreciable contributions around
m/z 28 and m/z 15 in the gas phase HV experiments. Due to the admix of contributions
from residual background gases and the potential manifold of different reaction pathways
in these m/z ranges, we did not determine the AEs of these fragments and refer to their
discussion above.

For better comparison with the deposit composition in FEBID and assessment of the
energy dependence of individual reaction channels, Figure 5 shows the ion yield curves for
the main fragments observed in the DI mass spectra of (CH3)AuP(CHj3)3. These are shown
from below the lowest threshold up to about 50 eV and normalized to the pressure and
signal intensity of Ar* from Ar at 50 eV incident electron energy.

T T T T T T T T T T T
2.5 B
a [HP(CH,)(CH,)] | 61
L 204 [AUP(CH,),]" | 273
2 [P(CH,), - 2H]" |——59
w +
S 5] [PCH)T e 76
= : [P(CH,) - HI* 45
ge, [P(CH,), - H]"  [=====T5
_g 1.0 [P(CH,), - 4H]* [mmmm 57
© [AUP(CH,),]"  [=258
§ [P(CHLI™ e L9)
§ 0.5+ [AUP(CH,)]"  f———243
[Au]* 197
0.0 4 _
T 1 T T 1 T
0 10 20 30 40 50 60

Energy (eV)

Figure 5. Ion yields for the main positively charged fragments in DI of (CH3)AuP(CHj3)3. The ion
yields are shown in the incident electron energy range from below the respective thresholds up to
50 eV. All ion yields are normalized with respect to the pressure and the signal intensity of Ar* from
Ar at 50 eV incident electron energy.
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Table 2 compares the relative contributions of individual fragments integrated over the
energy range from threshold to 50 eV with those determined from the peak heights in the
mass spectrum shown in Figure 3. In both cases, the intensities reported are normalized to
the highest intensity contribution of m/z 61, set as 100. At the bottom of Table 2, the average
carbon and phosphor loss per ionization incident is reported, as well as the respective
values from the current UHV-FEBID experiments and the previous HV experiments [25].
For the gas phase, the average carbon and phosphor loss per incident was calculated from
the sum of all fragment contributions weighted by the respective carbon and phosphor
losses and divided by the total intensity of all DI events. For the [P(CHp)m]* fragments,
the average carbon loss was taken to be what was reflected in the gold-containing neutral
counterpart of the respective reactions, shown in bold in Table 1. Other fragments were
considered to desorb from the surface. For the deposition experiments, the carbon and
phosphor losses were calculated from the difference between the elemental composition of
the respective deposits and the stoichiometric ratios of the elements in the intact precursor.
Noticeably, in Table 2, the relative integral intensity from the ion yield curves differs
from those determined from the peak intensity in the mass spectrum. This is due to
the lower integral contribution of the higher threshold fragments as compared to the
intensities at 50 eV incident energy. Nevertheless, in both cases, the average carbon loss per
ionization incident was about 2, and the average phosphor loss was about 0.8. The Au:P:C
composition of the intact parent molecule was 1:1:4, and thus, assuming the desorption of
all DI fragments that do not contain gold would result in a deposit ratio of 1:0.2:2 if DI is
the dominating fragmentation mechanism.

Table 2. Relative peak intensities of (CH3)AuP(CHj3); fragments at 50 eV electron impact energy
observed in the DI mass spectrum (Figure 3) and relative integral intensities from thresholds to 50 eV
derived from the ion yield curves shown in Figure 5. The FEBID deposits compositions from the
current UHV and the previous HV experiments are shown at the bottom of the table.

Fragment ml Relative D.I Yield Relative DI. Yield
(Intensity) (Integration)

[AuP(CH3)3]* 273 78.41 79.07
[AuP(CH3),]* 258 5.64 13.30
[AuP(CH3)]* 243 2.36 0.36
[Au]* 197 0.51 0.29
[P(CH3)3]* 76 64.78 78.98
[P(CH3); — H] 75 33.12 28.47
[HP(CH3)(CHp)l* 61 100 100
[P(CH3), — 2H]* 59 68.8 68
[P(CH3), — 4H]* 57 26.19 17.98
[P(CH3)]* 46 14.1 2.54
[P(CH3) — H]* 45 33.7 24.7
Avrg. C loss per incident 1.94 2.01
Avrg. P loss per incident 0.80 0.76
UHYV deposit composition 31-34 at.% Au 65-67 at.% C 1-2at.%P
HYV deposit composition 19-25 at.% Au 54-62 at.% C 12-16 at.% P 2-7at.% O

3.3. Dissociative Ionization, UHV, and HV FEBID Composition

With respect to the Au:C ratio, the average carbon loss observed in the gas-phase DI
experiments agreed well with the current UHV-FEBID experiments, in which it was also
found to be close to 1:2. However, while the phosphor was as good as quantitatively des-
orbed in the UHV-FEBID experiments, the average phosphor loss per dissociation incident
in the gas-phase DI experiments was about 0.8. Hence, in 20% of the DI incidents, the
Au-P bond remained intact. This was predominantly due to the stability of the AuP(CHjz)3*
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ion (m/z 273) in the gas phase, i.e., loss of the methyl group directly bound to the central
gold atom.

In the HV-FEBID experiment, the Au:C ratio was determined by EDX to be about
1:2.5 to 1:2.8, and the Au:P ratio was found to be 1:0.63 to 1:0.64. While the slightly higher
carbon content of the deposit may have been due to background gas contributions under
HV conditions, the significantly higher phosphor content had to be rooted in different
decomposition/desorption dynamics in these two experiments [25]. Both experiments
were conducted at 5 keV electron energy, and electron current and deposition time did not
influence the composition significantly in the HV-FEBID experiments. This difference thus
had to be rooted in the different substrates used in the UHV- and HV-FEBID experiments or
the difference in background gas partial pressure. The UHV experiments were conducted
on a SiO;, substrate, a material commonly used for passivation, and it clearly allowed for
free desorption of the dissociated phosphor-containing ligands. Moreover, the close to
1:2 Au:C ratio of the deposit indicated that the neutral (CH3),Au fragmentation dominated
in the electron-induced decomposition of (CH3)Au(CH3)3 at the SiO; surface. This was also
the characteristic fragment for the P(CH,),* loss channels in DI. The AuP(CHj3),* fragment
was, however, also a significant contribution to the total DI ion yield but was not apparent
in the electron-induced decomposition at the SiO; surface, as was perceived from the close
to quantitative removal of the phosphor. This close to quantitative removal of the phosphor
and the 1:2 Au:C ratio in the UHV deposes was consistent with the deposition mechanism,
as depicted schematically in Figure 6. In this scheme, electron impact led to a short-lived
positive ion that fragmented to form [P(CH,);]* and [(CH3),Au], and while [(CHj3),Au]
stayed on the surface, [P(CH,),] desorbed.

\\

~ v
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«$ . L )
Si0, (230 nm)/Si Si0, (230 nm)/Si SiO, (230 nm)/Si

Figure 6. Proposed deposition scheme for the reaction steps of (CH3)Au(CH3)3 in the UHV FEBID. Af-
ter electron-induced ionization of (CH3)AuP(CH3)3, a positively charged short-lived ion is produced
[(CH3)Au(CH3)3]* and fragments to form [P(CHn),]* and [(CH3),Aul. In the last step, [P(CHp),]
desorbs from the surface, and [(CH3)2Au]" stays as a deposited fragment.

This mechanism, however, cannot be dominant in the HV FEBID deposition with
CH3AuP(CHj3)3 on a Si wafer surface. In this experiment, the Au:C:P:O deposit composition
was reported to be in the range of 19-25 at.%, Au, 54-62 at.% C, 12-16 at.% P, and 2-7 at.% O.
The authors point out that, though not conclusive, this composition may be consistent with
a predominant single methyl loss from CH3—Au-P(CH3)s, i.e., loss of the (CHz)-Au methyl
group [25]. This is in strong contradiction with the UHV FEBID experiments. We cannot
offer a conclusive explanation of this marked difference between deposit compositions in
the UHV and HV experiments. However, such a significant difference in FEBID composition
is not uncommon when comparing deposition under HV and UHV conditions, even on
identical substrates [18,42-45,71]. Most noticeably, in a recent comparative study on FEBID
of Pt(CO),Br; and Pt(CO),Cl, [71], as good as quantitative desorption of the halogen
was observed under HV conditions while the Pt:Cl and Pt:Br composition of the deposit
under UHV conditions remained close to 1:1.56 and 1:1.65, respectively. This has been
attributed to reactions with surface water always present in the HV experiments and has
been discussed in analogy to the electron-induced decomposition of Pt(NH3),Cl,, where
effective Cl removal through intramolecular reductive HCI formation is observed. Similarly,
reductive HCl formation is achieved from surface-adsorbed (n3-C3Hs)Ru(CO)3Cl [72,73],
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through in situ exposure to ammonia during electron irradiation. Post and in situ, the
oxidative purification of deposits by electron irradiation in the presence of water was also
proven efficient in a number of cases, and under HV conditions, a 75% increase in the gold
purity of deposits from dimethylgold (III) trifluoroacetylacetonate was attained, reaching
91 at.% Au through oxidative carbon removal in the presence of water [33].

In the HV-FEBID experiment on the present precursor, van Dorp et al. [25] suggested
that the presence of O, in the chamber might be responsible for the formation of OP(CHj3)s
fragments. Similarly, it may be speculated that non-volatile OP(CH3)s is formed in electron-
induced reactions of (CH3)AuP(CH3)3 in the presence of water. This might in part explain
the higher amount of phosphor in their experiment as compared to the UHV experiment,
but as the oxygen content of the deposits is significantly lower than the phosphor content,
this alone cannot account for the observed difference. Notwithstanding the reason for the
very different deposit compositions in these experiments, the current UHV study rather
supports the conclusion that P(CH3); is a suitable Au(I) ligand in FEBID precursors, while
the HV study points towards the contrary.

4. Conclusions

In the current study, the suitability of (CH3)AuP(CHj3); as a precursor for gold depo-
sition in FEBID was explored under UHV conditions, and gas-phase DI experiments and
quantum chemical calculations were performed to aid the interpretation of the underlying
electron-induced reactions. This potential precursor was found to have sufficient volatility
and sufficient stability to be practical as an Au precursor in FEBID, and under the current
UHV conditions, 31-34 at.% Au content was achieved at 5 keV electron energy. The Au:C
compositing of the deposits was close to 1:2 and in good agreement with the average carbon
loss per incident observed in the gas-phase DI experiments, where a significant contribution
of the neutral counterparts was found to be (CH3),Au. The phosphor, on the other hand,
was found to be as good as quantitatively removed in the UHV FEBID experiments, while
the average phosphor loss per DI incident in the gas phase was found to be about 0.8. The
remaining 0.2 average phosphor per DI incident in the gas, however, could at large be
attributed to the loss of the CHz—Au methyl group and the formation of AuP(CHj3),*. This
reaction channel was clearly not active in the UHV FEBID of (CH3)AuP(CH3); on SiO;.

While the Au:C:P deposit composition in the current UHV FEBID was found to be
about 1:2:0, with as good as quantitative removal of the phosphor, a previous HV FEBID
study reported an approximate Au:C:P:O composition of 1:2.6:0.6:0.2. The conclusions of
these studies contrast with respect to the suitability of trimethylphosphine as Au(I) ligand in
FEBID. Potentially, a part of the phosphor content in the HV experiment may be explained
through the electron-induced oxidative formation of trimethylphosphine oxide in reactions
with surface water or through reactions with residual oxygen in the chamber. However,
other significant factors must also play a role. Compositions of deposits formed under UHV
and HV are often significantly different, and like in the current case, the reason(s) for these
differences are not obvious. Using a systematic comparison of UHV and HV deposition
experiments in deciphering the root(s) of these differences may offer a valuable approach
to tailoring better-suited precursors and gaining better control of the compositions of the
deposits. From a more general perspective, the approach to combine different methods,
namely UHV-FEBID, gas-phase DI experiments, and calculations on a quantum mechanical
level proved to be powerful and yielded detailed insights into the mechanisms of electron-
induced precursor dissociation and the resulting deposition process.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano12152727/s1, Figure S1: (a) Gold content of FEBID deposits on
SiO; (230 nm)/Si (111) substrate over the timeline of three consecutive experiment runs. Between
experiment-run#l and -run#2 is a pause of three days, and between run#2 and run#3 is one day.
(b) The color of freshly filled (CH3)AuP(CHj3)3 precursor, and (c) the color of the precursor at the end
of experiment-run#3. (d) The color change on copper sealing after the experiment run#3. (e) AES
results obtained from the experiments run#1 and run#2.
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Figure S1. (a) Gold content of FEBID deposits on SiO2 (230 nm)/Si(111) substrate over the timeline of three consecutive
experiment runs. Between experiment-run#1 and -run#2 is a pause of three days, and between run#2 and run#3 is one
day. (b) The color of freshly filled (CHs)AuP(CHs)s precursor, and (c) the color of the precursor at the end of experiment-

run#3. (d) The color change on copper sealing after the experiment run#3. (e) AES results obtained from the experiments
run#l and run#2.
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Abstract

Motivated by the potential of focused electron beam-induced deposition (FEBID) in the fabrication
of functional gold nanostructures for application in plasmonic and detector technology, we have
conducted a comprehensive study on [(CH3)2AuCl]: as a potential precursor for such depositions.
Fundamental electron induced dissociation processes were studied under single collision
conditions and the composition and morphology of FEBID deposits fabricated in an UHV chamber
were explored on different surfaces and at varying beam currents. In the gas phase, dissociative
ionization is found to lead to significant carbon loss from this precursor and about 50% of the
chlorine is on average removed per DI incident. In dissociative electron attachment on the other
hand, no chlorine is removed from the parent molecule. Contrary to these observations FEBID in
the UHV setup is found to yield quantitative loss and desorption of the chlorine from the deposits,
an effect that we attribute to electron induced secondary reactions in the deposition process. We
find this precursor to be stable at ambient conditions and to have sufficient vapor pressure to be
suitable for HV instruments. More importantly, in the UHV setup, FEBID with [(CH3)2AuCl]>
yields deposits with high gold content, ranging from about 45 to 61 at.% depending on the beam

current and the cleanliness of the substrates surface.

Keywords: Focused electron beam-induced deposition (FEBID); Ultra-high vacuum; Gold
deposit; Dissociative ionization; Dissociative electron attachment; Quantum chemical calculation;

Low-energy electrons;



Introduction

In recent years, gold nanostructures have received much attention owing to their dielectric
properties!, their biocompatibility?, and their electrical properties®*, properties that enable a
multitude of exciting applications in the field of nanotechnology. These include, but are not limited
to electronic interconnects®, metamaterials®, growth substrates for nanowires and nanotubes’ and
complex plasmonic structures®®. For the latter application, mastery over the shape as well as
accurate control of the distribution of the nanostructures is critical for enhancement of adsorption
and controlled scattering of light.!® Focused Electron Beam-Induced Deposition (FEBID) is a
direct writing method for controlled deposition/fabrication of nanostructures on either flat or non-
flat surfaces. It offers excellent shape control and thus the potential to widen the scope of
applicable nanomaterials. In FEBID a focused electron beam is directed onto a substrate’s surface
in close proximity to a gas inlet, through which a precursor compound is supplied to deliver the
material for the nanostructures to be build. For metallic structures, these precursor molecules are
commonly organometallics that adsorb on the substrate and are decomposed by the electron beam
irradiation. Ideally a pure metal is deposited while fragmented volatile ligands are pumped
away.!I-13

Several parameters affect the FEBID process, including the electron beam energy and current,
the substrate material, the environment inside the deposition chamber, and the composition of the
precursor.'*!7 Heretofore, various CVD precursors have been applied for FEBID deposition. For
gold nanostructures these include for example, dimethylgold™ acetylacetonate (Me>Au(acac)),
dimethylgold(™ trifluoroacetylacetonate (MezAu(tfac)), and dimethylgold(™
hexafluoroacetylacetonate (MexAu(hfac)).'® Though these precursors have proven suitable for

CVD, in FEBID their application has mainly resulted in amorphous matrixes of carbon with



embedded metal crystallites and a gold content of 2-3 at.%,!° 10-40 at.%,?° and 8-20 at.%,>!
respectively. This is most likely due to the fact that the CVD process is thermally-driven, while in
FEBID, the precursor fragmentation is primarily electron driven. This may partly explain the
insufficient metal content achieved when using CVD precursors in FEBID.!8 In this context, effort
has been given to design gold precursors optimized for FEBID. Arguably the most noticeable of
these are chloro(carbonyl)gold(I) (CIAuU'(CO))?> and chloro(trifluorophosphine)gold(I)
(C1AU!(PF3))? precursors that have enabled depositions of ~ 95 at.% Au and a resistivity of Au
grains as low as 22 pQ, respectively. However, the short lifetime of both precursors, which results
from their moisture sensitivity and thermal instability has limited their applicability.

In FEBID, the irradiation of the substrate with a high-energy focused electron beam results in
elastic and inelastic electron scattering, including ionizing events. The latter lead to the production
of numerous reactive, low-energy scattered and secondary electrons. These play a significant role
in the precursor decomposition and thus the deposit formation.'® Hence, the decomposition of the
precursor molecules is not only effectuated by the primary electron beam. In fact, the reactivity of
these low energy electrons®* may even determine the fragmentation of the precursor molecules,
which in turn is critical with respect to the resulting purity of the FEBID deposits. In general,
electron-induced fragmentation processes are categorized as dissociative ionization (DI),
dissociative electron attachment (DEA), dipolar dissociation (DD), and neutral dissociation
(ND).? To fully comprehend the electron-molecule interactions in FEBID, it is critical to
understand the extent and nature of these processes and how they are reflected in the deposit
formation at substrate surfaces from individual precursors or specific ligand structures. One
approach in this direction is to combine ultra-high-vacuum (UHV) surface science studies and
high-vacuum (HV) gas phase investigations.?? In this context, the surface science experiments

allow for electron-dose-dependent studies of the elemental composition of the deposit and



desorbing ligands may be monitored by means of mass spectrometry. Gas phase studies, using
controllable, quasi mono-energetic electron beams under single collision conditions, on the other
hand, provide information on the electron energy dependence and extent of the individual
fragmentation processes.?” A number of such comparative gas phase and surface science studies

28.29 and also in

have been carried out in the past using a 500 eV flood gun in the deposition studies
combination with higher energy FEBID studies.?** In a recent study3!, we took a similar approach
and investigated (CH3)AuP(CH3s)3 as a potential gold precursor for FEBID, using gas phase
experimrnts under single collision conditions and quantum mechanical calculations to aid the
interpretation of that data, in combination with FEBID in an UHV setup. The results of this study
demonstrated that at 5 keV electron energy, FEBID deposits with 31-34 at.% Au content were
attainable with this precursor in the UHV setup. A close to complete phosphor removal was
observed and the Au:C ratio of the deposit was found to be 1:2. This corresponds to the average
carbon loss per incident found in the DI gas-phase experiment and was consistent with the
dominating reaction pathways as determined by the quantum chemical calculations. However, in
one specific channel in the DI gas phase study, a significant retention of the phosphor at the gold
was found indicating significant surface effects.

In the current study we extent this approach to investigate the deposition of Au using
[(CH3)2AuCl]> as a potential FEBID precursor. FEBID in an UHV setup is conducted, in
conjunction with a gas phase study on the electron energy dependence of the fragmentation of this
compound through DI and DEA; moreover, quantum chemical calculations are used to determine
the dominating reaction pathways. The UHV FEBID results are discussed in the context of the
observed DI and DEA fragmentation processes, and also in the context of a previous FEBID study
of this precursor under HV, conducted by van Dorp et al.3? In that study a promising Au content

of 29-41 at.% was achieved without additional purifications. In the current study, we find the Au



content to be further improved to reach about 50 at% in the UHV setup without pretreatment of

the substrate surface and with a pretreated surface a gold content of 61 at% is reached.

Results and Discussion
FEBID on SiO2 (500 nm) / Si (111).

In this experiment, 4 x 4 um? FEBID structures were written with [(CH3)2AuCl]> as precursor
using an acceleration voltage of 5 keV and a beam current of 1.5 nA. The fabricated structures
were examined with SEM and AES. Figure 1a depicts a SEM image of the FEBID deposit created
with an electron exposure of 7.80 C/cm?. The position of the corresponding AES analysis is
marked in Figure la by a green-colored star. AES spectra acquired on the bare substrate and the
deposit are shown in Figure 1b. On the pristine SiO2 (500 nm) /Si (111) substrate (black spectrum),
only two main AES signals are visible: The peak at 272 eV is attributed to CxrL Auger transitions
of carbon,* and the peaks at 468, 483 and 503 eV to OkiL the Auger transitions of Si0,.4¢ After
deposition, AES signals at 69, 181, 272 and 430 eV are present. These are assigned to the Aunoo,
Climm, Ckir, and Snvnn Auger transitions,*® respectively (Figure 1b, green spectrum). The broad
and small peak at approximately 367 eV can also be attributed to an Sn signal.*® The contamination
with Sn is from the synthesis process of the [(CHz)2AuCl]z precursor, which involves SnMes as a
methylation agent.>* The elemental composition of the FEBID structure was calculated using the
relative sensitivity factors (S),*’ that is, Sau: 0.21; Sci: 0.69; Sc: 0.08; Ssn: 0.53. The atomic
concentration of the deposit was found to be 51 at.% Au, 2 at.% CI, 42 at.% C, and 5 at.% Sn. A
magnification of a selected area of the SEM image shown in Figure 1a is depicted in Figure Ic,
where nanoparticles in the deposition are noticeable, though the picture is somewhat blurry. To
better visualize the observed nanoparticles, a background subtraction was performed with the

image enhancement program Imagel.*® The image after the background subtraction is shown in



Figure 1d, where the particles can be distinguished more clearly. Through careful examination of
Figure 1d, nanoparticles of different shapes with different sizes can be identified on the surface.
Some of them appear to be triangular (depicted in a yellow-colored circle), some are rod-shaped
(green-colored circle), and some are hexagonal (red-colored circle); however, the majority of the

nanostructures observed are spherical (blue-colored circle). These different shapes are similar to

5KV, 1.5 nA (b) S'r‘]"'""

7.80 Clcm®

Intensity (a.u.)
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— SiO, / Si substrate
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Figure 1. (a) SEM image of a 4 x 4 um? FEBID structure deposited on SiO» from
[(CH3)2AuCl], with an electron dose of 7.80 C/cm? using the electron beam parameters of 5
keV and 1.5 nA. (b) AES of the SiO; substrate prior to deposition (black line) and from the
FEBID structure (green line); the green-colored star in (a) indicates the position where the
spectrum was acquired. (c) Magnified image from area within the red colored square shown
in (a). (d) The same image as shown in (c) after the background subtraction process was
applied using the ImageJ program.*® Different shapes of nanoparticles are illustrated with red,

yellow, green, and blue circles in (d) (see text).



that of gold nanoparticles produced by solution-based synthesis (seed-mediated growth) in order
to control the shape and crystal structure of gold nanoparticles.*>** These nanoparticles have been

mainly examined by STEM and/or TEM.’!

HAADF-STEM on FEBID (SiOz (500 nm) / Si (111)).

As a next step, high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) was performed to analyze the morphology of the deposited nanoparticles.
For this purpose, several FEBID structures were prepared on the SiO» substrate with the size of 4
x 4 um? and an electron dose of 7.80 C/cm?. For the HAADF-STEM measurements, a lamella was
prepared with a thickness of around 100 nm and a width of approximately 4 um (Figure S1). In
Figure 2a, the HAADF-STEM image of deposited nanoparticles is shown, revealing a nearly
uniform spatial distribution of nanoparticles with a size that is lower than 5 nm, but also non-
uniformly distributed nanoparticles with larger sizes (~ 15 — 20 nm). The magnified image of a
selected larger nanoparticle from Figure 2a is shown in Figure 2b. The determined fringe spacing
of that particle is ~ 0.23 nm, which is consistent with the spacing between the (111) planes of a

face-centered cubic (FCC) gold nanoparticle.’?3

The crystallinity of the gold nanoparticles was
also investigated by using selected area electron diffraction (SAED) pattern shown in Figure 2c.
The relatively bright circular patterns indicate polycrystallinity of the deposits. Furthermore, the
lattice spacings (d-spacings) of 2.30, 2.07, 1.42, 1.23, and 1.17 A,* (Figure 2c) correspond to the
(111), (200), (220), (133), and (222) growth planes, respectively, of the close-packed, face-

centered cubic crystal structure of gold.



HAADF-STEM

d(220)=1.42 A
> d(133)=1.23 A
> d(222)=1.17 A

Figure 2. (a) HAADF-STEM image of a FEBID gold nanoparticle. (b) Enlarged image of the
area depicted with red-dashed lines in (a), showing the interplanar distance of 0.23 nm
between the {1, 1, 1} planes of the fcc lattice. (¢) SAED of the FEBID gold nanoparticles,

corresponding to fcc gold.

FEBID on SiO2 (500 nm) / Si (111) at different beam currents.

FEBID deposits were also prepared with [(CH3)2AuCl]2 using beam currents of 0.4 nA (deposit

size: 2 x 2 um?), 1.5 nA (deposit size: 4 x 4 um?), and 3 nA (deposit size: 4 x 4 um?). The other



deposition parameters (electron dose: 7.80 C/cm?, and acceleration voltage: 5 keV) were the same
in all three experiments. The FEBID structures were investigated by SEM and non-contact AFM.
Figure 3a shows the SEM images of the deposits along with the respective deposition parameters.
Magnified sections from these SEM images are shown in Figure 3b. Auger electron spectroscopy
was performed on these structures to determine their composition and better understand the effect

of different beam currents on the compositions. The respective spectra are shown in Figure 3c.

Intensity (a.u.)
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Figure 3. (a) SEM image of FEBID structures deposited on SiO; from [(CH3)2AuCl]; with an
electron dose of 7.80 C/cm? using a 5 keV electron beam and different beam currents of 0.4
nA, 1.5 nA, and 3 nA. (b) Magnified images of FEBID structures from (a), (c) AES of the
FEBID structures deposited with 0.4 pA, 1.5 nA, and 3 nA depicted with blue, green, and

purple line, respectively.
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A careful investigation of the SEM images reveals that the particle size is getting smaller when
the current is increased, as is clearly discernible from Figure 3b. For detailed particle analysis, the

ImagelJ software*®

was used to obtain the numbers of nanoparticles and their mean diameter. As
mentioned before, the observed gold nanoparticles (Figure 1d) have irregular shapes. Therefore,
the mean Feret diameter, which gives the average value over all possible orientations (see
Supporting Information, Figure S2), was used. The average particle sizes were found to be 9.8 nm
at a beam current of 400 pA, 10.1 nm at 1.5 nA, and 8.2 nm at 3 nA. From the AES data shown in
Figure 3c, the atomic concentrations of the structures were calculated: At 0.4 nA, the composition
was found to be 45 at.% Au, 1 at.% Cl, 49 at.% C, 5 at.% Sn, at 1.5 nA it was found to be 50 at.%
Au, 2 at.% Cl, 42 at.% C, 6 at.% Sn, and at 3 nA, it was found to be 52 at.% Au, 2 at.% Cl, 38 at.%
C, 8 at.% Sn. Clearly, the increase in gold content with increasing deposition current is correlated
with the decrease in carbon content. This is most evident from the reduction of the carbon peak
areas in the AES, which is ~36% when comparing the depositions at 0.4 nA and 3 nA, and ~14%
when comparing the depositions at 0.4 nA and 1.5 nA. We thus attribute the observed size
reduction of the deposited gold particles with increasing deposition current to the decrease in
carbon content. Similar size reduction of gold nanoparticles has been reported for post deposition

oxidative purification of FEBID deposits, where carbon removal led to ~ 18% height reduction of

the respective nanoparticles.>

AFM of FEBID on (SiOz (500 nm) / Si (111)) at different beam currents.

In order to obtain complementary information on the structures deposited with different beam
currents, non-contact AFM was used to investigate the height of the deposits and their particle
size. Figures 4a and 4b depict the 2D AFM images and magnified sections of these, respectively.

The corresponding height profiles are shown in Figure 4c. The magnified sections of the 2D AFM

11



images (Fig. 4b) show the same trend as observed in the SEM images shown in Figure 3b, that is,
the size of the gold nanoparticles is approximately the same for the FEBID structures written with
0.4 nA and 1.5 nA, while they are smaller in the deposit written with 3 nA beam current. The
average particle sizes obtained from the AFM images are around 10.4 nm for 0.4 nA, 9.5 nm for
1.5 nA, and 7.0 nm for 3 nA (Figure S3b). These values are in good agreement with the values

obtained from the SEM images (9.8 nm — 0.4 nA; 10.1 nm — 1.5 nA; 8.2 nm — 3 nA). Notably, the

(a) AFM-2D (b) Height Profiles
24 1——400 pA| 2x2 um?

5 kV, 400 pA
7.80 C/cm?

5kV,1.5nA  4x4pum?
7.80 C/cm?

5kV,3nA
7.80 C/cm?

N
X (um)

Figure 4. (a) 2D AFM images and magnified AFM images (red-dashed squares), (b)
corresponding line profiles for the FEBID structures produced with electron dose of 7.80
C/cm? using the beam currents of 0.4 nA (blue line), 1.5 nA (green line), and 3 nA (purple

line).
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line profiles in Figure 4b for the structures created with 0.4 nA and 1.5 nA reveal thicknesses of
the deposits of ~ 17 nm, while the thickness of the deposit written with 3 nA is only ~ 9 nm.

Most interestingly, the height profiles of depositions also change according to the applied beam
current (Figure 4b). For example, especially in the height profile of the 0.4 nA deposition (Figure
4b, blue line), there is a negative dip at the edge of the deposit, indicated by the orange dashed
lines. It is important to note that this negative dip is also observed for other line profiles throughout
the deposit. Therefore, the negative dips is present in the entire structure (Figure S4). This negative
dip can also be seen for the depositions created with 1.5 nA and 3 nA beam currents, depicted in
Figure 4b with green and purple lines, respectively, but the depth of the dip decreases with
increasing the applied beam current. This indicates that an etching process occurs simultaneously
with the deposition process, wherein the etching effect being less pronounced than the deposition
for the all-beam currents. Similar etching effects were observed in the literature, where it was
reported that one of the expected effects when working with halogen-based precursors is the
observation of etching as well as deposition.??¢ In these studies, the release of halogen ligands
was indicated as the main reason of the etching process. As shown in the AES results in Figure 3c,
the Cl peak for the structure deposited with 0.4 nA (blue line) is around 30% less than that for the
structures deposited with 1.5 and 3nA.

The combination of SEM and AFM to analyze the FEBID structures created with different beam
currents reveals that the etching process is related to the change in CI content, and the particle-size

change is related to the difference in the C content.

FEBID on thermally cleaned Si (111).

13



In several UHV-FEBID studies,**8 it has been shown that an UHV setup alone is not sufficient
to produce FEBID structures with relatively low organic contaminations. In addition, a comparably
clean and well-defined substrate also helps to increase the metals content. Thus, the SiO; substrate
was sputtered using Ar” for 45 minutes (Via+)= 1 keV, Piypry=4 % 10°® mbar) and subsequently
annealed up to 823 K under an oxygen atmosphere for 90 minutes to demonstrate the effect of
surface preparation (reduction of C and O contaminants) on the quality of deposition. After
preparation, AES was performed to check the surface cleanliness and to compare with the
uncleaned surface (Figure S5). Figure S5, clearly shows that the carbon (Ckrr at 272 eV) and
oxygen peaks (Oxrr at 508 eV) were reduced (by ~17% for C, ~67% for O), and thus the Sitmm
peak at 92 eV became observable. Using the cleaned sample, a FEBID experiment with the

[(CH3)2AuCl], precursor was performed to create 4x4 um? structures using same parameters as in

5kV, 1.5 nA
7.80 C/lcm?®

Intensity (a.u.)

Substrate
—— FEBID

T T T T T
100 200 300 400 500 600
Kinetic energy (eV)

Figure 5. (a) SEM image of a 4 x 4 um? FEBID structure deposited on SiO> from
[(CH3)2AuCl], with an electron dose of 7.80 C/cm? using the electron beam parameters of 5
keV and 1.5 nA. (b) AES of the SiO; substrate prior to deposition (black line) and the result
from the FEBID structure (red line). The red-colored star in (a) indicates the position where

the spectrum was acquired.
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Figure 1. The results were analyzed with SEM and AES, see Figure 5. The red-colored star
indicates the AES-measured point. AES (red-colored line) shows the following peaks: Aunoo at
69 eV, Clumwm at 181 eV, Ckrr at 272 eV, and Snvnn at 430 eV peaks were observed,* yielding
atomic concentrations of 61 at.% Au, 1 at.% CI, 35 at.% C, and 3 at.% Sn, respectively.
Comparison to Figure 1b reveals an increase of Au content by 10%, while the C content decreased
by 10%.

In a previous study, the same precursor, [(CH3z)2AuCl]>, was used to create FEBID deposits on
a SiO; substrate by using 5 keV and 0.1 / 0.4 nA in an HV atmosphere.3? The composition of the
structures was checked with EDX and reported to be 29 — 41 at.% Au, 2 — 6 at.% Cl, and 53 — 68
at.% C. The SEM images of the FEBID deposits also revealed grainy structures. These
concentrations, reported in the reference study, support the idea of complete CI ligand desorption
and incorporation of both (CH3) ligands into the deposit. The main difference between the work at
hand and the aforementioned study in HV, is that this study was carried out in UHV with a higher
electron beam current of 1.5 nA. However, it should be mentioned that AES used here is surface-
sensitive as compared to EDX, which is bulk-sensitive. The reason for the detection of Sn peak in
AES results (Figures 1b and 5b) is most likely due to the usage of different characterization tools.
From both the UHV and HV FEBID results, one has to conclude that the Cl-ligands are completely
removed and desorbed under the impact of the electron beam. The ease of Cl ligand desorption
during electron beam deposition has also been addressed in several previous studies.?>?* Notably,
the UHV-FEBID results yield 10 — 20 at.% higher Au content than reported in the HV study.
Therefore, the reaction pathway of [(CH3)2AuCl]» can be suggested as;

[(CH3),AuCl], + e~ = Auy(CH3), + 2CL T +(4 — x)(CH3) T

where Au,(CHs), is the deposited material, while 2Cl and (4 — x) (CH;) are desorbed from each

molecule. According to the AES depicted in Figures 1b and 5b, x can be inferred to be 1 — 2.
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Gas-Phase Studies.

Figure 6a shows a positive ion mass spectrum of [(CH3)2AuCl]z, recorded for the m/z range from
10 to 550 at 50 eV electron impact energy. A rich fragmentation pattern, characterized by
progressive loss of methyl groups, is observed. The first progression is that of the molecular cation
at m/z 524 followed by sequential loss of methyl ligands, appearing at m/z 509, 494, 479, and 464,
with the most significant contribution being from the loss of all four methyl ligands at m/z 464.

The second progression shows the loss of one chlorine atom and two, three and four methyl
ligands at m/z 458, 444, and 429, respectively. From these m/z 458 has lost an additional hydrogen
and m/z 444 overlaps with lesser contributions from m/z 443, which we also attribute to additional
hydrogen loss. Like in the preceding progression, the loss of all four methyl ligands, m/z 429, is
also the dominating contribution here. The third progression shows the loss of both chlorines in
combination with the sequential loss of two three and four methyl ligands at m/z 422, 408 and 394,
respectively. Here, the contributions are of similar intensity, though the loss of three methyl

ligands, m/z 408, is slightly more apparent. Lesser contribution is also observed at m/z 407 and is

o
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Figure 6. Positive ion mass spectrum of electron impact ionization and dissociation of

[(CH3)2AuCl]; recorded at incident electron energy of 50 eV.
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attributed to additional hydrogen loss as compared to m/z 408. The last progression is from the
loss of both chlorine atoms along with one gold atom and two and three methyl groups and is
observed at m/z 227 and 225, 212 and 197, respectively. From these, m/z 225 is ascribed to the loss
of two methyl groups and two additional hydrogen and 197 represents Au", i.e., the elemental gold.
Additionally, m/z 247 is observed with fair intensity and we attribute this fragment to the loss of
three methyl ligands in combination with the loss of one chlorine and one gold atom, i.e.,
[(CH3)AuCI]". There are also some contributions at and around m/z 28 and 15. While the
contributions at and around m/z 28 are predominantly from the background gas in the chamber,
including N», m/z 15 is in part attributed to CH3" resulting from DI of [(CH3)2AuCl],.

For most of the observed m/z ratios, the assignment of the underlying fragmentation process is
not straight forward as the neutral fragments, complementary to the m/z ratios observed, may be
assigned to more than one composition. Thus, to better understand the underlying fragmentation
process the respective AEs are determined using a Wannier-type threshold function (see the
method section) and compared to calculated threshold energies for a variety of potential reaction
pathways. A full list of all optimized geometries (Cartesian coordinates) of the parent and
positively charged ions at the PBEO-TZVP level of theory are provided with the supporting
materials in section (S6).

Figure 7 shows the fitted onset-region of representative ion yield curves for the individual
fragments along with their average AEs determined from fits to 3-4 ion yield curves recorded on
different days. Also shown are the respective confidence limits and the structures of the respective
positive ions optimized at the PBE0-TZVP level of theory. Table 1 compares the individual AEs

with calculated thresholds for different potential reactions leading to the respective fragments.
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Figure 7. Representative fits to the onset region of the DI ion yield curves for the parent cation and
the most dominant positively charged fragments from [(CH3)2AuCl].. The appearance energies
and their confidence limits for each ion are shown along with the respective chemical structure

optimized at the PBEO-TZVP level of theory.
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Here the values for single bond ruptures without new bond formations are shown along with the
best matches of the AEs with the respective threshold values. For comparison, threshold values for
selected processes that are next to the assigned processes are also shown in Table 1, but a complete
set of all threshold values calculated, and the respective processes are shown in Table S7 with the
supporting material. The thresholds are calculated at both the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory as is discussed in the method section, and the assigned
fragmentation reactions shown in Table 1 are highlighted bold. In the assignment we primarily
compare to the DLPNO-CCSD(T)-TZVP values. We note, that as activation barriers may shift the
AEs to higher values as compared to the respective thermochemical thresholds, the true
thermochemical threshold may in some cases be lower than the respective AE. Where the current
comparison does not allow assignment to one combination of neutral fragments, the closest
matches are highlighted bold in Table 1.

For the AE of the parent cation [AuxClo(CHs)4], i.e., the ionization energy of [(CH3)2AuCl],,
we determine a value of 9.4 = 0.3 eV. Within the confidence limit, this agrees well with the
calculated thresholds of 9.23 eV found at the PBEO-TZVP level of theory. However, at the
DLPNO-CCSD(T)-TZVP levels of theory, we calculate a threshold of 9.92 eV, which is about 0.2
eV above the upper confidence limit for the experimental AE.

For the loss of one methyl group, m/z 509, we find the intensity too low to determine the AE.
However, for the loss of two methyl groups, m/z 494 we find an AE of 9.7 + 0.3 eV. Considering
only single bond ruptures, i.e., the formation of two CHj3 radicals in this process, results in
threshold values of 13.51 and 14.06 eV at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels
of theory, respectively. These values are about 4 eV above the respective AE which is significantly

higher than the confidence limits of the experiment.
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Table 1. Comparison of the experimental AE’s with the respective calculated threshold values.

e | PRI DN CosD
524 | [AuzCl(CHas)]* 9.4+0.3 9.23 9.92
[Au2Cl2(CHs)2]* + 2(CHs) 13.51 14.06
494 | [AwCL(CHs)]* + CH;CH; 9.7+0.2 9.67 10.29
[Auw2Cl(CH3)2]* + CH.CH:2 + Hz 11.28 11.65
[AwCL(CHs)] + 3(CHs) 15.01 15.04
479 | [AwCl(CH3)|* + (CH3) + CH:CHs 114202 1L18 1127
[Au:Cla(CH3)]" + CHCHa + Ha + (CH3) 12.78 12.64
[AwCL]" + 4(CHs) 17.32 17.65
46 | 1AWCHT" + 2ACH:CHy) 10.1£0.2 9.65 10.12
[Au:Cl]* + CH;CHs + 2(CHs) 13.48 13.89
[Au2Cl2]" + CH2CH2 + H2 + CH3CH3 11.25 11.49
[Au:CI(CH2CH3)]" + 2CH; + Cl + H 18.72 18.50
4sg | [AWCICH:CH)I" + CH:CH; + HCI 10302 10.46 10.41
[AuzCI(CH:CH:)|* + (CHy) + CH5CI 10.64 10.60
[AuCI(CH>CHs)]* + CHsCHs + Cl + H 14.88 14.73
[AwCI(CH3)]* + Cl + 3(CHs) 17.42 17.29
1aq | TAWCICHOI + I+ CHiCH: + (CHy) 13.0£0.2 13.58 13.52
[Au2CI(CH3)]* + CI(CH3) + 2(CH3) 13.72 13.76
[Aw:CI(CH3)]* + CI(CHs) + CH3CHs 9.88 9.99
[Au:CI]" + 4(CH3) + Cl 19.11 18.84
420 | 1AwCIl* + HCI+ 2(CH,) + CHCH 122402 12.54 12.33
[Au:Cl]* + (CHs) + CHsCl + CH3sCH;3 1157 11.54
[AuCI]* + 2 (CHsCH) + Cl 11.44 11.30
[Aux(CH:CH2)]" + 2(CH3) + 2C1 + 2H 2220 21.84
422 | [Aux(CH:CH:)]* + 2CI(CH3) + Ha 103+0.3 10.53 10.46
[Au(CH:CHa)]" + CHsCH + 2HCI 9.51 9.44
[Au(CH)AuH]" + 3(CHs) + 2C1 + H 24.57 24.14
408 | [Au(CH)AuH]* + CH2CH: + 2HCI + CH4 13.2+£0.2 13.35 13.06
[Au(CH)AuH]" + CHsCH; + HCl + CI(CH3) 12.60 12.54
[Aw] + 4(CH3) + 2C 22.39 22.09
[Auz]* + 2(CHs) + 2(CH5Cl) 15302 14.99 15.05
104 | AWl + CH:CH: + 2(CHy) + 2HCI 15.56 15.39
[Auz]* + 2(CH3CH3) + 2Cl1 14.71 14.56
[Auz]* + 2(CH;CHs) + Cla 11.99 12.14
[Aua]" + CHsCHs + 2(CHsCl) 1115 11.28
[(CHs)Au(CHs)]" + 2(CH3) + 2C1 + Au 17.81 18.72
[(CH3)Au(CH3)|* + CHsCH; + Cl + Au 124£02 11.24 12.54
227 | [(CH3)Au(CH3)|* + AuCl + CH3CH; + CI 12.46 12.20
[(CHs)Au(CH3)]" + 2CI(CH) + Au 10.41 11.68
[(CH3)Au(CHs)]" + CHoCH: + 2HCI + Au 10.98 12,01
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However, considering the formation of ethane CH3;CH in this process results in threshold values
0of 9.67 and 10.29 eV at the respective levels of theory. Similar to the parent ion, the DFT value
agrees well with the experimental AE while the DLPNO-CCSD(T)-TZVP value is about 0.3 eV
above its higher confidence limit. We also calculated the threshold values at the DLPNO-CCSD(T)
level using the smaller SPV basis set and these values are given in table S7 with the supporting
information. At that level, the agreement with the experimental ionization energy and the AE for
the loss of two methyl groups is good. However, while the AEs for the more complex processes
are generally well reproduced at the TZVP level we found these to be underestimated when using
the SPV basis set.

For the loss of three methyl ligands, m/z 479 we derive an AE of 11.4 + 0.2, while the calculated
threshold for this process without new bond formation is found to be 15.01 and 15.04 eV at the,
respectively levels of theory, hence also here new bonds must be formed for this process to be
thermochemically possible at its AE.

Considering the formation of ethane from two of the methyl radicals, the threshold values are
lowered to 11.18 and 11.27 eV, respectively, which agree well with the experimental AE at both
levels of theory. For the final reaction in this progression, i.e., the loss of all four methyl ligands,
m/z 464, we determine an AE of 10.1 £ 0.2 eV, while the threshold values without the consideration
of new bond formations are about 7 eV higher at both levels of theory. Considering the formation
of two ethane in this process lowers these threshold values to 9.65 and 10.12 eV. Here the value
at the DFT level of theory is somewhat below the confidence limit of the AE, but the value at the
DLPNO-CCSD(T)-TZVP level of theory agrees well with the experimental AE value.

The next progression observed in the mass spectrum; m/z 458, 444 and 429, constitutes a
progressive loss of the methyl ligands along with the loss of one chlorine and partly additional

hydrogen loss. We find the AEs for these channels to be 10.3+0.2, 13.0+ 0.2 and 122+ 0.2 eV,
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respectively, and considering only single bond ruptures and no new bond formations results also
here in threshold values that are considerably higher than the respective AEs. We have considered
several potential reaction paths leading to these fragments and for m/z 458 (AE = 10.3 £ 0.2 eV),
the formation of ethane and HCI, where the threshold values are 10.46 and 10.41 eV at the PBEO-
TZVP and DLPNO-CCSD(T)-TZVP levels of theory, respectively, is in good agreement with the
experimental AE. The formation of methane and chloromethane is the next closest match with
thresholds of 10.64 and 10.60 eV at the respective levels of theory. Similarly, for the loss of
chlorine and three methyl groups, m/z 444 (13.0 = 0.2 eV) we get the closest agreements when
considering the formation of ethane, atomic chlorine, and the methyl radical where the threshold
values are 13.58 and 13.52 eV at the respective levels of theory, and the formation of
chloromethane and two methyl radicals where the respective threshold values are 13.72 and 13.76
eV. Considering the formation of chloromethane and ethane, on the other hand, brings the
respective thresholds down to 9.88 and 9.99 eV, which is at both levels of theory about 3 eV below
the experimental AE. Finally, for the formation of [AuCl]*, m/z 429 (12.2 £ 0.2 eV), we find the
closest match with the experimental AE when considering significant rearrangements leading to
the neutral counterparts HCI, 2CHs and C>Hs. The threshold value for this reaction is 12.54 and
12.33 eV at the PBEO-TZVP and DLPNO-CCSD(T)-TZVP levels of theory, respectively.
However, this reaction requires, in addition to new bond formations, the migration of three
hydrogen between the respective ligands lost. The respective threshold values for the formation of
ethane, chloromethane and the methyl radical as the neutral counterparts are 11.57 and 11.54 eV,
i.e., 0.63 and 0.66 eV below the experimental AE, respectively. However, as discussed above, such
extensive rearrangement reactions are likely to be associated with non-negligible activation
barriers and may also be subject to kinetic shift of the AEs,**3% making them appear at higher

energies. We thus also consider the formation of ethane and chloromethane to be a potential
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reaction path for the formation of [AuxCl]". Considering the formation of two ethane molecules
and the chlorine radical as the neutral counterparts, on the other hand, lowers these threshold values
further, to 11.44 and 11.30 eV, respectively, i.e., about 1 eV below the experimental AE. The next
progression is that of the loss of both chlorine ligands and 2, 3 and 4 methyl ligands and is partly
associated with additional loss of hydrogen. The resulting positive ion fragments appear at m/z
422, 408 and 394, and are assigned to [Aux(C2H4)]", [Au2(CH2)]" and [Auz]", respectively. The
AE for m/z 422; [ Aux(C2H4)]", is found to be 10.3 = 0.3 eV, which agrees with the threshold values
of 10.53 and 10.46 eV calculated at the respective levels of theory when assuming the formation
of two chloromethanes and one hydrogen molecule as the neutral counterparts. The threshold for
the formation of ethane and two HCIl as the neutral counterparts is, however, found to be 9.51 and
9.44 eV, respectively, i.e., 0.79 and 0.86 eV below the experimental AE. The m/z 408 constitutes
the formation of [Aux(CHa)]", that is, the loss of three methyl groups and one hydrogen. We derive
an AE of 13.2 £ 0.2 eV for this fragment, which agrees well with the threshold values of 13.35 and
13.06 eV, calculated at the DFT and coupled cluster level of theory (TZVP), respectively for the
formation of ethene (CH2CHz), 2 HCI and methane as the neutral counterparts. Considering the
formation of ethane (CH3CH3), HCI and chloromethane as the neutral counterparts, lowers the
respective threshold values 12.60 to 12.54 eV, i.e., 0.40 and 0.46 eV below the lower confidence
limit, respectively. Under the same considerations of potential activation barriers on these reaction
paths, we do not exclude this reaction as potential rout for the formation of [Aux(CH2)]*. Finally,
for the formation of [Auz]*, m/z 394, we derive an AE of 15.3 + 0.2 eV. Similar to the formation
of [Aux(CH>)]", considering the ethene (CH2CHb), two HCI and two methyl radicals as the neutral
counter parts, results in threshold values of 15.56 and 15.39 eV, at the respective levels of theory.
From these, the coupled cluster value agrees well with the experimental AE ant the DFT value is

only marginally above its higher confidence limit. Considering the formation of chloromethane
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and two methyl radicals gives threshold values of 14.99 and 15.05 eV, respectively, which also
agrees with the AE at the coupled cluster level and is only slightly below the confidence limits at
the DFT level. The formation of two ethane and two atomic chlorine, on the other hand, gives
values of 14.56 and 14.71 eV, respectively, which is about 0.5 and 0.4 eV below the lower limit
of the AE for [Aux(CH2)]" and the formation of two ethane and Cl, or ethane and two
chloromethanes as the neutral counterparts brings the threshold values around 3 eV below the
experimental AE at both levels of theory. The last methyl loss progression constitutes the loss of
one of the gold atoms, both chlorine and two, three and four methyl ligands appearing in the mass
spectrum at m/z 227/225,212 and 197, respectively. From these, m/z 225 is attributed to additional
loss of two hydrogen as compared to m/z 227, and 197 is attributed to Au™. The intensities of these
ion signals are comparatively low and the number of combinations of neutral fragments is large.
We have nonetheless determined the AEs for m/z 227 and 225 (see supporting material for m/z
225). For m/z 2277 we find the AE to be 12.4 + 0.2 which agrees at the coupled cluster level of
theory with the formation of ethane, Cl> and atomic chlorine (12.54 eV) and with the formation of
ethane, AuCl and atomic chlorine (12.20 eV). At the coupled cluster level, however, the thresholds
for the formation of ethene, 2 HCI and atomic gold and for the formation of two chloromethanes
and atomic gold are only 0.2 and 0.5 eV below the lower confidence limit of the experimental AE.

Several other possible combinations of neutral fragments were considered for all m/z ratios and
a complete list of these can be found in Table S7 of the supporting material.

It is clear from these considerations that DI of [(CHz)2AuCl]> is dominated by rearrangement
reactions with multiple bond ruptures and new bond formations. For the loss of the methyl groups,
without chlorine loss, the assignment of the neutral counterparts is fairly straight forward and is
dominated by ethane formation from the respective methyl groups. For the additional loss of one

or two chlorine, which is also in part associated with hydrogen loss, the assignment of the neutral
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counterparts is more complex. This is especially true as activation barriers are likely to influence
the experimentally determined AEs of the respective cationic fragments, and considering the extent
of these processes, kinetic shift may also play a role. Thus, reactions where the calculated
thresholds are somewhat lower than the respective AEs cannot be excluded, and we can in many
cases not offer a conclusive assignment to one single set of neutral counterparts. Notwithstanding,
it is clear, that the formation of ethane and hydrochloric acid and/or chloromethane plays an

important role in these fragmentation processes.
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Figure 8. Positive ion yields for the most significant DI fragments in the incident electron energy
range from below their threshold up to 50 eV. The ion yields are normalized with respect to the

pressure and the signal intensity of Ar” from Ar at 50 eV.

In FEBID the effective damage yield*’ for a specific precursor will be a convolution of the
energy distribution of the electrons involved, i.e., of the primary, secondary and inelastic scattered
electrons, and the energy dependence of the cross sections for the respective electron induced
processes. For more quantitative comparison with the UHV FEBID experiments presented here
and the earlier HV experiments on this precursor, Figure 8 shows the energy dependence of the

relative cross sections for the most significant DI processes from below their thresholds to 50 eV.
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The intensities are normalized to the pressure and the signal intensity of Ar* from Ar at 50 eV
electron energy.

Table 2 show the integral intensities of these fragments over the presented energy range, along
with their relative peak intensities as observed in the mass spectrum shown in Figure 6. These are
normalized with respect to the highest intensity fragment m/z [AuxCI]* (set as 100). At the bottom
of the table the relative intensities are translated to average carbon and chlorine loss by summing
the contributions from all fragments weighted by their respective carbon and chlorine losses and
dividing by the total intensity of all DI fragments. Finally, the expected average elemental
composition of a deposit that would form, if only these DI fragmentation processes were
operational is shown. This is calculated from the relative intensities and composition of the gold
containing positive ions and the neutral fragments, while desorption of all other fragments is
assumed in this Gedankenexperiment. From the integrated intensity in the ion yield curves we
derive an average chlorine loss of 0.96 and average carbon loss of 3.42, and from the mass spectra
these values are 0.92 and 3.39, respectively. This marginal difference reflects the lesser
contribution of the higher threshold fragments to the integral intensities as well as the shape of the
respective ion yield curves. In the hypothetic deposition experiment this would lead to a deposit
composed of about 55 at% Au, 29 at% Cl and 16 at % C. With respect to the high gold content,
this is in line with the UHV FEBID deposits, however, the carbon content is significantly lower
than observed in FEBID, and most noticeably, in both the UHV and HV depositions, chlorine is
as good as quantitatively removed, while on average only half of the chlorine is cleaved from
parent molecule in DI It is thus clear that the unaltered DI processes, as they are observed in the
gas phase under single collision conditions cannot explain the deposits composition observed in

FEBID.
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Table 2. Relative intensities of DI fragments from Auz(CH3)2Clz calculated from the peak
intensities at 50 eV as they appear in the mass spectrum (Fig. 6) and from the areas under the
respective ion yield curves shown in Fig. 7. The intensities are normalized with respect to the
highest intensity fragment m/z [AuxCl]", that is set as 100. Also shown is the composition of a
hypothetical deposit that would be formed if its formation would be governed by DI as observed
in the gas phase. For comparison, the composition of the FEBID deposits from the current UHV

and the previous HV experiments are shown at the bottom of the table.

Relative DI  Relative DI
m/z Fragment Yield Yield
(Integration)  (intensity)

494 [Au2ClL(CHs3)2 7.20 9.2
479 [Au2Cl(CH3)] 15.13 19.02
464 [AwCL]" 62.36 67.08
458 [Au2CI(C2Hs)] 12.46 20.45
444 [AuCI(CH3)]* 8.24 941
429 [AuCI]* 100 100
422 [Auz(CoHa)T* 10.78 11.45
408 [Auz(CH2)T* 15.69 17.18
394 [Auz]” 7.62 11.04
247 [(CH3)AuCI]* 6.58 7.57
227 [(CH3)Au]* 19.97 17.8
212 [(CH3)Au]* 13.65 9.82
197 [Au]l* 8.49 6.95
Chlorine loss 0.96 0.92
Carbon loss 3.42 3.39

Expect. comp. from DI 55 at. % Au 29 at. % Cl 16 at. % C

UHV-FEBID composition 45-61 at. % Au 1-2at. % Cl  38-49at. % C 5-8 at. % Sn

HV-FEBID composition 29-41 at. % Au 2-6at. % Cl  53-68at. % C

To explore the potential role of DEA in the deposition formation, Figure 9a shows negative ion

mass spectrum in the m/z range from 10 to 550.
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Figure 9. a) Cumulative negative ion mass spectrum composed of the sum of individual mass
spectra recorded at 1 eV intervals in the energy range from 0 to 8 eV and covering the m/z range
from about 10 to 550. b) and c) Negative ion yield curves of the most significant fragments
observed in DEA to AuxCl2(CH3)4 in the energy range from about 0 to 10 eV. b) [Au2Clo(CH3)s3]”
, m/z 509 and ¢) AuCly, m/z 267.
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As DEA is a resonant process it proceeds within distinct energy ranges. Thus, to cover the
relevant energy, the mass spectrum shown in Fig 9a is the sum of individual mass spectra recorded
in the electron energy range from about 0 to 10 eV at 1 eV intervals. Figures 9b and ¢ show the
respective ion yield curves for the dominating fragments in this energy range.

It is clear from figure 9 that fragmentation through DEA is significantly less extensive than what
is observed in DI. In fact, only two significant channels are observed; the loss of a single methyl
group leading to the formation of [Au,Cl(CH3)3], m/z 509, which appears through a
comparatively narrow contribution peaking at the 0 eV threshold, and the formation of AuCl,,
m/z 267, which low energy contribution peaks at about 0.4 eV. In addition, a broader and lower
intensity contribution to the AuCl,™ signal is observed at around 4 eV. In DEA the cross section
for the attachment process is inversely proportional to the square root of the incident electron
energy” and the attachment cross sections are highest at the 0 eV threshold. Consequently,
exothermic DEA processes that proceed at the 0 eV threshold are generally the most efficient. This
is also the case here, and we find the single methyl loss leading to the formation of [Au2Clo(CH3)s3]”
to be exothermic by 0.96 and 0.88 eV at the PBE0-TZVP and DLPNO-CCSD(T)-TZVP levels of
theory, respectively. Similarly, we find the formation of [AuCl] to be exothermic by about 2 eV
at both levels of theory when presuming the formation of two neutral ethane molecules and
elemental gold in the process. We also calculated the thresholds for the formation of Au(CHs)»
and one ethane molecule as well as AuCHj3, ethane and methane as the neutral counterparts in this
process and we also find these channels to be exothermic at both levels of theory. The calculated
thresholds for the negative ion formation are shown in Table S7 with the supporting material. From
the width of the [Au2Cl2(CH3)3]™ and AuCly™ contributions in their ion yield curves, we anticipate
that these are from overlapping resonances associated with single electron occupation of the lowest

lying molecular orbitals. And, while the presumably faster loss of a single methyl group dominates
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at threshold, AuCly— is only produced through the high energy flank. Applying the same
considerations here as for the positive ions, we can calculate an expected elemental composition
for a deposit that would be formed if only the unaltered DEA channels, as they proceed in the gas
phase under single collision conditions, were active. By using the integrated intensities from the
ion yield curves shown in figure 9 and presuming that the elemental gold stays on the surface, the
expected composition would be about 32 at% gold, 32 at% chlorine and 36 at% carbon. Hence, in
DEA no chlorine loss is observed as compared to as good as quantitative chlorine loss in the

FEBID experiments, under HV as well as UHV.

Gas phase, UHV and HV FEBID.

When comparing FEBID deposits produced from [(CH3)2AuCl]> under UHV and HV conditions
it is apparent that the compositions are qualitatively the same, i.e., high gold content, close to
quantitative removal of the chlorine and predominantly carbon residues. In the UHV experiments,
however, the residual carbon is as expected less, and though not as markedly, the chlorine removal
is also more complete under UHV. Despite the fact that both UHV and HV deposits offer
qualitatively the same picture, it is clear that significantly higher gold content is achievable under
UHV. It is also apparent, that the composition of the deposit is dependent on the deposition current
and the cleanliness of the substrate. Though we have not considered neutral dissociation up on
electron excitation in the current gas phase experiments, it is clear, that the electron induced
fragmentation of [(CH3)2AuCl]: is strongly influenced in the FEBID experiments as compared to
the single collision conditions in the gas phase. Interestingly, more extensive fragmentation is
observed in the FEBID experiment, while from energy dissipation considerations alone, one would
rather expect stabilization and thus the opposite. In DI, rearrangement reactions are found to be

dominant among the fragmentation processes, rather than direct dissociation without new bond
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formation. Such rearrangement reactions generally proceed along convoluted paths on the
respective potential energy surfaces that are likely to be altered in the condensed phase or on a
substrates surface. Furthermore, considering the current electron dose of about 5x10'° ¢ /cm? and
the volume of the resulting deposits, electron induced secondary reactions may also play a role.
Assuming dense pacing and a molecular diameter of 1 nm, a deposit of 4 x 4 um? area and 20 nm
high, consists of about 3 x 10® molecules. The number of electrons in this volume has been exposed
to is about 8 x 10'2. Respectively, a monolayer consists of 1.5 x 107 molecules has been exposed
to 4 x 10" electrons. This corresponds to about 35,000 electrons per molecule. Assuming a generic
cross section of 107'® ¢m?, which is on the order of magnitude for DI and DI of the FEBID
precursor Co(CO)3(NO)®%! and Pt(PF3)4,% the reactive area of this mono layer is 0.15 pm?.
Statistically this implies about 300 reactive incidents per molecule if the cross section is assumed
to stay unchanged. This is clearly not a quantitative assessment but shows that multiple electron
collisions may play a role in FEBID, while the gas phase experiments are conducted under single
collisions conditions. In the last decade, interest in organometallic FEBID precursors containing
the higher halogens, chlorine, bromine and iodine, has increased and in addition to the gold(I)
precursors XAuL (L = P(NMe»)3, PMes;, CNMe, CN'Bu, P(OCH,CF3)3; X = Cl, Br, 1), FEBID
related studies on Ru(CO)4l2,*° (n3-C3Hs)Ru(CO)3;X (X = CI, Br),*%465 Pt(NH3)2Cl>,%¢7 and
Pt(CO).Xz (X = CI, Br)***7! have been published. These include post deposition purification
studies,’’ thin layer exposure to electrons at around 500 eV,’*” gas phase studies under single
collision condition?’-’¢ and FEBID under HV and UHV conditions.?>”" Most noticeably, the

platinum precursors Pt(CO)2X> (X = Cl, Br) have been studied with respect to their low energy

7043 8

electron interaction in the gas phase,’’* in thin layers under non-steady state conditions,%® in
comparative FEBID experiments under HV and UHV conditions’' and with respect to post

deposition purification through electron exposure and through reductive halogen removal using
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atomic hydrogen.® In an early study by Spencer et al.%8, 0.7 nm layers of Pt(CO):Cl, were exposed
to 500 eV electrons and desorbing ligands were monitored by mass spectrometry, while the
development of the deposit was monitored using XPS. It was found that the initial decomposition,
up to an electron dose of about 107'¢ was characterized by a rapid CO loss, leaving a deposit of
about 1:2 Pt:Cl ratio. However, a prolonged exposure up to doses around 10'° ¢ /cm?, which is the
order of magnitude applied here, led to as good as complete removal of the halogen. While the
first step was in good agreement with the observations in the gas phase under single collision
conditions, the second step indicated that pure deposits were achievable through prolonged
electron exposure of the deposit formed in the first step. This was further explored in a post
deposition purification study where two approaches were taken; prolonged electron exposure and
reductive halogen removal using atomic hydrogen. While atomic hydrogen was found to
effectively remove the halogen, prolonged electron exposure was only found to have significant
influence at the deposits surface. The halogen content in the bulk, on the other hand, was not
markedly reduced. Interestingly, a recent comparative deposition study using a SEM under HV
and an Auger spectrometer under UHV showed significant differences in the deposit’s
composition.”! While the deposits fabricated in the UHV chamber contained primarily halogen
contamination and comparatively low carbon content, carbon was the main component in the
deposits under HV, while the halogen content was as low as 7.5-8 at%. It was pointed out that this
might be due to reductive removal of the halogen through reactions with background water, which
is of considerably higher concentration in the HV chamber than the UHV chamber. While HCI
formation is apparently significant in DI of [(CH3)2AuCl]; in the current experiment and may in
part be responsible for the etching effects observed, there are no indications that the higher
background water content in the HV experiments influences the composition of the deposits.

Electron induced secondary reactions, on the other hand, may play a role, especially as the growth
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rate of the deposits are comparatively low, and correspondingly the electron exposure of each
monolayer is high. This could be probed in a non-steady state experiment similar to those reported

for Pt(CO)>Xz (X = Cl, Br) and several other potential FEBID precursors.%

Conclusions

In the current study we have evaluated the performance of [(CH3)2AuCl]z as a precursor for gold
deposition in FEBID in an UHV setup, at different beam currents but constant dose, and on
different substrates. The elemental composition of the deposits was determined by AES and their
morphology and crystal structure was examined using SEM, AFM, HAADF-STEM and SAED.
Complementary DI and DEA experiments were carried out under single collision conditions in the
gas phase to better understand the underlying electron induced processes and quantum chemical
threshold calculations were used to aid the interpretation of the gas phase data.

Generally, we find [(CHs)2AuCl]; suitable for FEBID, both with respect to its volatility and
stability, and no indication of decomposition is observed in the DI experiments. Interestingly, a
complete chlorine removal is observed in the FEBID experiments and a gold content as high as 61
at.% Au was obtained with 1.5 nA beam current on a Si(111) substrate pre-cleaned by Ar*
sputtering.. On an untreated SiO2(500 nm)/Si(111) surface at 0.4, 1.5 and 3 nA. the gold content
of the deposits was found to be 45, 50 and 52 at.% Au, respectively. In a previous FEBID study
under HV conditions,3? these were found to be 29 and 41 at% Au at beam currents of 0.1 and 0.4
nA, respectively, but also here a close to quantitative removal of the chlorine was observed. It is
thus clear that the gold content is dependent on the cleanliness of the substrate and the deposition
environment in general, but also on the electron beam current. With respect to the morphology,
the deposits were found to be composed of a bimodal size distribution of predominantly spherical

nanoparticles with the dominant component being uniformly distributed particles of less than 5 nm
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diameter but also a non-uniform distribution of larger particles (10-15 nm) is observed. The deposit
was found to be polycrystalline, with the close-packed, face-centered cubic crystal structure of
bulk gold. In the gas phase we find DEA to be at large limited to single methyl loss leading to the
observation of [M — CHz], and the formation of AuCl,". Hence, no chlorine loss is observed in
DEA. Dissociative ionization, on the other hand, is found to be extensive and governed by
rearrangement reactions and new bond formations. These are to a large extent associated with
neutral ethane formation. HCI formation is also likely to be significant, though definite distinction
between channels where HCI is formed and where CH3Cl is formed is not always provided.
Notwithstanding, on average only 50% of the chlorine is lost from the central gold atoms in DI
and none in DEA, as compared to the close to quantitative chlorine loss in FEBID. Contrarily,
more efficient methyl loss is observed in DI than is reflected in the FEBID deposits. We note that
neutral dissociation up on electron excitation was not probed here, but it is nonetheless clear that
chlorine loss through electron induced fragmentation in the FEBID experiments is considerably
more extensive than what may be accounted for under single collision conditions in the gas phase.
We anticipate that this is due to electron induced secondary reactions, and that the initial step in
the fragmentation process is rather dominated by DI than DEA. This is a hypothesis that can readily
be probed in non-steady state experiments, similar to those conducted by Spencer et al.®® for
Pt(CO)2Cla. In such experiments, electron-dose dependence of the composition of thin layers of
cis-Pt(CO)2Cl> can be monitored by means of XPS and neutral desorbing fragments may be
detected by means of mass spectrometry. This would also allow definite distinction between
fragmentation channels where HCI is formed and where CH3Cl is formed. The latter being an
important parameter due to potential etching effects through HCI1 formation and generally as HCI

outgassing may also cause instrumental problems.
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Overall, [(CH3)2AuCl]z is found to have good potential for the fabrication of high gold content
deposits in FEBID, but as has been observed for other FEBID precursors, aliphatic ligands are
generally not good leaving groups. Thus, to reduce the carbon content of depositions from
[(CH3)2AuCl]z, in situ or postdeposition purification protocols would need to be incorporated into
the deposition process. Furthermore, it would be advantageous to better understand the mechanism

of the halogen removal as that might be critical with respect to the growth rates achievable.

Methods

Precursor synthesis and Precursor handling.

[(CH3)2AuCl], was synthesized by following the steps described by Paul and Schmidbauer.??
The synthesis was performed under a nitrogen atmosphere using pre-dried solvents and standard
Schlenk techniques. The starting material was H{AuCls]-3H20, which was obtained in the form of
orange crystals by dissolving gold metal in aqua regia, evaporating all liquids and, after the
addition of concentrated HCI, evaporating all liquids again. The quality of the compound was
checked and confirmed by '"H NMR spectroscopy.

The so synthesized [(CH3)2AuCl], precursor was kept at 253 K and filled into a stainless-steel
precursor reservoir under nitrogen atmosphere (glove box). The reservoir with a small glass-
window was chosen to be able to check the precursor quality and possible degradation visually.
The filled reservoir was directly attached to the analysis chamber and wrapped in aluminum foil

to avoid photodecomposition during the experiments.

Deposition and Characterization.
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FEBID structures were fabricated in a commercial UHV system (Multiscanlab, Omicron
Nanotechnology, Germany) with a base pressure of p <2 x 107! mbar. The system consists of a
UHYV compatible electron column (Leo Gemini) for scanning electron microscopy (SEM, nominal
resolution better than 3 nm), electron beam-based lithography (EBL, FEBID), and local Auger
electron spectroscopy (AES) using a hemispherical electron energy analyzer with a resolution
better than 10 nm. The Auger spectra (magnification: 100 kX; spectra area: 1.2 x 0.9 um?) were
recorded with an acceleration voltage of 15 kV and a beam current of 3 nA. Electron exposures
for FEBID were performed at a beam energy of 5 keV and beam currents of 0.4, 1.5, and 3 nA. A
quadrupole mass spectrometer (Pfeiffer / Prisma QMS 200M) is integrated in the system and was
used to acquire mass spectra (MS) of the gas phase [(CH3).AuCl]> precursor at room temperature
(298 K). The lithographic processes were controlled through a custom-developed software, based
on LabVIEW 8.6 (National Instruments) and a high-speed DAC PCle-card (M2i.6021-exp,
Spectrum GmbH, Germany).>* The lithographic parameters were a step size of 6.2 nm and a sweep
number of 10. SEM images were acquired at a beam energy of 15 keV and a current of 0.4 nA
with a SmartSEM (Zeiss). Minor contrast and brightness adjustments were applied.

The precursor gas was dosed onto the sample surface through a nozzle. During the FEBID
process, the precursor container was held at room temperature as the precursor, [(CHz)2AuCl]a,
was found to be sufficiently volatile to transfer from the container into the UHV chamber via the
gas-injection system. For the experiments, the precursor pressure in the chamber was adjusted to
6.0-9.0 x 107 mbar. Based on simulations using GIS Simulator (version 1.5)**, the local pressure
at the sample surface was estimated to be about 30 times that of the chamber pressure, resulting in
a local pressure at the substrate surface of about 2.0-3.0 x 107> mbar.

FEBID structures were deposited and investigated on two different substrates, that is SiO2 (500

nm) / Si(111) and thermally cleaned Si(111). No specific preparation was applied to clean the SiO-
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(500 nm) / Si(111) sample. Atomic force microscopy (AFM) was performed with a JPK
NanoWizard 4 by using the noncontact mode and an FEI Titan Themis?® 300 transmission electron

microscope was used to obtain HAADF-STEM and SAED results.

Gas Phase experiments.

The gas phase DI and DEA experiments were conducted under single collision conditions in a
crossed electron-molecular beam instrument that has been described in detail elsewhere® and only
a short description is given here. It consists of an effusive stainless-steel capillary gas inlet system,
a trochoidal electron monochromator and a quadrupole mass spectrometer (Hiden EPIC 1000) with
a channelton detection system and can be operated in positive or negative ion mode. The system
is housed in a HV chamber with a typical base pressure of 2 x 10" mbar. In the interaction section
of the chamber the electron beam crosses the effusive molecular beam and charged products
generated in the respective electron-molecule interactions are extracted into a quadrupole mass
spectrometer that is orthogonal to both the molecular beam and the electron beam. The working
pressure during the current experiments was maintained at around 4 x 10”7 mbar and the TEM is
kept at 393 K with two halogen lamps to prevent condensation of precursor molecules or
background contaminations on the electrical lens components. The electron energy resolution was
around 140 meV, as determined from the full width at half maximum (FWHM) of the SFs"
formation from SFe at 0 eV incident energy. Mass spectra are recorded at fixed electron energies
by scanning through the relevant m/z range, and ion yields are recorded at a fixed m/z ratio by
scanning through the respective electron energy range. Positive ion MS were recorded at 50 eV
incident electron energy and negative ion MS at 0, 1, 2,...10 eV incident electron energies. In
negative ion mode the electron energy scale was calibrated by the SFs~ formation from SF¢ at 0

eV, and in positive ion mode by the ionization energy of Ar.3’ The positive ion yields were
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normalized relative to the target gas pressure and the Ar* signal intensity from Ar at 50 eV and the
negative ion yields to the target pressure and the signal intensity of SFs~ from SFs at 0 eV.
Appearance energies of positive ions were calculated by fitting the onset of the respective ion

yields with a Wannier type3® function of the form:

()_{b ,  E<AE
F = 4 a(E— AB)Y,  E> AE

where AE denotes the appearance energy, E the incident electron energy, b accounts for constant
background signal, a is a scaling coefficient, and d an exponential factor describing the onset
region. The AE values reported are the average from fits to 3 ion yield curves recorded on different
days and the standard deviation reported is that of the respective averages rounded up to the nearest
100 meV. The confidence limits reported are set by visual inspection to bracket the onset of the

individual curves and are equal to or higher than the standard deviations from the fittings.

Quantum chemical calculations.

The ORCA program, version 4.1, was used as the platform for all quantum chemical
computations.*® For all geometry optimization we used the hybride GGA fuctional PBEO with the
def2-TZVP basis set and the D3BJ dispersion correction developed by Grimme.*® This was based
on an evaluation of DFT functionals for gold(I) and gold(III) hydrocarbon by Kang et al.*! who
found the hybrid GGA functional PBE( with a TZ basis set to be the best for geometry optimisation

and a later study by Kepp et al.*

who found PBE and TPSS functionals with dispersion corrections
to generally perform well for evaluation of gold bond dissociation enthalpies. The restricted Kohn-
Sham (RKS) formalism was used for closed-shell systems and the unrestricted (UKS) for open-
shell systems. Tight SCF settings were aplied in the geometry optimizations and the TPSS/def2-

TZVP single point energies were calculated with normal SCF settings. Positive harmonic

vibrational frequencies derived at the PBE(0/def2-TZVP level of theory demonstrated that all
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structures of the parent molecule and its fragments were stationary points on the respective
potential energy surfaces. These frequencies were then used to compute zero-point vibrational
energies and thermal corrections. For a variety of FEBID precursors, the optimization of the
geometry at the DFT level of theory and the determination of the energy of the system using post-
HF approaches such as CCSD(T) have been reported earlier.*> In the current study, single point
coupled-cluster computations were also done on the optimized geometries. These were done at the
DLPNO-CCSD(T)/TZVP level of theory using the TZVP/c auxiliary basis set and were carried
out with normal PNO settings.

Threshold energies for individual processes were calculated at both levels of theory by
substracting the single point energies of the optimized geometries of the respective fragments
formed from those of the parent molecule, including the respective ZPVEs and thermal energy
corrections in all cases. Several alternative reaction paths, including rearrangement reactions were

calculated for all fragmentation processes considered.

Supporting Information

Additional details on preparation of lamella for STEM and SAED experiments (S1); the particle
size analysis by Feret diameter method (S2); the comparison of particle numbers versus particle
diameters with respect to the different beam currents (S3); the line profiles of AFM image (S4);
the AES results on SiO» substrate before and after surface treatment by Ar* sputtering (S5); the
Cartesian coordinates (A) of optimized geometries and their respective Gibbs free energy (Eh)
calculated at the PBE(0/def2-TZVP level of theory (S6); and full table of calculated threshold

values for potential reaction pathways leading to the observed cations and anions due to DI and
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DEA processes at the PBE0/def2-TZVP, DLPNO-CCSD(T)-SVP, and DLPNO-CCSD(T)-TZVP

levels of theory (S7).
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Figure S1. Prepared lamella for STEM, and SAED experiments.



The observed gold nanoparticles (Figure 1d) have irregular shapes. Therefore, the diameter of
the selected particle was defined by considered the perpendicular distance between two parallel
tangent lines of the particle at an arbitrary angle. This particle size analysis method is known
as Feret diameter or caliper diameter. Beside the diameter of the particles, their approximate

amount in one SEM image were also acquired by firstly removing the background from the

SEM image, then applying the image threshold, and finally counting the numbers automatically
(Figure S2).

(e) mea [Feret [Fereix [Feverv [FeretAngie [MinFeret

1 113575 14.194 9302 124992 11628
29746 10720 12529 3488
3 95998 16649 775 9.30:
4 6760 4193 33690 32
5 56787 11452 23962 8.140
6 186587 22367 8973 11628
7 95998 13258 37875 11628
8 29746 10720 5 12529 3488
9 251487 24667 45000 14.744
10 179827 17.711 236047 17442 66.801 13953
11 6760 4193 153488 8.140 33690 2326
12 135208 14708 343023 9302 108435 12791
13 255544 25502 374419 12791 133152 14449
14 110871 14383 208140 12791 104036 10465
15 274473 21723 255814 15116 105524 17442
16 229854 23.168 62791 38372 72474 13693
17 281233 22457 132568 37.209 68.749 17.442

Figure S2. (a) SEM image of FEBID gold nanoparticles. (b) BG subtracted SEM image of (a)
using Imagel. (c) After automatic threshold was applied in ImageJ program. (d) and (e) results
of automatic particle count in the program. (f) illustration of the feret, min. feret, max. feret,

and feret angle.



The comparative histogram graphs of particle numbers versus particle diameters with respect
to the beam currents for 400 pA (blue bars), 1.5 nA (green bars) and 3 nA (purple bars) were
obtained from SEM and AFM, and plotted in Figure S3.
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Figure S3. (a) and (b) The particle size distributions obtained from SEM and AFM, respectively

for the FEBID gold nanoparticles with respect to the different applied beam currents.
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Figure S4. The AFM image of the FEBID deposit (5 kV, 400 pA) is shown on the left, and the

line profiles from 10 different lines and their average line profile are shown on the right.
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Figure S5. AES on SiO: before surface treatment (blue line) and after surface treatment (45
min. Ar” sputtering + 90 min. annealing at 823 K under oxygen) on the same substrate (green

line).



Table S6: All optimized geometries (parent molecule and cations) and their Gibbs free energy

(Eh) at the PBE0/ def2-TZVP level of theory, expressed as Cartesian coordinates (A).

Molecule Cartesian coordinates (A) Final Gibbs free energy (Eh)
-2.072104 3.052679 -0.000000
-1.989186 -0.547564 0.000000
-3.700537 1.214412 -0.000000
-0.360753 1.290702 -0.000000
-0.673402 4.528115 0.000000
-1.112834 5.522029 0.000000
-0.068504 4.373457 -0.893801
-0.068504 4.373457 0.893801
-3.481400 4.517269 0.000000
-4.446950 4.013642 0.000000
-3.365518 5.129161 -0.893266 -1351.07736325
-3.365518 5.129161 0.893266
-3.387887 -2.023002 0.000000
-2.948454 -3.016916 0.000008
-3.992779 -1.868350 -0.893805
-3.992789 -1.868340 0.893796
-0.579889 -2.012155 0.000000
0.385662 -1.508527 -0.000000
-0.695771 -2.624047 -0.893266
-0.695770 -2.624046 0.893267

or>»
c C

[Auz2Cl2(CHs)4]

ITITOIIITIOIIIOIIITOO

Au  -2.035627 2.919475 -0.027570
Au  -2.017481 -0.444636 -0.010941
Cl  -3.788694 1.232543 0.016664
Cl  -0.261716 1.250851 -0.054282
C  -0.669548 4.439482 -0.345837

H  -1.190608 5274419 -0.803414

H 0084423 4.008933 -1.000436

H  -0.281488 4.671763 0.645097

C  -3414131 4432888 0.268665

H  -4.246110 3.972802 0.796011
[AuClo(CH3)a]* | H  -3.684834 4.768818 -0.731350 -1350.73933480
H  -2.929968 5205118 0.858956
C  -3.388970 -1.973133 -0.245290
H  -2926816 -2.738725 -0.861040
H  -4.248317 -1.518273 -0.731478
H -3615120 -2.321717 0.761195
C  -0.632326 -1.956939 0.242645
H 0172322 -1510011 0.821366
H  -0.322947 -2.225852 -0.766396
H  -1.114845 -2.775127 0.767926

Au -1.819984 2.875611 0.004036
Au -2.287517 -0.353586 0.107295
Cl  -3.785590 1579411 0.201733
Cl  -0.320606 0.946395 -0.090320
[AuCl(CHs)2]* | C  -2.858006 4.635135 0.063053 -1271.03956804
H  -3.352792 4697531 1.029611
H  -3556767 4.643787 -0.770184
H  -2043623 5357541 -0.051498
C  -1.251219 -2.114009 0.047678




H  -0553619 -2.123453 0.882026
H  -0.754647 -2.175376 -0.918170
H  -2.065026 -2.837038 0.159960
Au -2.710731 3.628260 1.202848
Au -0.876681 0.582329 -0.199154
Cl  -2761916 -1.062272 -0.912648
Cl  -1.072379 2.990585 -0.250808
[AuClo(CH3)]* | C  -1.119442 -1.403061 -0.364717 -1231.21077897
H  -1.118450 -1.935881 0.580988
H  -0527731 -1.861705 -1.150811
H 0579778 0.504658 0.312600
Au -2.056269 2.768478 0.000000
Au  -2.005021 -0.263367 0.000000
[AuzCl2]* Cl  -3.870060 1.221887 -0.000000 -1191.35489549
Cl  -0191230 1.283232 -0.000000
Au -2.333092 3.153032 0.004622
Au  -2.219375 -0.696612 0.077322
Cl  -0911089 1.215951 0.078406
C  -3.533568 4.824477 -0.052434
H  -3.801526 4.928425 -1.104208
[AuzCI(CH2CH3)]* | H  -4.372147 4.586128 0.601986 -731.29110113
H  -2.880646 5.612803 0.325635
C  -3.225313 -2.301311 0.078777
H  -2.770456 -3.294805 0.109287
H  -4.316942 -2.343808 0.049542
Au -1.973262 2.076357 -0.883223
Au 1414636 0.775184 0.287775
Cl -0.345118 2.376157 0.689014
N C 2984080 -0.502369 -0.097905 )
[Auz2Cl(CH3)] H  3.660789 0.071733 -0.729953 771.12783263
H 2520563 -1.355607 -0.594045
H 3369621 -0.715024 0.900903
Au -1.995645 3.106475 0.000000
. Au  -1.918943 -0.598947 0.000001
[AuzCl] Cl  -0.602069 1.281921 0.000001 -731.29110113 Eh
AU -4.755924 0.426633 2.421132
Au  -2.189804 -0.011332 1.982566
C  -6.841047 1.019418 2.105349
. | C  -6728617 0.480247 3.374092
[Auz(CH2CH2)] H  -6.990154 -0.556436 3.562073 -349.72187310
H  -6.617365 1.122366 4.242251
H  -7.193350 0.415805 1.274756
H  -6.820579 2.094239 1.955491
Au -4297039 1251104 -0.422872
C -2.616996 0.259825 -0.471263
. | Au -1.544376 1.861455 -0.360334
[Au(CH)AuH] H -2.365271 -0.655309 0.065992 -310.36432548
H -0.076828 1.338935 -0.313894
[Auz]* Au -0.191712 -0.032106 1.367387 -271.50548729




>
S

-0.191712

-0.032106

-1.267660

[(CH3)Au(CH3)]*

<

IITIOIITIO>

-4.797108
-3.255948
-2.412115
-3.236292
-3.425177
-6.214769
-7.104844
-6.236158
-5.947248

0.324695
1.646757
0.993246
2.025981
2.410875
1.781065
1.195111
2.210645
2.489221

0.130111
0.222182
-0.015651
1.240925
-0.531572
0.177246
0.421352
-0.821382
0.956170

-215.12577260

[AuCl2]

-1.936113
-4.222798
0.350565

2.153547
2.061043
2.246094

0.000000
0.000000
0.000000

-1056.07074733

[AuzCl2(CHs)s]

ITIIOIIIOIIIO

-1.294616
-1.721580
-1.767896
0.273929
-0.978834

-1.893686
-0.166180
-0.720249
-2.641690
-3.530829
-2.897767
-2.197334
-1.675251
-0.649151
-2.271075
-2.078061

3.653728
-0.240883
1.626343
4.438163
5.308899
5.902582
5.863241
5.003606
3.056969
2.701840
3.863223
2.222438
-1.832857
-2.187884
-2.664314
-1.558642

-1.120733
-0.919247
-2.419054
-2.736831
0.018036
0.034097
-0.446048
1.032234
0.300580
-0.221069
0.987765
0.845948
0.344300
0.486364
-0.046302
1.325165

-1311.34276020




Table S7. Full list of experimental DI and DEA threshold values compared to theoretically
calculated threshold values at PBE0/def2-TZVP, DLPNO-CCSD(T)/TZVP, and DLPNO-

CCSD(T)/SVP levels of theory for the [(CH3)2AuCl]2.

PBEO- DLPNO- DLPNO-
m/z | Products AE (eV) | TZVP | CCSD(T)- | CCSD(T)-
(eV) SVP (eV) | TZVP (eV)
Dissociative lonization
524 | [AuClo(CHa)a]* 9.4+03 9.23 9.69 9.92
[Au2Cl2(CHza)2]* + 2(CHs) 13,51 13.69 14.06
494 | [AuClx(CHg)z]" + CH3CHs 9702 9.67 9.86 10.29
[AU,Cl(CHs)2]* + CH2CH2 + H, 11.28 11.36 11.65
[AuzCl2(CH3)]* + 3(CH3) 15.01 14.59 15.04
479 | [AuCly(CH3)]* + (CHs) + CH3CHs 11.4+02 | 1118 10.76 11.27
[Au,Cl>(CH3)]" + CH.CH; + H, + (CH3) 12.78 12.26 12.64
[AusClo]* + 4(CHs) 17.32 17.06 17.65
[AuzCl,]* + 2(CH3CH3) 9.65 9.41 10.12
464 10.1+0.2
[Au.Cl]* + CH3CH3 + 2(CHa) 13.48 13.23 13.89
[AU2C|2]+ + CH,CH; + H, + CH3CH3 11.25 10.91 11.49
[AuCI(CH,CH3)]* + 2CH3 + CI + H 18.72 17.87 18.50
[AuCI(CH,CH3)]* + CH3CH3 + ClI + H 14.88 14.04 14.73
[AuCI(CH2CH3)]* + CH3CH3s + HCI 10.46 9.88 10.41
458 10.3+0.2
[Au,CI(CH,CH3)]* + (CH4) + CH3CI 10.64 10.23 10.60
[AuzCI(CH2CH3)]* + 2(CHs) + HCI 15.46 16.01 15.41
[Au,CI(CH2CH3)]* + (CH3) + CHsCl + H 15.02 14.58 14.97
[Au,CI(CH3)]* + Cl + 3(CHy) 17.42 16.52 17.29
[Au2CI(CH3)]* + Cl + CH3CH3 + (CH3) 13.58 12.69 13.52
444 13.0£0.2
[AuCI(CH3)]* + CI(CH3) + 2(CHs) 13.72 13.23 13.76
[Au.CI(CH3)]* + CI(CH3) + CHsCHs 9.88 9.40 9.99
[AuCI]* + 4(CHs) + Cl 19.11 18.00 18.84
[Au.CI]" + (CHs) + CH3Cl + CH3CH3 11.57 10.89 11.54
[AuCI]* + HCI + 2(CH4) + CHCH, 12.54 11.60 12.33
429 12.2+0.2
[Au,CI]* + 2 CH3sCHa+ CI 11.44 10.35 11.30
[AuCI]* + Cl + CH3CHs + 2(CHs) 15.27 14.18 15.07
[Au,CI]* + 3(CHs) + CHsCI 15.41 14.72 15.31




[Auz(CH2CH,)]* + 2(CHs) + 2CI + 2H 22.20 20.87 21.84
[Auz(CH;CHy)]* + 2CI(CHs) + H2 1053 10.09 10.46
[Aux(CH2CH,)]* + CH3CHs + 2HCI 9.51 8.72 9.44
422 [Auz(CH2CH,)]* + 2CHs + 2HCI 10303 13.34 12.55 13.21
[Auz(CHCH,)]* + 2(CHg) + Cl + H, 15.21 14.75 15.10
[Au2(CH2CH2)]* + CH3CHs + Clo + Hz 11.37 10.93 11.33
[Auy(CH,)]* + 3(CH3) + 2Cl + H 24.57 23.42 24.14
[Aux(CH,)]" + CH,CH; + 2HCI + CH, 13.35 12.62 13.06
[Auy(CH,)]* + 3(CH3) + HCI + CI 20.14 19.26 19.83
[Auz(CH2)]* + CHsCH3 + CHs + HCI + CI 16.30 15.43 16.06
408 [Auz(CH2)]* + CH3sCHjz + HCI + CI(CH3) 13202 12.60 12.15 12.54
[Auy(CH,)]* + 2(CH3) + HCI + CI(CHy) 16.44 15.97 16.30
[Auz(CH2)]* + CH2CHz + HCI + CI(CHs) + H, 14.20 13.64 13.90
[AUy(CH,)]" + CH3 + 2CI(CH3) + H 17.16 16.84 17.10
[Auy(CH)]* + 3(CHa) + 2H + 2Cl 28.82 27.63 28.40
[Auz(CH)]* + 3(CHs) + 2HCI 19.96 19.32 19.76
[Auy(CH)]* + CHsCHz + CHz + 2HCI 16.13 15.49 15.99
[Auz(CH)]* + (CHs) + 2CI(CHs) + H, 17.15 15.97 16.13
407 [Auz(CH)]* + CHsCH3 + Cl + CI(CH3) + H2 13802 17.02 16.32 16.78
[Auz(CH)]* + CH,CHz + Cl + CI(CHs) + 2H; 18.62 17.82 18.14
[AU2(CH)]* + CH3CHjs + CI- + CI(CHa) + H, 13.75 14.46 13.69
[Auy(CH)]* + 2HCI + CH,CHs + CH, 15.92 15.35 15.85
[Au]* + 4(CHs) + 2CI 22.39 21.94 22.09
[Auz]* + 2[CH3CH;] + 2Cl 1471 14.28 14.56
[Auz]* + 2(CH3) + 2(CHsCI) 14.99 15.36 15.05
[Auz]* + CH2CHz + 2(CH3) + 2HCI 15.56 15.48 15.39
394 | [Auz]" + 4(CHs) + Cl, 15.3+0.2 19.66 20.02 19.68
[Au]* + 2[CH3CHg] + Cl, 11.99 12.36 12.14
[Auz]* + CHsCHs + 2(CHsCI) 11.15 11.53 11.28
[Auz]* + CH,CH; + Hz + 2(CHsCI) 12.75 13.03 12.65
[Auz]* + CH,CH; + CHsCHs + 2HCI 11.72 11.66 11.62
[(CH3)Au(CH3)]* + 2(CHs) + 2Cl + Au 17.81 17.90 18.72
[(CH3)Au(CH3)]* + CHsCHs + Cl, + Au 11.24 12.15 12.54

227 124402
[(CH3)AU(CH3)]* + AuCI + CH;CHj + Cl 12.46 11.63 12.20
15.08 15.98 16.31

[(CH3)Au(CHa3)]* + 2(CHs) + Cl2 + Au




[(CH3)AU(CH3)]* + CH3CH3 + 2CI + Au 13.97 14.07 14.95
[(CH3)AU(CH3)]* + 2CI(CHs) + Au 10.41 11.32 11.68
[(CH3)AU(CH3)]* + CH2CH2 + 2HCI + Au 10.98 11.44 12.01
[(CHs)Au(CHs)]* + AuCl + HCI + CH,CH, + H 13.90 13.16 1358
[(CH2)AU(CHZ)]* + AuCl + CI + 2(CHs) + H, 1645 | 1552 16.04
[(CH2)AU(CH,)]* + CH3CHs + Au + Cl, + H, 12.80 12.22 12.61
[(CH2)AU(CHZ)]* + CH3CHs + AuCl + H + HCI 1244 11.73 12.28

225 126+04
[(CH2)AU(CH,)]* + CH3CH3 + AuCl + Cl + H, 1261 11.69 12.27
[(CH2)AU(CHZ)]* + 2CI(CH3) + Au + H, 11.96 11.22 11.59
[(CH2)AU(CH,)]* + 2CI(CHs) + AuH + H 13.39 12.76 13.24

Dissociative Electron Attachment
PBEO- | Coen- | cCspim:

m/z | Products AE (eV) TZVP Svp TZVP
&) | v (V)
[AUCI;] + Au + 2CH3CHs -2.20 -2.24 -1.96
267 | [AuClz]" + Au(CHs) + CHsCH; + CH; 0.1-0.45 | -0.80 -0.71 -0.67
[AUCL;] + (CH3)Au(CHs) + CHsCH3 -1.82 -1.39 -1.54
509 | [M — CH3] + CHs 0-0.2 -0.96 -0.76 -0.88
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Topical Issue;
Electron and Positron Interactions and Their Applications: a tribute to Professor Michael Brunger

Reminiscence of good times

More than one article could be written about Michael Brunger, the Hippy, and they would all be a
testimony of a memorable man, a good scientist and more importantly a humorous, tolerant, and a
very good person, moreover, they would be fun to read. However, in his spirit, I'm going to keep it

short.

I was so fortunate to enjoy Michael’s friendship, and his support and collaboration in science, in
science administration (politics :-) and in personal matters. He also became dear to my children,
when he generously hosted me and my family in Adelaide during my sabbatical in 2012, an
experience we still talk about at the dinner table, now more than 10 years later. In one of our more
personal conversations about lost ones, Michal said ,,...as long as you are still talked about, you are
not gone. “. With all the opportunities the Hippy has provided for reminiscence of good times, there
is no doubt that many will talk kindly and of respect of him long time from now. In that sense, he
will certainly outlive me.

Oddur



Abstract

Appreciable effort is currently committed to designing suitable organometallic precursors for
fabrication of metallic nanostructures with focused electron beam induced deposition (FEBID) — a
direct write method with high potential for 3D patterning. In this context, the initial interaction of
the potential precursor with low energy electrons is critical and the extent of electron induced ligand
loss determines the composition of the resulting deposits. Specifically of interest are gold-containing
precursors, as the optoelectronic properties of gold provide potential for a variety of plasmonic and
light enhancing applications of 3D nanostructures. Here we study low energy electron induced
fragmentation of CFsAUCNC(CHs)s through dissociative ionisation (DI) and dissociative electron
attachment (DEA) in the gas phase under single collision conditions and under conditions where
collisional stabilisation is provided. We further compare the fragmentation patterns observed under
these conditions with the composition of deposits formed from this precursor under FEBID
conditions. In DI, a significant difference in relative intensities is found under single collision
conditions as compared to conditions where collisional stabilisation is provided, while under both
these conditions only the same DEA channel is open. Comparison with the composition of deposits
formed under FEBID conditions shows that the initial electron-induced fragmentation processes are
not directly reflected in the deposit’s composition. Rather, we expect these to determine the initial
composition of immobilised fragments, while the final composition of the deposit is determined by

electron induced secondary and tertiary reactions caused by further irradiation after immobilisation.



1. Introduction

Gold nanomaterials are employed in a wide variety of applications due to their unique optoelectrical
properties. This is most noticeable in the biomedical sector where these have found application in
e.g., imaging, diagnostics, and cancer therapy’#, and a number of well controlled physical and
chemical protocols have been developed for their fabrication>7. Well defined 3D nanostructures
also have high potential as passive and/or active elements in technological applications &°. For gold
specifically, these include optical and electric sensors 9, surface enhanced Raman spectroscopy
(SERS) elements 1, and plasmonic devices in general 2. For the functionality of such stationary 3D
nanostructures, however, their positioning, size, shape, and elemental purity are critical.

Focused Electron Beam Induced Deposition (FEBID) 135 is a direct write approach that has the
potential of such control in the fabrication of free-standing nanostructures. In FEBID, a precursor
gas enters an electron microscope through a gas injection system (GIS) in close proximity to a
substrate surface where the precursor molecules are physisorbed in dynamic equilibrium with their
gas phase. For metal deposition, such precursors are typically organometallic compounds with the
central metal atom being that of the desired deposit®é. A tightly focused, high-energy electron beam
is directed at the surface, close to the gas injection point, and ideally the precursor molecules
dissociate volatile ligands that are pumped away while the central atom(s) stays on the surface to
build a pure metal deposit 7. The lateral control of the shape of the structures created in this way is
achieved by moving the electron beam relative to the surface of the substrate and the vertical control
is achieved by variation of the dwell time 134, However, composition control has proven to be
difficult in FEBID, and generally significant amounts of impurities are found to be co-deposited
with the desired metal element 8. This is mainly due to incomplete decomposition of the precursor
molecules under the electron beam, but adsorption and further decomposition of dissociated ligands
and co-deposition of impurities from the background gas also play a role.

The general criteria for good precursors are that they are sufficiently volatile to be introduced to the
FEBID system, that they are stable under ambient conditions, easy to handle, preferably of low
toxicity and commercially available 6°. Most importantly, however, to achieve high purity
depositions, the precursor molecules need to dissociate efficiently under the electron beam and the
dissociated ligands need to readily desorb from the surface. 6. As a large variety of commercially
available precursors for chemical vapor deposition (CVD) fulfil most of these criteria, most of the
early reported FEBID experiments focused on depositions from these precursors. However, while
CVD is thermally driven, in FEBID the fragmentation processes and thus the deposition are electron

driven 1817 Moreover, significant numbers of secondary electrons are produced in inelastic



scattering of the primary electrons from the substrate and forming deposits. Thus, the actual energy
of the electrons inducing the fragmentation processes in FEBID is not that of the primary electrons
alone. Rather, it is a distribution also reflecting the energy spread of the inelastic scattered and
secondary electrons 2°. This energy distribution generally peaks below 10 eV, has a significant
contribution close to 0 eV and a tail towards higher energies?>?!. To further complicate the situation,
these electrons may cause dissociation of the precursor molecules through four distinct processes:
dissociative ionization (DI), dissociative electron attachment (DEA) and neutral and dipolar
dissociation (ND and DD) upon electronic excitation?>2*, These processes all have different energy
dependences and lead to different fragmentation products, making the effective damage yield
dependent on both the electron energy distribution and the energy dependence of the cross sections
for the individual processes?°?>23, With this in mind, it is clearly a challenging task to design
precursors that fragment completely under electron exposure and leave behind high metal content
deposits.

Until fairly recently, the bulk of the studies on FEBID of gold were conducted with commercially
available B-diketonate-derived Au(lll) complexes commonly used in CVD, i.e., Me2Au(acac),
Mez2Au(tfac) and Me2Au(hfac) 2427, These are volatile and stable precursors, however, in FEBID
without any purification steps, they generally deliver deposits with gold content ranging from 20 to
40 atom % and correspondingly high carbon content. This was addressed in a few studies by in situ
or post-deposition oxidative removal of the carbon using oxygen or water, resulting in gold content
as high as 81 to 92 atom %. %, In contrast to the Au(lll) complexes, early experiments with the
gold(l) complexes CI-Au-PFs 223 and CI-Au-CO 32 were found to produce high purity deposits
without any purification measures. In these studies, 95 atom % Au was reported for Cl-Au-PFs 2>
8L and the formation of gold grains with about 22 pQ resistivity was reported for CI-Au-CO 32,
However, these compounds are labile, and readily decompose under ambient conditions, making
them unsuitable for practical applications. Stimulated by the high gold content of these precursors,
efforts have been made to design stable and volatile gold(l) complexes that still maintain the high
performance observed for CI-Au-PFs and CI-Au-CO in FEBID¢%33, However, though these were
generally found to be suitable FEBID precursors with respect to their volatility, stability and deposit
growth rates, the achievable gold content was low (about 7 — 22%), with the highest gold content
(22%) achieved for CFsAUCNCHs in deposition using an Auger spectrometer under UHV
conditions®4,

Evidently FEBID involves a complex interplay between the fundamental electron induced processes
leading to the initial precursor fragmentation, electron induced secondary processes, and how these

are altered at surfaces and in the deposition process. It is thus important in the effort to tailor



organometallic precursors for the use in FEBID, to understand the fundamental processes leading
to their initial fragmentation and immobilization in the deposition process.

In this context we have studied DEA and DI of CFsAuCNC(CHs)s, one of the precursors from the
series of recently tested Au(l) precursors34. Electron induced fragmentation processes are studied in
the gas phase under single collision conditions and under conditions where collisional stabilization
is provided, i.e., conditions that should better reflect the effective energy dissipation that is in place
at the surfaces in the FEBID process. Appearance energies are determined for selected DI processes
and quantum chemical calculations are used to support the interpretation of the observed DEA and
DI processes. The gas phase results are compared to the composition of deposits from this precursor
generated in an UHV Auger spectrometer®* and discussed in the context of the initial fragmentation

processes and electron induced secondary decomposition.

2. Methods

2.1. Experimental setup

Electron-molecule interaction experiments under single collision conditions were carried out in a
crossed beam instrument that has previously been described in detail®>. A molecular beam of
CFsAuCNC(CHs)s was generated by gas effusion through a stainless-steel capillary system that can
be heated to achieve sufficient working pressure with low vapor pressure compounds. The effusive
molecular beam crosses a quasi-monoenergetic electron beam that is generated with a trochoidal
electron monochromator. Charged products that are formed in the interaction section are extracted
into a quadrupole mass spectrometer (EPIC 1000, Hiden Analytical Warrington, UK) for m/z
analyses and detection. The base pressure of the instrument was on the order of 2-4 x 10~ mbar and
the electrostatic lens components are maintained at 393 K to avoid condensation of the target gas
and background impurities. The working pressure during experiments was on the order of 2-4 x 10~
"mbar. In negative ion mode, the energy scale was calibrated by the peak of the SFs~ formation from
SFe set as 0 eV. The full width at half maximum of the same signal was used to estimate the energy
resolution of the electron beam, which was found to be around 190 meV during the current
experiments. The monochromator settings were kept the same for the positive ion measurements
and we assume the energy resolution to be the same. The energy scale in positive ion mode was
calibrated by the first ionization energy of Ar, using the onset of the Ar* signal recorded in the
beginning and end of each measurement day. Mass spectra were recorded at fixed incident electron
energies by scanning through the relevant m/z range and ion yield curves were recorded at fixed m/z
ratios by scanning through the relevant electron energy range. Appearance energies for the observed

positive ions were determined by fitting a Wannier-type threshold function to the onset region of



the respective ion yields. The reported AEs are the average of three measurements taken on different
days and the confidence limits are the standard deviations of the averages from these curves and are
optical inspection to make sure that they bracket the onset of the individual curves. These are higher
or equal to the. More information on the fitting procedure may be found in reference 2. The
intensities of the ion yields are normalized with respect to the working pressure and the ion signal
from SFe~at 0 eV and Ar* at 70 eV for the negative and positive ions, respectively.

Direct insertion probe negative chemical ionization mass spectra (DIP NCI MS) and direct insertion
probe electron ionization mass spectra (DIP EI MS) were recorded with a Thermo Scientific DSQ
Il with a Thermo Scientific direct insertion probe (DIP) with an ion source temperature of 60C (373
K), using Qual Browser, Thermo Xcalibur 2.2 SP1.48, August 12, 2011, for data reduction. After
evacuation of the sample vessel, the probe was held at 30°C for 10 s before being ramped 1°C/sec
to 60°C where the temperature was kept constant for 10 min. Electron ionization mass spectra were
recorded at 70 eV electron energy and the negative ion spectra were also recorded with 70 eV initial
electron energy, but in the presence of methane as moderation gas for thermalization of the electrons,
i.e., these represent thermal electron attachment at 333 K. While recording the DIP NCI MS, the
methane moderation gas was supplied to the ionization region to maintain a nominal pressure of 1
Torr. In this setup an approximately 1 mm? aperture allows gas flow into the main chamber where
the pressure is about 4.4 x 10-° Torr during the experiments. With the 3.8 A kinetic diameter of
methane, and at 1 Torr, the mean free path in the ionization region is about 53 nm, which translates
to a collision frequency of about 5 x 108 s~ at 333 K. During the DIP EI MS, on the other hand, the
ionization region is open at the top, providing an approximately 100 mm? aperture connecting the
ionization region with the main chamber. During these experiments the pressure measured at the ion
gauge of the main chamber is about 3.3 x 107 Torr, and as the conductance of the ionization region
to the main chamber is directly proportional to the area of aperture, we estimate the pressure in the
ionization region during the acquisition of the DIP EI MS to be 0.75 mTorr. Assuming a 10 A kinetic
diameter of CFsAUCNC(CHea)s, this translates to a mean free path of 10 um and a collision frequency
of 2.7 x 10% s~* at 333 K. Though these considerations only give an estimate, it is clear that DIP El
experiments are not conducted under single collision conditions.

The subject molecule, CFsAUCNC(CHs)s, was synthesized according to a previously published
procedure 4. It is a white coloured powder but was found to adapt a slight pinkish appearance after
prolonged storage under ambient conditions, indicating minor decomposition and formation of gold
nanoparticles. Thermogravimetric analysis, however, showed no sign of mass loss up to about 290
K, after which rapid mass loss is observed with 30% reduction reached at 310 K%, All samples were

stored refrigerated at -20 °C.



2.2. Quantum chemical calculations

All quantum chemical calculations were performed using the ORCA computational chemistry
software, version 4.1%8. The geometry optimizations for all the neutral and charged fragments and
parent molecules, were performed with tight SCF settings using the hybrid DFT functional PBEO as
well as the triple-zeta polarization basis set def2-TZVP, and the D3BJ dispersion correction by
Grimme et al. *. In addition, for closed-shell and open-shell systems, the unrestricted Kohn-Sham
(UKS) and restricted Kohn-Sham (RKS) formalisms were used, respectively. The PBEO functional
was chosen based on studies by Kepp et al. 4% and Kang et al. 4, where they, found it to be one of
the most accurate functionals at predicting the binding energies and structures of gold complexes.
Harmonic vibrational frequencies were confirmed to be positive at the PBEO/def2-TZVP level of
theory and were used to calculate the zero-point vibrational energy and thermal corrections. In
addition to the DFT calculations, single point calculations were also conducted at the coupled-cluster
level of theory on the optimized PBEO-TZVP geometries*?. These calculations were carried out with
normal PNO settings at the DLPNO-CCSD(T) level, using the double-zeta basis set def2-TZVP and
the valence quadrupole-zeta auxiliary basis set TZVP/c.

The threshold values reported were calculated by subtracting the energy of all generated fragments
from the energy of the parent molecule, including the zero-point vibrational energy and thermal
corrections for the parent molecule and all fragments. For comparison with the experimental AEs,

the threshold values for alternative reaction paths, leading to the observed m/z ratios, were calculated.

2. Results and discussion.

Figures 1 and 2 show positive ion mass spectra of CFsAUCNC(CHzs)s recorded at 70 eV electron
ionization energy. The mass spectra in Figure 1 show the m/z range from around 10 to about 190,
i.e., covering fragments that do not contain the central Au metal atom (m/z 197), and Figure 2 covers
the m/z range from about 190 to about 360. In both figures the mass spectra shown in panels a), b)
and c) are recorded in the crossed beam experiment with the capillary inlet system at 298, 333 and
353 K respectively. For comparison, a direct insertion probe electron ionization mass spectrum (DIP
El MS) covering the same m/z ranges is shown in panel d). Similarly, Figure 3 a), b) and c) show
negative ion mass spectra recorded in the crossed beam experiment at about 0 eV incident electron
energy with the inlet system at 298, 333 and 353 K, respectively, while panel d) shows a direct
insertion probe chemical ionization negative ion mass spectrum (DIP NCI MS). Crossed beam MS
for negative ions were also recorded at 1eV intervals up to 10 eV but no significant fragments

were observed above 0 eV.



Most noticeably, the positive ion mass spectra (Figures 1 and 2) show a rich fragmentation pattern,
while only the m/z ratios 292, [CFsAuCN]~ and m/z 335 are observed in the crossed beam negative
ion mass spectra at 353K, and m/z 292 is the only significant contribution in the DIP NCI spectrum.
In fact, m/z 335 originates from an impurity caused by minor decomposition of the sample during
shipping of the batch used in the crossed beam experiment, and is attributed to the formation of
[Au(CFs)2] —. The same batch of material did not show this impurity before shipping as has been
confirmed with DIP NCI MS performed at
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calculated thresholds for their formation through dissociative ionization of CFsAUCNC(CHs3)s.
Figure 4 shows the onset region of the ion yield curves for these fragments along with the respective
Wannier-type threshold fits used to determine their appearance energies (AEs). The optimized
structures of the ionic fragments are also shown in the respective panels along with their AEs and
confidence limits as determined from three independent data sets (see method section). Table 1
compares these AEs with the thermally corrected threshold energies calculated at the PBEO-def2-

TZVP and DLPNO-CCSD(T)-def2-TZVP levels of theory for potential processes leading to their
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formation of [CNCH]+ and the neutrals in the m/z range from 50 to 360, at a probe temperature of
333 K using methane at 1 torr nominal pressure as

CFsAu and propane (CHsCH2CHs), on the  moderation gas.

other hand, results in threshold values of 15.65 and 15.48 eV at the respective levels of theory. These

are both about 0.5 eV above the experimental value for the AE of m/z 39.

For m/z 41, the AE is found to be 12.1 + 0.3 eV, and the best agreement with the calculated

threshold at the DLPNO-CCSD(T)/def2-TZVP level of theory is found when considering the

formation of [H.CCHCH:]* and the neutral counterparts CH4 and CFsAuCN, where we find the

threshold to be 12.45 eV. At the PBEO-def2-TZVP level, the threshold for this reaction is found
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Figure 4. Onset region of typical yield curves for m/z 39, 41, 57, and 69 along with the Wannier-type
threshold fits used to determine their appearance energies (AEs). Also shown are the respective AEs and
their confidence limits as determined from three measurements recorded on different days and the assigned
fragment structures optimized at the PBEO-def2-TZVP level of theory.

to be 12.65 eV, i.e., 0.25 eV above the higher confidence limit of the AE. However, considering
the [H2CCCHas]* isomer as the positive fragment raises the threshold values to 12.85 and 12.82,
respectively, i.e., about 0.4 eV above the higher confidence limit. Also, a number of isomers of
C2HsN were considered for the positively charged fragment m/z 41, as is shown in Table 1. The
threshold values for these were, generally found to be well above the experimental AE, with the
exception of the formation of the [HCNCH:]* ion and CFsAuC(CHs)2 as the neutral counterpart.
For this reaction we find the threshold to be 12.35 eV at the PBEO-def2-TZVP level of theory,
hence in good agreement with the experimental value but at the coupled cluster level the threshold
is found to be 12.52 eV, about 0.2 eV above the confidence limits of the AE. This reaction,
however, constitutes significant rearrangements including rupture of the CN triple bond and
exstensive rearrangement of the t-butyl group. We thus consider this cannel unlikely as compared
to the formation of [H2CCHCH2]* + CHs + CFsAUCN which proceeds through single bond

ruptures and hydrogen migration within the fragmenting t-butyl group.
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Table 1. Appearance energies (AEs) for m/z 39, 41, 57 and 69 in dissociative ionization of CFsAUCNC(CHs)s under
single collision conditions compared to the respective threshold energies calculated at the PBEO-TZVP and DLPNO-
CCSD(T)-TZVP levels of theory. The threshold values are calculated for different reaction paths and the assigned
reaction, based on the best match with the DLPNO-CCSD(T)-TZVP threshold values, are highlighted bold.
Additionally, the AE and the threshold values for the formation of m/z 292, [CFsAuCN], through dissociative electron
attachment to CFsAuCNC(CHjs); are shown in the last row.

CF3AUCNC(CHs)s
DLPNO-

m/z  Products AE (eV) EI)'gf/OP(EZG) (;?52;{%
(eV)
39 [H:CCCH]*+ CFAUCN +CHs+H,  150+0.3 15.32 14.87
[CNCH]* + CF3Au + CH3CH,CHs 15.56 15.48
[HCCHCH]* + CFsAUCN + CH, + H; 1391 13.68
41 [H,CCHCH;]* + CH,4 + CF3AUCN 121+03 12.65 12.45
[CNCHs]* + CF3Au + CH3CCHs 17.33 17.23
[CNCHs]* + CFsAuUC(CHs), 14.67 14.47
[HCNCH.]* + CFsAu + CHsCCHs 15.18 15.27
[HCNCH,]* + CFsAUC(CHs)2 12.35 12.52
[H2CCCH;3]* + CH4 + CF2AUCN 12.85 12.82
57 [C(CHa)3]* + CFsAUCN 10.3+0.2 10.61 10.82
[HCCH»(CHs)2]* + CFsAUCN 14.54 14.85
69 [CFs]"+ AUCNC(CHs)s 12.3+0.3 12.62 12.67
292 [CFsAUCN]™ + C(CHa)s 0 -1.20 -1.23

For the m/z ratios 57 and 69 the assignment is more straight forward as these can unambiguously
be assigned to [CsHo]* and [CFs]™, respectively. For m/z 57 the AE is found to be 10.3 £ 0.2 eV
and for direct dissociation and the formation of [C(CHas)s]* and CFsAuCN as the neutral
counterpart the calculated threshold for this reaction is 10.61 and 10.82 eV at the PBEO-def2-
TZVP and DLPNO-CCSD(T)/def2-TZVP levels of theory, respectively. Hence, 0.1 and 0.3 eV
above the confidence limit, at the respective levels of theory. We additionally considered the
formation of [HC(CH2)(CHs)2]* through hydrogen transfer from one of the methyl groups to the
central carbon, but at both levels of theory we find the threshold for this reaction to be more than
4 eV above the experimental AE. For m/z 69, i.e., the formation of [CFs]* and AUCNC(CHpzs)s, the
AE is found to be 12.3 + 0.3 eV and threshold energies of 12.62 and 12.67 eV are calculated at
the PBEO-def2-TZVP and DLPNO-CCSD(T)/def2-TZVP levels of theory, respectively. In both
cases these are only marginally above the upper confidence limit of the AE, 12.3 + 0.3 eV.

In general, the agreement between the experimental AEs and the calculated threshold values is

good, though the threshold values tend to be somewhat higher than the AEs, and more so at the
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DFT level of theory. This is likely, at least in part, to be due to the fact that the thermal correction
is that of the average, and not the energy distribution at 353K. Thus, the high energy tail of the
distribution may shift the observed AEs to lower energies with respect to the actual thermally

corrected threshold.

As shown in Figure 2, the main gold containing fragments in the crossed beam experiment are
observed at m/z 197, 224, 274 and 280, corresponding to the positive ions Au*, [AUCNH]",
[CF2AUCNH]*and [AUCNC(CHs3)s]*. Lesser contributions are observed at m/z 247, 253 and 265,
and based on their elemental composition, stability and extent of rearrangement required for their
formation, they are assigned to [AuCF2]*, [CHsAuCNCHs]*, and [AuCNC(CHs)2]*. A minor
contribution is also observed from the parent cation [CFsAUCNC(CHs)s]* at m/z 349. Qualitatively,
this agrees with the m/z ratios observed in the DIP EIl spectra shown in panel d), however, the relative
intensities differ markedly in these experiments. For further comparison, Table 2 compares the
relative intensities of the main fragments observed in the crossed beam experiment with those
observed in the DIP El experiment. The intensities are normalized with respect to the highest
intensity fragments set as 100 in both cases. In the crossed beam experiment this is m/z 41;
[H2CCHCHZ2]* and in the DIP El, m/z 280; [AUCNC(CHa)s]*. Additionally, the relative intensities
of the gold containing fragments observed in the crossed beam experiment experiments are shown
in the last column, normalized to the highest intensity gold containing fragment, m/z 224. With
respect to the gold containing fragments, it is most notable that the relative intensity of Au*, m/z 197
is significantly higher in the crossed beam experiment as compared to the DIP EI MS. Conversely
the relative intensity of the parent cation is significant in the DIP EI MS, while it is only a minor
contribution to the mass spectra recorded under single collision conditions. We attribute this to the
effect of collisional stabilization in the DIP EI MS experiment. This can also explain the absence of
m/z 330, [CF2AUCNC(CHa)s]* and the relatively low intensity of m/z 280 in the crossed beam
experiment under single collision conditions as compared to DIP ElI MS, as both these fragments
may decay further to form m/z 274 [CF2AUCNH]*, 247 [CF2AU]*, 224 [AUCNH]* or 197 [Au]*.
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Table 2. Normalized peak intensities from the EI mass spectra of CFsAUCNC(CHa); at 70 eV recorded under single
collision conditions and in DIP EI MS. The intensities are normalized with respect to the highest intensity fragment set
as 100 in both cases. This is m/z 41 in the crossed beam experiment and m/z 280 in the DIP EI experiment (columns
three and four, respectively). For better comparison the last column also shows the relative intensities of gold-containing
fragments observed in the crossed beam experiment normalized to the highest intensity gold containing fragment, m/z
224.

Relative Intensity

Au-Fragments

m/z  Fragment Crossed beam DIP Crossed beam
349 [CRAUCNC(CHa)s" 2 40 15
330 [CFAUCNC(CHa)s* 0 9 0
280 [AUCNC(CHa)s]* 2 100 17
274 [CF.AUCNH]* 11 64 92
265  [AUCNC(CHa)]" 0 14 0
247 [CRAUJ" 2 8 17
224 [AUCNH]* 12 98 100
197 [AU 10 12 8
69  [CFs]" 48 8 :
57 [C(CH)I" 88 83 i
41  [H:CCHCH,]' 100 40 -
40 [H:CCCHZ]" 9 0 -
39 [H.CCCHJ* 34 18 .
15  [CHa]* > - .

A priori, one would expect that the DIP EI MS, where collisional stabilisation is provided, should
better reflect the fragmentation as it is observed at surfaces where an effective energy dissipation is
in place. It is thus interesting to compare the current experiments with the composition of actual
deposits formed under FEBID conditions. In this context, Table 3 shows the average carbon, fluorine,
and nitrogen loss per incident in the gas phase experiments, and the atomic composition of a
hypothetical deposit that would result if these processes, unaltered and alone, would determine the
composition of a deposit. For the average element loss, the contribution of all gold containing
fragments is weighted with the respective number of carbons, fluorine or nitrogen lost, and divided
by the total intensity of all fragments. For m/z 39, 41, 57 and 75 the neutral gold containing
fragments as assigned in Table 2 provide the basis for this calculation for both experiments. At the
bottom of the table is the elemental composition of a deposit formed from this precursor under
FEBID conditions.** These deposition experiments were conducted under UHV in an Auger
spectrometer at an electron-beam energy of 3 kV and a current of 1 pA on a silicon substrate that

was pre-treated by sputtering with 4 keV Ar* ions to remove the oxide layer and residual carbon.
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Table 3. Average carbon, fluorine, and nitrogen loss per incident observed in the crossed beam EI experiment, the DIP
El experiment and in DEA (crossed beam and DIP NCI). Also shown are the atomic compositions that would result
from the respective average elemental losses and the deposits composition observed in EBID in an Auger spectrometer

at an electron energy of 5 keV.3*

Element loss C N F

Crossed beam (EI) 3.15 0.03 0.71

DIP EI 3.30 0.04 1.71

DEA (Crossed beam and DIP) 4 0 0

Elemental composition calculated for El and DEA and observed in EBID (Ref. 3%

Crossed beam (EI) 1l4at% Au  40at% C 32at%F 14 at.% N

DIP EI MS 17at% Au  45at% C 22at% F 16 at.% N

DEA 14 at.% Au 29at% C 43at% F 14 at.% N

EBID * 14at% Au  80at% C Oat% F 6at% N <lat% O

With this approach, the average F, N and C loss per incident in the crossed beam experiment is
found to be 0.71, 0.03, and 3.15, respectively, and in the DIP El MS these are found to be 1.71, 0.04,
and 3.30, respectively. Under the assumption that all fragments that do not contain gold would
desorb, this translated to a deposit of 14 at.% Au, 40 at.% C, 32 at.% F, and 14 at.% N using the
crossed beam data. The expected composition derived from the DIP EI MS data, where collisional
stabilization potentially plays a role. would be 17 at.% Au, 45 at.% C, 22 at.% F, and 16 at.% N,
respectively. Applying the same approach to the negative ion data, where the only significant
fragment is [CFsAUCNT]- (m/z 292) in both experiments is straightforward and results in an expected
Au:C:F:N deposit composition of 1:2:3:1, i.e., 14 at.% Au, 29 at.% C, 43 at.% F, and 14 at.% N.
For comparison, the elemental composition of the deposit generated under FEBID conditions was
found to be 14 at.% Au, 80 at.% C, 0 at.% F, 6 at.% N, as determined by EDX.3* Most noticeably,
fluorine is as good as quantitatively removed in the deposition experiments, while less than 1
fluorine is lost on average per incident through DI under single collision conditions, and 1.7 in the
DIP El experiments. Moreover, the fluorine loss in both the gas phase EI experiments is substantially
through the loss of the CFs group from the central gold. This is clearly not the route for fluorine loss
in the deposition experiment where no carbon removal is observed and the stoichiometric Au:C ratio
of the precursor is retained in the deposit. Furthermore, in DEA, both under single collision
conditions and in the DIP NCI experiment, no fluorine loss is observed. It is thus clear that the DEA
and DI processes observed in the gas phase are not reflected in the deposit’s composition, even if
collisional stabilization is provided. However, this is in line with the interpretation of the deposition
experiments, where sequential fluorine loss upon prolonged irradiation of the initial deposit was
proposed®*. Considering that the electron dose in the deposition experiment was about 1.15 x 10%*4

e/um?, electron induced secondary reactions are likely to play a significant role. Presuming, for
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simplicity, dense packing and a 1 nm? area occupied by each molecule at the surface, 1 pm? is
covered by a monolayer of 108 molecules. The thickness of the deposit in the Auger experiments
was stated to be > 100 nm, and if we, for sake of argument, assume 200 nm thickness, each molecule
has been exposed to more than 5 x 10° electrons. With a generic electron induced fragmentation
cross section of 101 cm?, which is on the order of magnitude determined for other FEBID
precursors 224344 the reactive area is of this 1 um? coverage is about 0.01 pm?. Thus, each molecule
may have been subject to about 5,000 reactive incidences. In this consideration it is assumed that
the cross section remains the same after each reactive incident and that the reactive cross section of
the high energy primary beam is the same as measured with low energy electrons in the gas phase.
These assumptions do not hold, and the cross sections for further electron induced decomposition
of immobilized secondary and tertiary fragments may be orders of magnitude lower than those for
the initial process. Nonetheless it is clear from these considerations that electron induced secondary
reactions may play a significant, if not determining role in FEBID. It is also clear that the carbon
containing ionic fragments do not desorb from the surface but are rather immobilised and subjected
to further electron induced fragmentation. Secondary and tertiary electron induced reactions have
been discussed in context to other FEBID precursors 24% and is in fact reflected in a number of non-
steady state experiments where thin precursor layers are exposed to 500 eV electrons and the
elemental composition change is monitored in dependence of the electron dose. Good examples are
the precursors Ru(CO)4l2*, cis-Pt(CO)2Cl2*", and (n3-CsHs)Ru(CO)sBr*8, where initial electron
induced carbonyl loss at low electron doses correlates well with low energy electron induced
fragmentation as it is observed in the gas phase. Continued electron exposure, however, leads to
further, secondary fragmentation, partly resulting in removal (desorption) of the halogens but also
in decomposition of carbon containing ligands and integration of carbon in the deposit.

Turning back to the negative ion formation, Figure 5a shows the ion yield curve for [CFsAUCN] in
the energy range from 0 to 10 eV, with an expanded insertion comparing the normalized
[CFsAUCN]- ion yield curve and that of SFe~ from SFs, used for the respective energy calibration.
Figure 5b compares contour plots of the LUMO of the neutral molecule with the HOMO (SOMO)
of the ground state anion. The contour plots are generated with Chemcraft*® for the respective
equilibrium geometries optimized at the PBEO-def2-TZVP level of theory and visualized with a
contour value of 0.05. Noticeably, the [CFsAuCN] - signal shown in Figure 5a is slightly blue shifted
(0.05 eV) and significantly broader (FWHM of 300 meV) than that of the SFs~ion yield (190 meV),
which in turn, reflects the energy distribution of the electron beam. As discussed above, the DEA
spectra recorded in the crossed beam experiment under single collision conditions and in DIP NCI

are nearly identical, with the dominating contribution being from m/z 292, i.e., loss of the t-butyl
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group with the formation of [CFsAUCN]~.
The only difference is the additional
observation of a fairly weak [M — H]" signal
(about 7%) in the DIP NCI spectra. This is
not surprising as the DIP NCI experiments
are recorded in the presence of methane as
moderation gas at a pressure of about 1 torr
(see the experimental section). The mean free
path is thus on the order of 50 nm in these
experiments, corresponding to a collisional
frequency of about 5 x 108 s at 333 K. This
in turn provides for efficient collisional
stabilization and observation of the relaxed
ground state anion is expected. Furthermore,
at the PBEO-def2-TZVP level of theory, we
find the adiabatic electron affinity (EA) of
CFsAUCNC(CHs)s to be 0.63 eV and thus all
prerequisites for the formation of the stable
ground state anion should be provided.
However, when comparing the vacant
LUMO of the neutral with the HOMO of the
anion (Figure 5b), it is clear that a single
electron occupation of the LUMO of the
neutral leads to strong coupling of this
electronic state with the N-C(CHa)s
coordinate. While the neutral HOMO is

antibonding with n* character along the AuC-N coordinate of the linear ground state, a single
electron occupation of this orbital leads to stabilization of the molecular anion through substantial
bending of the C-N-C coordinate, leading to a change of the respective angle from 180° to 150°.
Hence, the geometrical relaxation of the initially formed TNI to its ground state proceeds along a
deformation coordinate, while the dissociation leading to the formation of [CFsAUCN]- is directly
along the N-C(CHs)s bond. 1t’s also apparent, that strong orbital mixing is provided along the
dissociation coordinate whereby the AuC-N antibonding n* character of the LUMO of the neutral

is largely lost. In turn, it acquires an admix of o* character along the N—C(CHs)s bond with an
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Figure 5. (a) lon yield curve of [CFsAUCN] formed in
DEA to CFsAuCNC(CHs); under single collision
conditions in the incident electron energy range from
about 0 to 10 eV. The inset shows an expansion of the
energy range from about 0 to 1.5 eV, along with the
respective [SFg]" calibration curve. (b) Isosurfaces of the
LUMO of the neutral CFsAUCNC(CHj3); molecule and
the HOMO (SOMO) of its ground state anion. These are
generated with Chemcraft for the respective relaxed
geometries optimized at the PBEO-def2-TZVP level of
theory.
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antibonding node at the C atom in the fully relaxed geometry. From these considerations, we
anticipate that the initial TNI formed in the vertical transition is a strongly repulsive state with orbital
mixing provided in the attachment process through the N—C(CHs)s bending motion. In this picture,
the extension along the N—C(CHs)s coordinate is fast compared to the relaxing bending motion and
proceeds on a timescale shorter than the collisional stabilization provided in the DIP NCI
experiments. From the fundamental physical and chemical point of view, this is an interesting
dynamic problem that is worthy of further studies, both from the experimental and theoretical side.
Specifically, angular dependence measurements of the attachment process, such as velocity imaging
would be of interest. Also, on the theory side non-adiabatic dynamic calculations would provide
further insight. With respect to the deposition experiments discussed here above these dynamics
may offer a rationale for the absence of carbon loss by dissociation and desorption of the t-butyl
group through DEA.. At the surface, the energy dissipation is direct, and the dissociation process is
likely to be dampened in the presence of alternative relaxation paths such as the bending motion in

the current case.

Conclusions

In the context of the development of precursor molecules suitable for the fabrication of gold
nanostructures through focused electron beam induced deposition, we have studied low energy
electron induced fragmentation of CFsAuCNC(CHs)s. Dissociative electron attachment and
dissociative ionization were studied both under single collision conditions and under conditions
where collisional stabilization is provided. Dissociative ionization under single collision conditions
was found to be more extensive than when collisional stabilization is provided and is dominated by
charged organic ligand fragments, rather than charged gold containing fragments, as is the case in
the DIP El MS experiments. Interestingly the electron attachment spectra are identical under both
conditions, and dissociation of the initially formed TNI to form [CFsAuCN] ~ is the only significant
channel. We find that the parent anion has positive electron affinity and would thus rather expect
stabilization and its observation where intermolecular energy dissipation is provided. However,
comparison of the distribution of the LUMO of the neutral parent molecule with that of the HOMO
of the relaxed anion indicates a strong m*—c* coupling in the attachment process, with the c*
antibonding character along the observed dissociation coordinate. We thus anticipate that
dissociative relaxation along this coordinate proceeds significantly faster than collisional
stabilization and relaxation of the anion to its ground state. When comparing the current gas phase
results with the composition of deposits from this precursor generated in electron induced deposition

in an UHV Auger spectrometer, marked differences are apparent. In the deposition experiments the
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stoichiometric carbon and nitrogen content of the parent molecule is retained in the deposit while
the fluorine is almost quantitatively removed. From the gas phase experiments on the other hand,
significant carbon removal should be expected but only partial fluorine removal. Moreover, while
the fluorine loss in the gas phase experiments is predominantly through dissociation of the CFs
ligand, the fluorine removal in the deposit experiment is sequential through prolonged electron
irradiation. In agreement with the deposition experiment, we attribute this to an initial fragmentation
and immobilization on the surface through a first electron/molecule interaction. In this step,
desorption, and in part also dissociation, is hindered through molecule surface interactions and
efficient energy dissipation. Prolonged irradiation then leads to further fragmentation in electron-
induced secondary and tertiary reactions that result in sequential fluorine loss, finally resulting in
almost quantitative fluorine loss and carbonization of the remaining ligands.

Importantly, the consideration of the role of electron-induced secondary and tertiary reactions
changes the parameter space that needs to be considered in the rational design of FEBID precursors,
and also has consequences for the deposition strategies applied. Specifically, potential precursors
need to be designed in such a way that the immobilized fragments from the initial electron-induced
dissociation processes are still susceptible to further electron induced fragmentation, leading to

desorption of the respective secondary ligand fragments.
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